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Resumen

La lectura es una habilidad indispensable en nuestra sociedad. Sin ella, no
podriamos acceder a la historia, o aprender de nuestros avances y retrocesos.
Resulta casi milagroso que el Homo sapiens hiciera unas marcas en una piedra
para aumentar drasticamente su capacidad de memoria. Estas marcas en la
piedra, que serian lo que ahora llamamos letras, se convirtieron en herramientas.
Herramientas que alteran la maquinaria cerebral para conectar las formas

visuales con un significado, es decir, para sustentar la lectura.

Hoy en dia, la lectura es parte de nuestra vida cotidiana hasta tal punto
que no nos damos cuenta de su complejidad. Cuando leemos, nuestros o0jos
saltan de palabra a palabra, fijandose en cada una de ellas (normalmente) solo
una vez. Es en este momento cuando sucede uno de los pasos esenciales de la
lectura eficiente: el reconocimiento visual de la palabra. Cuando leemos una
palabra, se producen una serie de complejos procesos cognitivos que implican
operaciones en diferentes niveles de procesamiento (perceptivo, ortografico,
fonologico, morfoldgico, sintactico y semantico) durante unos cientos de
milisegundos. De manera importante, si hay un aspecto del reconocimiento
visual de palabras sobre el que existe un consenso general entre las personas
que investigan la lectura, ese es el papel crucial de las letras. Por lo general, se
asume que el reconocimiento de una palabra escrita estd mediado por el
procesamiento de las letras que la componen, al menos en las lenguas que
utilizan la ortografia alfabética. La presente tesis aspira a ser una contribucion
mas al corpus de investigacion de estas "células" de la lectura. En concreto, el
objetivo general es examinar los procesos que se situan en el puente entre las
etapas de procesamiento visual, de bajo nivel, y el procesamiento, de alto nivel,

de las palabras: el procesamiento ortogréfico.

El procesamiento ortogréfico es la codificacion de la informacidn sobre las
identidades y la posicion de las letras; aquello que nos permite diferenciar PERRO

de CERRO 0 CONEJO de ENCOJO. Para avanzar en nuestra comprension de la



lectura, esta tesis se centra en como la alfabetizacién moldea la cognicién para
dar lugar a estos procesos cruciales del reconocimiento visual de palabras. Para
ello, la tesis se estructura en tres secciones: (i) la emergencia del procesamiento
ortografico, (ii) la resiliencia de los detectores de letras, y (iii) las contribuciones
metodologicas a la investigacion del reconocimiento visual de palabras. El
bloque sobre la emergencia del procesamiento ortografico comprende tres
estudios que examinan el desarrollo del procesamiento ortografico con la
alfabetizacién. En el bloque sobre la resiliencia de los detectores de letras,
presento tres estudios que examinaron cdémo la distorsién visual afecta al
procesamiento ortografico. Para ello, nos centramos en la distorsion visual en
una Unica dimension: la rotacion de letras. Finalmente, la ultima seccién incluye
una contribucién metodolbgica a la investigacion sobre el reconocimiento de
palabras. En concreto, comprende dos estudios realizados para entender mejor
los fundamentos cognitivos del masked priming, la herramienta metodoldgica de
referencia para estudiar los primeros momentos del reconocimiento visual de

palabras.

La aparicién del procesamiento ortografico

Aprender a leer implica un ajuste de nuestro cerebro de primate. Cuando
aprendemos a leer, nuestro cerebro recicla algunas regiones del cortex visual
para asumir una nueva tarea, la del reconocimiento de palabras. Uno de los hitos
centrales de este proceso es la aparicion del procesamiento ortogréafico. El
aprendizaje de la codificacion de las identidades de las letras, entendida como
el mapeo de la entrada visual a las representaciones abstractas de las letras (a
A a a a comparten la misma representacion abstracta, independientemente de
su forma escrita) ocurriria en los dos primeros anos de la adquisicién de la lectura
(Jackson y Coltheart, 2001; Gédmez y Perea, 2020). Sin embargo, aun no se
entiende claramente cuando y como surge la codificacién de la posicién de las

letras.

Determinar los factores que influyen en la aparicién y el desarrollo del

procesamiento ortografico es fundamental, ya que nos permite identificar a los



ninos y nifias que necesitan una intervencion previa a la alfabetizacion y, en
consecuencia, minimizar posibles dificultades de lectura. Con este proposito,
realizamos el estudio titulado ;Qué factores modulan la codificacion de la
posicion de las letras en los ninos prealfabetizados? (Which Factors Modulate
Letter Position Coding in Pre-literate Children? Fernandez-Lépez et al., 2021,
Frontiers in Psychology). Nuestro objetivo fue indagar en los precursores del
mecanismo responsable de la codificacién del orden de las letras, aquel que nos
permite diferenciar CONEJO de ENCOGER. Sabemos que los mejores lectores
codifican el orden de las letras con mayor precisidbn que los peores lectores
(véase Gomez et al., 2021; Pagan et al., 2021), por lo tanto, es crucial arrojar luz
sobre las raices de ese procesamiento. Para ello, examinamos los posibles
vinculos entre la codificacion del orden de las letras en infantes pre-alfabetizados
con los procesos cognitivos basicos relacionados con la adquisicién temprana
de la lectura (atencion, sensacion, percepciéon y memoria), evaluados con la
Bateria de Inicio a la Lectura (Sellés et al., 2016). Para medir la codificacién del
orden, se llevd a cabo una tarea de emparejamiento igual-diferente, en la que
los nifios y nifias tuvieron que decidir si dos pares de letras eran iguales (Tz-TZ2)
o diferentes (con letras traspuestas: Tz-zT) (véase Perea et al., 2016). Los
resultados de los analisis correlacionales mostraron que los nifios y nifias pre-
alfabetizados que mejor diferenciaban los pares de letras transpuestas (Tz-2T)
de los pares de letras idénticas (Tz-Tz) eran los que tenian puntuaciones mas
altas en las pruebas de procesos cognitivos basicos. Asi pues, las habilidades
cognitivas basicas se asocian con la capacidad de codificar el orden serial en las

cadenas de letras.

La investigacidon con personas lectoras expertas ha demostrado que, una
vez que se domina la lectura, la categoria de las letras evoluciona de ser un mero
objeto visual a gozar de un estatus especifico. Por ejemplo, cuando se presenta
una cadena de simbolos (£52%@) las personas fijan su atencién en el centro de
la cadena. Sin embargo, cuando se presenta una cadena de letras (FGIGM), se
fijan también en las letras exteriores, especialmente en la primera letra (Tydgat
y Grainger, 2009). Este fenbmeno se debe al procesamiento especifico de la

localizacion, responsable de la codificacion de la posicién de las letras. Este



procesamiento nace de una adaptacion de los mecanismos de la codificacion

visual de objetos a las particularidades del procesamiento de palabras.

Ademas, la codificacion del orden de las letras se vuelve mas flexible, lo
que conduce al procesamiento invariante de la localizacién; FGIJM se confunde
facilmente con el FJGM, del mismo modo, cuenro se confunde facilmente con
cuerno Yy el cholocate con el chocolate. Este fendmeno se suele captar
cuando se utiliza una tarea de emparejamiento igual-diferente que consiste en
decidir si dos pares de estimulos son iguales (FGJM-FGJM) 0 no (FGJM-FPCM).
La evidencia muestra que las respuestas "no" a un par con letras transpuestas
(FGIM-FJIGM) son mas lentas y mas propensas a errores que las respuestas “no”
a un par con letras remplazadas (FGJM-FPCM). Este efecto, conocido como
efecto de transposicion (TL), también se produce con cadenas compuestas por
simbolos, numeros o letras desconocidas (Dufabeitia et al., 2012; Massol et al.,
2013). No obstante, lo curioso es que es sustancialmente mayor para las
cadenas de letras conocidas. La disociacion entre letras y otros objetos visuales
se explica en la existencia de un mecanismo ortografico especifico, que se utiliza
para codificar el orden invariante de las letras en la palabra, y opera
complementando la incertidumbre perceptiva sobre qué posicidbn ocupa un objeto
visual en una serie (Grainger, 2018; véase también Marcet et al., 2019; Massol
et al., 2013). De manera importante, se ha postulado que este mecanismo
ortogréafico emerge rapidamente en los primeros estadios de adquisicion de la
alfabetizacién (Dandurand et al., 2010; Dunabeitia et al., 2014, 2015).

Sin embargo, los datos empiricos sobre la aparicion del procesamiento
invariante de localizacion son muy escasos y no concluyentes. La razén es que
no es sencillo comparar el rendimiento de los nifios y nifias antes y después de
adquirir la alfabetizacion, dado que hay mucha variabilidad entre grupos, lo que
conduce a problemas de interpretacion (véase Perea et al., 2016). Una opcién
para superar esta limitacion es disefar un analogo del aprendizaje de la lectura
con personas adultas aprendiendo un nuevo alfabeto. Esta fue la estrategia
seguida en el segundo y tercer estudio. En el segundo estudio, ¢Surge

rapidamente el procesamiento ortografico tras el aprendizaje de un nuevo
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alfabeto? (Does Orthographic Processing Emerge Rapidly After Learning a New
Script?, Fernandez-Lopez et al., 2021, British Journal of Pychology),
comprobamos si el procesamiento ortografico, examinado a través del
procesamiento invariante de localizacion y el procesamiento especifico de
localizacion, emergia rapidamente con la alfabetizacion. Para ello, disehamos un
estudio en el que se ensefd a personas adultas a leer y escribir en un alfabeto
artificial durante seis sesiones. Ademas, se familiarizaron visualmente con un
alfabeto artificial diferente, que se utilizd como control. En lo que respecta al
procesamiento de localizacion invariante, realizamos tareas de emparejamiento
igual-diferente en las que los ensayos diferentes estaban compuestos por pares
con letras traspuestas (FGIJM-FJGM) y pares con letras remplazadas (FGJIM-
FPCM). Las tareas se realizaron con los alfabetos entrenado y control, antes y
después de aprender a leer. Los resultados mostraron efectos de trasposicion
similares en los alfabetos entrenado y control en ambas fases, pre- y post-
aprendizaje. De ello concluimos que el aprendizaje de la lectura y la escritura en
un nuevo alfabeto no origina la rapida aparicién del procesamiento invariante de
la localizacidén. Sin embargo, las respuestas a los pares iguales (FGIM-FGJM)
fueron mas rapidas y mas precisas en la fase de post-entrenamiento para el
alfabeto entrenado, pero no para el alfabeto control. Por lo tanto, parece que la
alfabetizacidén si indujo una especializacion rudimentaria para las letras, que
facilité la identificacion de los pares de letras iguales. Para comprobar la
aparicién del procesamiento especifico de la localizacién, llevamos a cabo tareas
de identificacion de caracteres con los alfabetos entrenado y control antes y
después de aprender a leer. En este tipo de tareas, se presenta muy brevemente
una cadena de cinco caracteres (FGJGM) mientras la persona mira el centro de
la cadena. La cadena se sigue de una mascara con una sefal que indica una de
las posiciones y dos alternativas de letras (#####; alternativas G y 1L). La tarea
consiste en elegir, de entre las dos alternativas, la que coincida con la identidad
la letra en el lugar indicado (G>FGJGM). Los resultados mostraron una clara
ventaja de la posicidbn media para ambos alfabetos, patrdn caracteristico cuando

se emplean simbolos, pero no letras. Por lo tanto, aprender a leer y escribir en
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un nuevo alfabeto tampoco facilitd a la rapida apariciobn del procesamiento

especifico de la localizacion.

El procesamiento ortografico necesita, probablemente, mucho mas
tiempo de practica lectora para surgir. Una alternativa es que podria requerir de
experiencia con estructuras ortograficas especificas. En el tercer estudio de la
presente seccion, Una letra es una letra y sus co-ocurrencias: Descifrando la
emergencia del procesamiento invariante de localizacion (A letter is a letter and
its co-occurrences: cracking the emergence of location-invariant processing;
enviado para revisibn por pares), pusimos a prueba si el procesamiento
invariante de localizaciébn surgia rapidamente tras la exposicibn a las
regularidades ortograficas—bigramas'—en un alfabeto nuevo. Para ello,
disenamos un estudio con dos fases. En la fase 1 replicamos el protocolo
seguido por Chetail (2017). Concretamente, las personas fueron expuestas a un
flujo de palabras con letras artificiales durante unos minutos, con cuatro
bigramas apareciendo con frecuencia (cada palabra contenia uno de esos cuatro
bigramas en una posicion especifica; RDxOL, LA, 6NTLO, <Nk21, la

negrita indica el bigrama frecuente). A continuacion, se llevé a cabo una tarea
en la que las personas tenian que decidir, entre dos palabras con letras
artificiales, cual habian visto con anterioridad. Los resultados mostraron que las
palabras con bigramas entrenados fueron juzgadas como mas parecidas a las
vistas, por lo que las personas adquirieron rapidamente las nuevas regularidades
ortogréficas. En la fase 2, se realiz6 una tarea de emparejamiento igual-diferente
para examinar las posibles diferencias entre pares con letras traspuestas en un
bigrama frecuente (entrenado) y pares con letras traspuestas en un bigrama no
frecuente (no entrenado). Los resultados mostraron que las respuestas a los
pares con letras traspuestas en un bigrama frecuente eran menos precisas que
las respuestas a pares con las letras traspuestas en un bigrama infrecuente. Este

hallazgo sugiere que la exposicidn repetida a regularidades ortograficas

1 Un bigrama es la co-ocurrencia de dos letras en una palabra. La palabra &rbol se compone de diez
bigramas: AR-AB-A0O-AL-RB-RO-RL-BO-BL-0L
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facilitaria el desarrollo de representaciones internas de grupos de letras

(bigramas), induciendo el procesamiento invariable de localizacién.

En resumen, el objetivo de los tres estudios de esta seccion fue ampliar
nuestra comprension acerca de los fundamentos del procesamiento ortografico.
Cabe destacar las siguientes premisas: (i) La preparacion cognitiva para la
lectura surge en una fase temprana del desarrollo, con la adaptacion de los
mecanismos de procesamiento de los objetos visuales. Por ello, (ii) la deteccion
temprana de las deficiencias en el analisis visual del input es crucial para prevenir
posibles dificultades lectoras. Ademas, hemos afadido a la literatura que (iii) el
procesamiento ortografico no emerge rapidamente cuando se aprende a leer. No
obstante, como preludio, (iv) algunos procesos no especializados se ponen a

punto para guiar el progreso funcional de la lectura.

Por lo tanto, teniendo en cuenta todo esto, la ensefianza del aprendizaje
de la lectura no deberia basarse Unicamente en el conocimiento de las letras y
la decodificacién fonoldgica. Los y las profesionales la ensefianza deben
considerar que la lectura se construye sobre un fundamento cognitivo basico que
puede entrenarse para facilitar el aprendizaje lector. Por citar algunas
sugerencias: el entrenamiento en una tarea de emparejamiento igual-diferente
con estimulos de letras puede ayudar a la codificaciébn del orden de éstas;
ademas, la mera exposicion visual a las palabras ayuda a crear una capa
rudimentaria de bigramas que facilitarian la posterior codificacion de las

palabras.

I.a resiliencia de los detectores de letras

Con la adquisicion de la lectura siguiendo su curso, se construye un sistema de
decodificacion flexible y potente: las personas lectoras pueden acceder
rapidamente a las representaciones abstractas de las letras a pesar de su

formato visual (a A a @ a comparten la misma representacion; véase Grainger y

Dufau, 2012). Sin embargo, la evidencia empirica sobre la resiliencia del sistema

de reconocimiento de palabras a la distorsion perceptiva es todavia escasa,

13



probablemente porque conlleva una deformacion en dimensiones diferentes. De
esta manera, cualquier diferencia de procesamiento entre una palabra
deformada y una en el formato pristino que solemos encontrar al leer podria
deberse a multiples factores (véase Vergara-Martinez et al., 2021). En esta
seccion, presento tres estudios que examinaron la tolerancia del sistema de
reconocimiento de palabras a la distorsién visual en una sola dimension: las

rotaciones de las letras.

Un valor afadido de estudiar la rotacion es que dos de los principales
modelos de reconocimiento visual de palabras hacen predicciones explicitas
sobre como las rotaciones de las letras afectan a la lectura de palabras. El
modelo SERIOL de reconocimiento de palabras (Whitney, 2001, 2002) asume
que "los niveles de entrada a las unidades de letras se reducen para los
estimulos rotados" (p. 119, Whitney, 2002), aumentando gradualmente el tiempo
necesario para codificar una cadena de letras. En cambio, el modelo de los
detectores de combinacién local (LCD; Dehaene et al., 2005) ofrece una
explicacion de todo-o-nada sobre como la rotacion de las letras afecta al
procesamiento de las mismas. Postula un limite de 40°-45°, mas alla del cual los
detectores de letras no serian capaces de hacer frente a las rotaciones de
manera eficiente. No obstante, habria poco coste para las rotaciones de letras

por debajo de ese limite.

La premisa de un coste de rotacion de las letras ha sido puesta en duda
recientemente por una serie de estudios que han demostrado que las lectoras
pueden hacer frente a rotaciones de hasta 180° desde el acceso inicial a las
representaciones ortograficas. Por ejemplo, con la técnica de priming
enmascarado, Perea et al. (2018) encontraron efectos de identidad
considerables para palabras rotadas 90°, comparables a los obtenidos con
estimulos canénicos (0°). Este patrdn de resultados se extendié a 180° en un
estudio realizado por Yang y Lupker (2019). Sin embargo, se puede argumentar
que, como ambos, prime y estimulo-test, estaban rotados, las personas
participantes podrian haber desarrollado estrategias conscientes, como inclinar
la cabeza, para hacer frente a las rotaciones. Por lo tanto, una estrategia

adecuada seria presentar los estimulos objetivo en la orientacion candnica,
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precedidas por los primes rotados. Esta fue la estrategia seguida por Benyhe y
Csibri (2021), que encontraron un considerable efecto de priming enmascarado

para angulos de hasta 90°.

Cabe destacar en este punto que, cuando una palabra esta
completamente rotada, las personas pueden rotar mentalmente el estimulo como
un todo, con un solo movimiento de rotacion mental. En cambio, si rotamos las
letras individuales dentro de las palabras, los individuos necesitarian mas de un
movimiento de rotacion. Asi, esta manipulacibn nos permite examinar
estrictamente las predicciones de los modelos. Por esta razén, en los tres
estudios de esta seccidn, rotamos las palabras letra por letra. Nuestro objetivo
principal era examinar la resistencia (y resiliencia) de los detectores de letras a
diferentes angulos de rotacién y, de esta manera, probar las predicciones del
modelo SERIOL (Whitney, 2001, 2002) y del modelo LCD (Dehaene et al., 2005).

En el primer estudio, ¢ Cuan resiliente es la lectura a las rotaciones de las
letras? Una investigacion de previsualizacion parafoveal (How Resilient is
Reading to Letter Rotations? A Parafoveal Preview Investigation, Fernandez-
Lépez et al., 2021, Journal of Experimental Psychology: Learning, Memory, and
Cognition), pusimos a prueba la resiliencia de los detectores de letras a las
rotaciones durante la lectura normal para examinar las predicciones de los
modelos LCD y SERIOL. Llevamos a cabo un experimento de lectura con frases
escritas en letras mayusculas utilizando el paradigma de cambio de limites
contingente a la mirada de Rayner (1975), en el que examinamos si las pre-
visualizaciones parafoveales de identidad eran mas efectivas que las
previsualizaciones parafoveales no-relacionadas. Las letras de |las
previsualizaciones estaban rotadas 15°, 30°, 45° 0 60°. Es importante destacar
que solo las previsualizaciones parafoveales estaban rotadas. El resto del texto,
incluido las palabras-test, se presentd con las letras en su orientacion canénica
vertical. Encontramos un patrén de resultados notablemente similar para todas
las medidas de fijacibn que evaluamos: la duracién de la primera fijacion, la
duracion de la fijacidon Unica y la duracion de la mirada. La ventaja de la condicion
de identidad fue mayor cuando las letras de la previsualizacion se rotaron 15°, y

fue numéricamente menor, pero aun robusta, a 30°. Para las rotaciones de 45°,
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la ventaja de la condicién de identidad fue sélo marginal. Por ultimo, para las
rotaciones de 60°, no hubo indicios de beneficio de la condicion de identidad.
Estos resultados sugieren que, aunque los detectores de letras parecen estar
gravemente afectados por angulos de rotacién de 45° o mas en los primeros
momentos del procesamiento, como postula el modelo LCD, también hubo un
coste gradual para las rotaciones de letras por debajo de ese limite, como postula
el modelo SERIOL.

En el segundo estudio, Sobre el curso temporal de la resiliencia de los
detectores de letras a las rotaciones: Una investigacion con priming
enmascarado y potenciales relacionados con eventos (On the time course of the
resilience of letter detectors to rotations: A masked priming ERP investigation;
enviado para revision por pares) examinamos el curso temporal del efecto de la
rotacion de las letras en un paradigma de priming enmascarado de identidad.
Nos centramos en probar la prediccién del modelo LCD: "los detectores de letras
se ven danados por la rotacién (> 40°)" (Dehaene et al., 2005, p. 340). Mientras
el estimulo-test se presento6 en la orientacidn canénica, las letras de los primes
se presentaron en angulos de 0°, 45° 6 90°. Los datos conductuales mostraron
que el priming de identidad estaba modulado por la rotacién de las letras: era
mas fuerte para los primes de 0°, disminuia para los de 45° y era insignificante
para los de 90°. Los datos de los potenciales relacionados con eventos (PRES)
nos permitieron examinar en detalle el curso temporal del procesamiento de las
palabras con letras rotadas. Las comparaciones de amplitudes mostraron que el
efecto de la relacién entre estimulos prime y test surgié a los 150 ms para la
orientacién estandar del prime (0°). De hecho, el efecto de identidad para los
primes de 0° siguio el curso natural (es decir, comenz6 alrededor de 100-150 ms
y se fortalecio en las siguientes etapas de procesamiento). Por el contrario, la
apariciéon del efecto para los primes de 45° se retrasd, y su tamafo también se
redujo. Surgi6 alrededor de 170-300 ms y fue mas débil que para los estimulos
de 0°. En el caso de los primes de 90°, no hubo efecto de identidad en ningin
componente. Este patron sugiere que las rotaciones de las letras en torno a 45°

impiden la integracion automéatica de la representacion ortografica de los primes
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con los estimulos objetivo, proporcionando asi pruebas que apoyan las

predicciones del modelo LCD de reconocimiento de palabras.

En el tercer estudio, Rotaciones de letras: A través de la lupa y lo que la
evidencia encontro alli (Letter rotations: Through the Magnifying Glass and What
Evidence Found There; enviado para revision por pares), llevamos a cabo tres
experimentos que examinaron el coste de la rotacidén de las letras en el acceso
al léxico. De esta manera, pusimos a prueba las predicciones de los modelos
LCD y SERIOL sobre la resiliencia de los detectores de letras a angulos de
rotaciéon relativamente moderados. En el Experimento 1, realizamos una tarea
de decision Iéxica con estimulos de letras rotadas 0°, 22.5°, 45° y 67,5°. En los
Experimentos 2 y 3, realizamos una tarea de categorizacidbn semantica con letras
rotadas 0°, 22.5°, 45° y 67,5° (Experimento 2) y 22.5°, 30°, 37.5° y 45°
(Experimento 3). En todos los experimentos, las palabras podian ser de alta o
baja frecuencia. Los resultados de los Experimentos 1 y 2 mostraron que, en
relacion con el formato candnico (0°), el coste era minimo para las palabras de
22.5°, sustancial para las de 45° y drasticamente grande para las de 67.5°. Es
importante destacar que en la tarea de decision léxica (Experimento 1),
encontramos que el efecto de la rotaciéon de las letras era mayor para las
pseudopalabras que para las palabras. Ademas, en el Experimento 2,
descubrimos que la rotacién de las letras interactuaba con la frecuencia de las
palabras, pero sélo cuando las letras estaban rotadas en 67.5° (en el
Experimento 1 se produjo una tendencia similar, aunque numéricamente menor).
Estos hallazgos sugieren que la retroalimentacion de niveles Iéxico-semanticos
puede hacer disminuir el coste debido a la rotacién de letras (véase Vergara-
Martinez et al., 2021, para un argumento similar en la lectura de palabras
manuscritas). Por ultimo, en el Experimento 3 se encontrdé un coste gradual de
lectura que aumentaba en el angulo de 45°. En conjunto, estos resultados
revelan que el coste provocado por el angulo de rotacién aumenta gradualmente
en angulos inferiores a 45°, como propone el modelo SERIOL. Los detectores
de letras alcanzan un limite de resiliencia en torno a los 45° (consistente con el
modelo LCD), y el coste es sustancialmente mayor en angulos mas

pronunciados (67.5°).

17



Los tres estudios de esta seccion examinaron la tolerancia del sistema de
reconocimiento de palabras a la distorsion visual. Para ello, se emplearon
diferentes técnicas que midieron el procesamiento de las letras rotadas: técnicas
conductuales, electrofisiolégicas y de registro de movimientos oculares.
Teniendo en cuenta los resultados de los tres estudios y construyendo una
imagen global, las principales ideas que se pueden extraer se resumen de la
siguiente manera: (i) el coste de la rotacion de las letras se origina muy pronto,
en las primeras etapas del reconocimiento de palabras. (ii) Incluso las rotaciones
moderadas suponen un coste. Sin embargo, (iii) este coste se supera faciimente,
y el sistema puede manejar rotaciones de hasta 45° en los momentos iniciales
del procesamiento. Ademas, (iv) para hacer frente a las rotaciones mayores, los
individuos parecen servirse de la retroalimentacion de arriba-a-abajo (facilitacion
Iéxica). En resumen (v), encontramos que el coste provocado por el angulo de
rotacion aumenta suavemente en angulos inferiores a 45°, como propone el
modelo SERIOL. Los detectores de letras alcanzan un limite de resiliencia en
torno a los 45° (consistente con el modelo LCD), y el coste es muy elevado en
angulos mas pronunciados. Por lo tanto, (vi) la combinacion de los supuestos de
los modelos SERIOL y LCD otorgaria una explicacion mas completa de como el
angulo de rotacién, y mas generalmente, la distorsion visual, dificulta el

reconocimiento de palabras.

La contribucién metodolégica a la investigacion del reconocimiento

de palabras

Mas alld de los estudios pioneros del tema (Huey, 1908), los avances mas
significativos en el estudio del proceso de lectura comenzaron hacia finales de
la década de 1950, coincidiendo con lo que se suele llamar la revolucion
cognitiva (véase Pollatsek y Treiman, 2015, para una revision). Esta revolucién
rompidé con el enfoque conductista y dio lugar a muchas técnicas, nuevas e
ingeniosas, para estudiar los procesos de lectura e identificacion de palabras,
incluyendo la tarea de decision léxica (Rubinstein et al., 1970, 1971a, 1971b) y

el procedimiento de priming enmascarado (Forster & Davis, 1984). En la tarea
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de decision léxica, se pide a los participantes que distingan lo mas rapido posible
las palabras de las no palabras. El tiempo que se tarda en determinar que una
cadena de letras como perro es una palabra real proporciona un indice de lo
que se tarda en contactar con la representacion neural de esa palabra en nuestro
diccionario interno. Si queremos enfocar las primeras etapas del procesamiento
de palabras, debemos utilizar la técnica de priming enmascarado, considerada
"la mayor innovacién metodol6gica de las dos ultimas décadas" (Grainger, 2008).
En esta técnica, se presenta una mascara durante 500 ms, y luego se sustituye
por un prime durante 50 ms, de modo que no se puede ver, que se sustituye por
el estimulo-test (#####-arbol-ARBOL). Las personas investigadoras suelen
manipular la relacién prime-test, que puede estar relacionada o no (por ejemplo:
###4##-Arbol-ARBOL Vs. #####-panal-ARBOL). Las respuestas de las
personas participantes suelen evaluarse con medidas conductuales, como el
tiempo de reaccion y la precisidon, pero también con medidas mas directas de la
actividad cerebral, como las obtenidas con imagenes de resonancia magnética

funcional (IRMf) y electroencefalograma (EEG).

En particular, la combinaciéon de la decisidbn léxica y el priming
enmascarado ha dado lugar a muchos trabajos empiricos que investigan el
procesamiento de letras y palabras. Sin embargo, la técnica requiere un examen
mas profundo para lograr conclusiones firmes sobre los resultados obtenidos. En
esta seccion, se presentan dos estudios que intentan comprender los
fundamentos cognitivos del priming enmascarado y de una de sus variantes, el
priming en sandwich. En el primer estudio, titulado ;Pueden obtenerse efectos
de congruencia de respuesta en el priming enmascarado de decision léxica?
(Can Response Congruency Effects Be Obtained in Masked Priming Lexical
Decision? Fernandez-Lépez et al., 2019, Journal of Experimental Psychology:
Learning, Memory, and Cognition), nos propusimos comprobar si las personas
aplican las mismas instrucciones a los estimulos prime y test en la tarea de
decision Iéxica con priming enmascarado, examinando el efecto de congruencia
de respuesta con primes no relacionados. El efecto de congruencia de respuesta
en la decision léxica puede definirse como la diferencia en los tiempos de

respuesta entre un ensayo congruente (es decir, cuando el prime obtiene la
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misma respuesta que el test; por ejemplo, (4rbol-CASAL: "palabra"; geuze-
POLCI: "no palabra") y un ensayo incongruente (por ejemplo, geuze-CASAL:
"palabra"; arbol-POLCI: "no palabra"). El examen de este efecto nos permite
analizar el estado del Iéxico después de que el estimulo prime haya sido
procesado en una etapa temprana (Loth & Davis, 2010). En concreto,
examinamos si habia diferencias en la influencia de un prime enmascarado no-
relacionado que variaba en su estatus de semejanza a la palabra: los primes
podian ser una palabra de alta frecuencia (radio), una palabra de baja

frecuencia (boina), una pseudopalabra (geuze) o una cadena de consonantes
(xfgtp).

Para obtener una imagen completa, disenamos tres escenarios que
variaban en la dificultad de la discriminacion de palabras vs. pseudopalabras:
pseudopalabras ortograficamente legales emparejadas en elementos
subsilabicos con las palabras-test (Experimento 1; por ejemplo, CASAL vs.
POLCIR), pseudopalabras ortograficamente ilegales (Experimento 2; por
ejemplo, CASAL vs. SYKDD) y pseudopalabras ortograficamente legales sin
vecinos (Experimento 3; por ejemplo, CASAL vs. LEDUL). Se observé que,
cuando se utilizaban pseudopalabras ortograficamente legales (POLCIR, LEDUL;
Experimentos 1 y 3), los tiempos de respuesta a las palabras y a las
pseudopalabras no variaban en funcion de la semejanza de las palabras con los
primes. Esto sugiere que las personas no pudieron establecer el estatus Iéxico
del prime enmascarado. Es decir, no pudieron determinar la probabilidad de que
fuera una palabra. Sin embargo, encontramos un escenario diferente cuando se
utilizaron pseudopalabras ilegales (SYKDD; Experimento 2): los tiempos de
respuesta de las palabras eran mas largos cuando el prime enmascarado era
una cadena consonante que cuando era una pseudopalabra ortograficamente
legal (xfgtp-CASAL > geuzel-CASAL). Ademas, las respuestas a las
pseudopalabras fueron mas rapidas cuando fueron precedidas por un prime
compuesto por una cadena consonantica que cuando fueron precedidas por un
prime ortograficamente legal (xfgtp-SKYDD < geuzel-SKYDD)—pero sblo en

los cuantiles iniciales de las distribuciones de tiempo de reaccién. Sin embargo,
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se podria argumentar que la inclusibn de pseudopalabras ilegales en el
Experimento 2 cambid la naturaleza de la tarea de una decisidén Iéxica a una

tarea de decision de legalidad ortogréfica.

Estos resultados tienen importantes implicaciones para los principales
modelos de reconocimiento de palabras (modelo del lector bayesiano; Norris y
Kinoshita, 2008; modelos de activacion interactiva; Rumelhart, 1981; Grainger y
Jacobs, 1996; Coltheart et al., 2001; Davis, 2010). El modelo del Lector
Bayesiano (BR) predice tiempos de respuesta similares para las palabras
precedidas por un prime no-relacionado, independientemente de su semejanza
con la palabra en la decision Iéxica. En consonancia con el modelo BR, todas las
condiciones de priming no-relacionado se comportaron de forma similar en los
escenarios éstandar de reconocimiento de palabras. Sin embargo, cuando la
discriminacién palabra vs. pseudopalabra era mucho mas facil (Experimento 2;
CASAL VS SYKDD), encontramos un efecto de los primes no-relacionados.
(xfgtp-CASAL > geuzel-CASAL; xfgtp-SKYDD < geuzel-SKYDD). No
obstante, dado que la tarea en el Experimento 2 puede considerarse una
decisidon de legalidad ortografica, el modelo BR puede predecir respuestas "si"
mas lentas cuando el prime esta compuesto por una cadena de consonantes que
cuando es un estimulo ortograficamente legal, y viceversa: Como todos los
estimulos que no son palabras violan las restricciones ortograficas, todo lo que
es legal debe ser una palabra. En cuanto a los modelos de activacion interactiva,
la falta de influencia del efecto de semejanza a la palabra del prime en el
procesamiento del estimulo-test cuando se comparan palabras y
pseudopalabras legales (Experimentos 1 y 3) ofrece apoyo a la hipbtesis de la
inhibicién lateral selectiva (Davis y Lupker, 2006). Sin embargo, la naturaleza de
la tarea en el Experimento 2 (es decir, la decisioén de legalidad ortogréfica) iria
mas alla del alcance de la familia de modelos de activacion interactiva. Por lo
tanto, nuestros hallazgos ofrecen apoyo empirico a la cuenta del lector
bayesiano y a la hip6tesis de inhibicion lateral. Ademas, se ha demostrado como
la naturaleza de la decisidn requerida por la tarea modula los efectos del priming

enmascarado.
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A pesar de las numerosas ventajas de la técnica de priming enmascarado,
no es lo suficientemente sensible para detectar manipulaciones sutiles (por
ejemplo, 1uz-1luz vS. 1z-1uz) 0 examinar los procesos de reconocimiento de
letras y palabras en poblaciones especiales, como las personas lectoras en
desarrollo o con dislexia. La razdn es que, debido a la corta asincronia entre el
primey el test, la magnitud de los efectos del priming enmascarado es pequena,
en el rango de 10-50 ms en los estudios conductuales. Para superar esta
limitacion, Lupker y Davis introdujeron la técnica de sandwich en 2009. Esta
técnica es una variante del priming enmascarado estandar en la que la adicidén
de un pre-prime (idéntico al estimulo-test) durante 33ms, magnifica el tamafo de
los efectos. Sin embargo, los mecanismos especificos en juego, y como difieren
de la técnica estandar, no han sido completamente dilucidados (véase Lupker &
Davis, 2009 frente a Trifonova & Adelman, 2018). En el segundo estudio de esta
seccion, Desvelando el impulso en la técnica sandwich de priming (Unveiling the
boost in the sandwich priming technique. Fernandez-Lépez et al., 2021, Quarterly
Journal of Experimental Psychology), nos propusimos caracterizar la técnica del
sandwich examinando si los efectos del priming simplemente se magnifican o,
por el contrario, son los procesos subyacentes los que se alteran. Para ello,
llevamos a cabo un experimento de decision |éxica con priming de identidad
comparando directamente las técnicas de sandwich y estandar en un disefio
intrasujeto. Ademas, para comprobar la naturaleza de las diferencias entre los
métodos estandar y sandwich, examinamos el locus del impulso del efecto en la
técnica sandwich y el curso temporal de los efectos para ambas técnicas
mediante graficos delta y funciones de precisidbn condicional. Los resultados
mostraron que el locus del impulso en la técnica del sandwich era doble:
respuestas mas rapidas en la condicidén de identidad (a través de un cambio en
las distribuciones de tiempos de reaccidén) y respuestas mas lentas en la
condicion no-relacionada. La similitud de las distribuciones del tiempo de
respuesta para los pares de identidad en las técnicas de sandwich y estandar—
difieren solamente en su localizacion, pero no en la forma—sugiere que el tiempo
extra del pre-prime no esta alterando los procesos subyacentes mas alla de la

codificacion (véase Gomez et al., 2013, para una discusiéon de los efectos en las

22



distribuciones de los tiempos de reaccion). Sin embargo, para los primes no-
relacionados, el pre-prime en la técnica de sandwich dificultdé el procesamiento
de los pares no-relacionados. Este hallazgo advierte de que se debe aplicar
cautela a la hora de interpretar algunos de los efectos de priming entre
condiciones en la técnica de sandwich, ya que estos efectos se pueden derivar
no de la facilitacibn en la condicion relacionada, sino de la inhibicion en la

condicion no relacionada.

En resumen, los dos estudios presentados aqui ofrecen una valiosa contribucién
a los aspectos metodolégicos de la investigacion sobre el reconocimiento de
palabras. De ellos se pueden extraer tres aspectos destacados: (i) a la hora de
elegir la linea de base, no importa la semejanza de las palabras de los primes
no relacionados (siempre que la tarea emplee pseudopalabras ortograficamente
legales); (ii) la naturaleza de la decision requerida por la tarea modula los efectos
de priming enmascarado; (iii) al emplear la técnica del sandwich, se debe utilizar

tanto las condiciones de identidad como las de no-relaciobn como controles.
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We are absurdly accustomed to the miracle of a few written signs
being able to contain immortal imagery, involutions of thought,
new worlds with live people, speaking, weeping, laughing. We
take it for granted so simply that in a sense, by the very act of
brutish routine acceptance, we undo the work of the ages, the
history of the gradual elaboration of poetical description and
construction, from the treeman to Browning, from the caveman
to Keats. What if we awake one day, all of us, and find ourselves
utterly unable to read? | wish you to gasp not only at what you

read but at the miracle of its being readable.

Vladimir Nabokov, Pale Fire
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Introduction

A book is made from a tree. It is an assemblage of flat, flexible
parts (still called “leaves”) imprinted with dark pigmented
squiggles. One glance at it and you hear the voice of another
person, perhaps someone dead for thousands of years. Across
the millennia, the author is speaking, clearly and silently, inside
your head, directly to you. Writing is perhaps the greatest of
human inventions, binding together people, citizens of distant
epochs, who never knew one another. Books break the
shackles of time—proof that humans can work magic.

Carl Sagan

Reading is an indispensable skill in our society. In 1859, Abraham Lincoln gave
a talk on the most important inventions in human history. He named clothing,
stone tools, the wheel, and writing and reading. “Writing—the art of
communicating thoughts to the mind, through the eye—is the great invention of
the world” (Fehrenbacher, 1989, p.7). Effectively, without reading, we could not
access the past, the history, the advances, and the setbacks. It is close to
miraculous that Homo sapiens dramatically increased their memory abilities by
making some marks on a stone. Importantly, this art of “communicating thoughts
through the eye” is one of the most complex and astonishing skills learned by
humans. When reading, the eyes fixate most words in the text being read, and
typically only once. This implies that readers get a foveal glimpse of most words,
and that an essential first stage of skilled reading behavior concerns the
processing performed during that glimpse. Thus, although the act of reading
entails several important processes, visual word recognition is an integral aspect.
Indeed, readers can recognize visually presented words with apparent ease, but
substantial machinery lies behind them. When we read a single word, there are
a series of complex cognitive processes involving computations at different levels
of processing (e.g., perceptual, orthographic, phonological, morphological,

syntactic, and semantic) during a few hundred milliseconds.

These processes become evident when a difficulty affects one specific
function but not the others. Therefore, it is crucial to investigate in depth each of

them, as well as their relationships. Consequently, a large body of research has
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tried to shed light on each of these processes, and the present thesis is intended
to contribute to the reading research corpus. Specifically, the research conducted
in this dissertation focuses on the “cellule” of reading: the letter. If there is one
aspect of visual word recognition on which there is a general consensus among
researchers, it is the crucial role of individual letters. It is generally assumed that
the recognition of a printed word is mediated by the processing involving the
letters that make up the word, at least in languages that use alphabetic
orthography. According to the Oxford dictionary, a letter is a character that
represents one or more of the elementary sounds used in speech and language.
Letters are also the first thing we learn from our teachers and the foundation on
which our subsequent education is based. So significant is, that leading models
of written word recognition give it a special status (e.g., Local Combination

Detectors model; Dehaene et al., 2005).

Figure 1

The Local Combination Detectors model

NT extent .
TE CONTENT Small words or substrings

@N [EMN Local bigrams
E@@ E@@ Abstract letter identities

Letter shapes

Letter fragments

Oriented bars

(0 (@ Local Contrasts

Note. Adapted from Dehaene et al. (2005, Figure 1)
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For instance, the Local Combination Detectors model (Dehaene et al.,
2005) a hierarchical neural-inspired model that explains word recognition via a
series of local combinations of detectors that are sensitive to increasingly larger
fragments of words, from shape fragments to complete words. Each neuron is
assumed to pool activity from a subset of neurons at the immediately lower level,
leading to an increasing complexity, invariance and size of the receptive field at
each stage. As can be seen in the Figure 1, at the lower level, combinations of
local oriented bars can form local shape fragment detectors. Next, combinations
of fragments can then be used to form local shape detectors, which can detect a
letter, but only in a given case and shape. At the next step, the magical moment
occurs: the abstract letter identities can be recognized by pooling activation from
populations of shape detectors coding for the different upper and lowercase
versions of a letter. The subsequent stage is composed by neurons sensitive to
bigrams (i.e., local combinations of letters), which can be combined, conforming
the natural next step, forming morphemes or small words. Importantly, words
would not be never encoded by a single neuron, but by a sparse distributed

population of them.

The general objective of the present dissertation is to examine the
processes that occur in the magical moment. That is, those processes that build
the bridge between the low-level stages of visual processing and the higher-level
processing of words: orthographic processing. The orthographic processing
refers to the encoding of information about the identities and position of the
letters, thus allowing us to differentiate KISS from HISS or GOD from DOG.
Therefore, to further our understanding of reading, this dissertation focuses on
the small—Dbut crucial—features that the big machinery needs to work, and how

the literacy experience shapes them.

To this end, the background and current status of the subject in question
will be described in three sections: (i) the emergence of orthographic processing,
(ii) the resilience of letter detectors, and (iii) the methodological contributions to
visual word recognition research. The section on the emergence of orthographic
processing comprises three studies that examined the development of

orthographic processing with literacy in the early years of reading acquisition.
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Importantly, with reading acquisition running its course, a flexible and powerful

decoding system is built: readers can rapidly access the abstract representations
of letters despite their format (= A a A a a a share the same abstract

representation). In the section on the resilience of letter detectors, | present three
studies that examined how visual distortion affects orthographic processing (i.e.,
the mapping from the visual input onto abstract word representations during
normal reading). To that end, we focused on a single type of distortion: letter
rotation. Finally, the last section includes a methodological contribution to the
word recognition research. Specifically, it comprises two studies conducted to
further comprehend the cognitive underpinnings of masked priming, the gold-

standard tool for studying the very first moments of visual word recognition.
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The emergence of orthographic
processing

C’est pourquoi nous crions: enseignement! science! Apprendre
a lire, c’est allumer du feu; toute syllabe épelée étincelle.

Victor Hugo, Les Misérables

Reading acquisition is a major step in child development. If we could look at
ourselves when we first started to learn to read, we might remember how we
struggled to decode letters and their combinations. How long it took reading a
simple word like radio, letter by letter, phoneme by phoneme. Nowadays,
however, reading is so much part of daily life that we do not realize how complex
this skill is, and how hard it was to acquire. Indeed, it takes years of arduous work
before the brain engine that supports reading runs so smoothly that we forget it

exists.

Learning to read involves a fine-tuning of our primate brain. Using all
available resources, our brain recycles the most appropriate regions of our visual
cortex for the novel task of word recognition. Nothing in our evolution could have
prepared us to absorb language through vision. However, brain imaging shows
that the adult brain contains fixed circuits exquisitely adapted to reading (see
Dehaene, 2009). Thus, beginning readers draw on established cognitive and
sensory abilities that are recruited, modified, and coordinated in novel ways to
establish specific strategies of information processing that are optimized for text

(Lachman & van Leuven,2014).

One of the central landmarks of learning to read is the emergence of
orthographic processing. This process constitutes the bond between the low-level
stages of visual processing and the higher-level processing of words. Specifically,
the orthographic processing is responsible for the encoding of letter identity and
letter position and order, thus distinguishing between fat, cat, and act. The

encoding of letter identities, understood as the mapping of visual input to abstract
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letter representations, would occur in the first two years of reading acquisition
(Jackson & Coltheart, 2001; Gomez & Perea, 2020). However, it is still not clearly
understood when and how the encoding of letter order and position arises. The
present section focuses on the emergence of these processes via the
examination of location-invariant processing (responsible for encoding the order
of letters) and location-specific processing (responsible for encoding the position

of letters).?

Importantly, the question of how the brain encodes the order and position
of letters within words is a central issue for all leading models of visual word
recognition (e.g., Spatial Coding model: Davis, 2010; Overlap model: Gomez et
al., 2008; Open Bigram model: Grainger & van Heuven, 2004; Bayesian Reader
model: Norris et al., 2010; SERIOL model: Whitney, 2001). Nevertheless, these
models focused on an extant perspective (i.e., assuming a fully-developed word
recognition system) rather than a developmental perspective. Moreover, despite
being critical factors of efficient reading, the empirical evidence on the emergence
of location-invariant and location-specific processes is very scarce and
inconclusive. Keep in mind that comparing the results from children before and
after beginning with reading acquisition may lead to in interpretative issues, as
the accuracy and latency data vary dramatically across groups (see Perea et al.,
2016).

The main aim of the studies presented in this section is to fill this gap by
examining the emergence of orthographic processing and the factors that may
influence it. Pinpointing the factors that influence the emergence and
development of orthographic processing is crucial, as it allows us to identify
children in need of pre-literacy intervention and, consequently, to minimize
eventual reading difficulties. With this purpose in mind, we conducted the first
study of the present section, entitled Which factors modulate letter position
coding in pre-literate children? (Fernandez-Lopez et al., 2021). Our goal was to

scrutinize the precursors of letter order coding. Specifically, we examined the

2 These two processes are interconnected. It would be difficult to talk about order without
considering position and vice versa.

32



potential links between the encoding of letter order in pre-literate children with the
abilities related to early reading acquisition (i.e., basic cognitive processes:
attention, sensation, perception, and memory). Importantly, better readers
encode letter order more accurately than the worse readers (see Gémez et al.,
2021; Pagéan et al., 2021). Thus, it is crucial to shed light on the roots of letter-

order processing, defining its precursors.

Importantly, research with skilled readers has shown that, once reading is
mastered, the rank of the letters changes from being mere visual objects to
enjoying a specific status. For instance, when presenting a string of symbols
(£52%@) individuals fixate in the middle of the string. However, when a string of
letters is presented (FGJGM), they fixate also in the exterior letters, especially in
the first letter of the string (Tydgat & Grainger, 2009). This phenomenon is due to
the location-specific processing, attained by adapting the mechanisms of visual
object processing to the constraints of visual word processing. Moreover, the
encoding of the order of letters becomes more flexible, leading to the location-
invariant processing: FGJM is easily confounded with FJGV, similarly, oragne is
easily confounded with orange and cholocate with chocolate. This
phenomenon is usually captured when using a same-different matching task in
which participants have to decide if pairs of stimuli are the same or different.
Results show that “no” responses to a transposed-letter pair (FGJM-FJIGM) are
slower and more error-prone than the responses to the replacement-letter control
(FcaM-FPCM). This effect, known as the transposition letter (TL) effect, also
occurs with strings composed of symbols, numbers or unknown letters, but the
effect is are substantially larger for strings of letters. The presumed explanation
for the dissociation letters vs. other visual objects is that there is an orthographic-
specific mechanism used to encode location invariant letter-in-word-order in
addition to general positional uncertainty. Crucially, this orthographic-specific
mechanism has been posited to emerge with literacy acquisition (Dandurand et
al., 2010; Dunabeitia et al., 2014, 2015).

Nevertheless, as indicated above, given the constraints of doing research

with children, the empirical data on the emergence of location-invariant
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processing is very scarce and inconclusive. One option to overcome this
limitation is to design a laboratory analog of learning to read with adult
participants. This was the strategy followed in the second and third studies of the
present section. In the second study, Does orthographic processing emerge
rapidly after learning a new script? (Fernandez-Lopez et al., 2021), we tested
whether orthographic processing, examined via location-invariant and location-
specific processing, emerged quickly with literacy. To that end, we designed a
study with pre and post-training tasks in which adult readers were trained to read

and write in an artificial script during six sessions.

Finally, in the third study, A letter is a letter and its co-occurrences:
Cracking the emergence of location-invariance processing, we tested whether
location-invariant processing emerges rapidly after the exposure to orthographic
regularities—bigrams—in a novel script. To that end, we designed a study with
two phases. In Phase 1, individuals were exposed to a flow of artificial words for
a few minutes, with four bigrams occurring frequently. In Phase 2, participants
performed a same-different matching task to examine the potential differences
between pairs with a transposition of letters in a frequent (trained) versus

infrequent (untrained) bigram.
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Which factors modulate letter position coding in
pre-literate children?

Abstract

One of the central landmarks of learning to read is the emergence of orthographic
processing (i.e., the encoding of letter identity and letter order): it constitutes the
necessary link between the low-level stages of visual processing and the higher-
level processing of words. Regarding the processing of letter position, many
experiments have shown worse performance in various tasks for the transposed-
letter pair jugde-JUDGE than for the orthographic control jupte-JUDGE.
Importantly, 4-y.o. pre-literate children also show letter transposition effects in a
same-different task: Tz-zT is more error-prone than Tz-PH (Perea et al., 2016).
Here we examined whether this effect with pre-literate children is related to the
cognitive and linguistic skills required to learn to read. Specifically, we examined
the relationship of the transposed-letter effects found in the Perea et al. (2016)
study with the scores of these children in phonological, alphabetic and
metalinguistic awareness, linguistic skills, and basic cognitive processes. To that
end, we used a standardized battery to assess the abilities related with early
reading acquisition. Results showed that the size of the transposed-letter effect
in pre-literate children was strongly associated with the sub-test on basic
cognitive processes but not with the other subtests. Importantly, identifying
children who may need a pre-literacy intervention is crucial to minimize eventual
reading difficulties. We discuss how this marker can be used as a tool to

anticipate reading difficulties in beginning readers.

Key words: learning to read, orthographic processing, cognitive processing, pre-

literate, transposed-letter effect
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Introduction

Whereas language is a unique and sophisticated human ability that emerges
naturally in children, reading is a learned skill that needs intensive practice. In
fact, reading acquisition is a complex process that involves functional brain
changes and requires the correct execution of numerous mental functions (see
Maurer et al., 2005). For this reason, children must have adequate perceptual
and cognitive skills before the initial steps of reading instruction. Once acquired,
reading becomes the most important tool for knowledge acquisition in academic

settings and beyond.

In alphabetic scripts, readers can quickly map the visual input onto
abstract letter representations and, subsequently, onto word representations
(see Dehaene et al., 2005; Grainger et al., 2008). The emergence of these
abstract letter representations would occur during the first two years of reading
acquisition (Jackson & Coltheart, 2001). Consistent with this view, using Forster
and Davis (1984) masked priming technique, Gomez and Perea (2020) found
that, for Grade 2 readers, the identification time of a word like EDGE is virtually
the same when rapidly preceded by the physically identical prime EDGE and when

preceded by the nominally (but not physically) identical prime edge.

Importantly, the process of visual word recognition requires not only the
encoding of the abstract identity of the letters that compose each word but also
the encoding of the serial order of the words’ letters. If this process were absent,
we would not be able to distinguish similarly spelled words like spot and stop.
Notably, in a recent paper with adult readers, Schmitt and Lachmann (2020),
demonstrated that when a target has to be identified in a string, processing occurs
in serial order (i.e., from left to right) for letter stimuli, but not for strings composed
of letters from an unknown alphabet (Cyrillic and Hebrew). At the same time, a
considerable wealth of experiments with children and adults have shown that the
encoding of letter order is only approximate: readers often perceive jumbled
words (e.g., JUGDE or CHOLOCATE) as the original words (see Castles et al.,
2007; Guerrera & Forster, 2008; Lupker et al., 2008; Perea & Lupker, 2003,

2004). As serial order processing is a key component of a wide range of
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psychological processes, from perception to action (Logan, 2021), it is not
surprising that the encoding of serial order is also an essential part of reading and
literacy. The main goal of the present study is to shed some light on which
cognitive factors are associated with pre-readers’ ability to encode letter position

accurately.

In the context of reading development, Castles et al. (2007) proposed a
“lexical tuning” model in which children encode progressively more precisely the
letter positions within words. For instance, in a series of masked priming
experiments, they found that the prime drak was much more effective at
activating DARK in Grade 3 than in Grade 6 children. The rationale of this model
is that, as reading abilities develop, letter position coding becomes more accurate
(see Perfetti’'s [2017] lexical quality hypothesis, for a similar claim; but see
Grainger & Ziegler [2011], for a different view3). Evidence supporting the lexical
tuning model has been obtained not only with children of different ages but also
with children of the same age: better readers encode letter position more
accurately than the worse readers (see Gomez et al., 2021; Pagan et al., 2021,
for evidence with children; see also Andrews & Lo, 2012; Perea et al., 2016, for
parallel evidence with adult readers). Furthermore, a poor encoding of serial
order may lead to reading difficulties. Friedmann and Gvion (2001) were the first
to report that some individuals present problems at encoding letter position,
making frequent errors of letter migration within words—reading broad for
board. This deficit, which has been termed “letter position” dyslexia, has been
found in many different languages, including English (Kohnen et al., 2012; see

Guven & Friedmann, 2019, for a recent review).

Somewhat surprisingly, examining how the encoding of letter order
emerges in young readers and whether some pre-existing abilities may help

encode serial order in pre-readers has been overlooked in the literature. One of

3 |n fairness to Grainger and Ziegler (2011), their dual-route model of visual-word recognition
focuses on the initial steps of learning to read. The serial letter encoding, which involves precise
letter position encoding, would emerge first in reading development (phonological route). Later in
development, the parallel encoding of the word’s letters (orthographic route) would make letter
position coding coarser.
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the few exceptions is the longitudinal experiment conducted by Dufabeitia et al.
(2015). They used a same-different task with two sequentially presented four-
letter strings, and children had to decide whether the letter strings were the same
or different. The “different” trials were composed of pairs with two transposed
letters (transposed-letter pairs; e.g., rzsk-rszk) and pairs with two replaced
letters (replacement-letter pairs; e.g., rzsk-rhck). If letter position coding is
flexible, transposed-letter pairs would be perceptually more similar than
replacement-letter pairs, thus producing worse performance (e.g., more false
positives). The “transposed-letter” effect is the difference in performance between
these two conditions. Dunabeitia et al. (2015) tested the children three times: (1)
in their year before pre-school (M = 4.24 years), (2) in their pre-school year (M =
5.21 years), and (3) in the first year of primary school (M = 6.32 years). They only
found a transposed-letter effect when the children had learned to read (first-grade
children; more error responses for transposed [42.9%] vs. replaced-letter pairs
[30.6%]). Dunabeitia et al. (2015) concluded that “position uncertainty emerges

as a consequence of literacy training” (p. 549).

An interpretive issue in the Dufabeitia et al. (2015) experiment is that the
pre-readers performed very poorly in the same-different task and the sensitivity
index, d’, was close to zero for both for replaced and transposed conditions
(Perea et al., 2016). This pattern suggests that their version of the same-different
task was too difficult for the pre-readers (i.e., the working memory load probably
exceeded the children's capacity; see Riggs et al., 2006); thus, one cannot make
any inferences on these data. To draw firm conclusions on the encoding of the
serial position of letters in pre-readers, Perea et al. (2016) simplified some
elements of Dunabeitia et al.’s (2015) same-different task: 1) They used two-letter
string pairs instead of four-letter string pairs, 2) the pairs were presented
simultaneously instead of sequentially, and 3) the responses were done verbally
(i.e., saying “same” vs. “different”) instead of manually (pressing one of two

buttons) (see Figure 1).
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Figure 1
Depiction of the same-different task in the Perea et al.’s (2016) experiment
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Along with “same” pairs (Tz-Tz), Perea et al. (2016) included the following
“different” pairs: transposed-letter pairs (TZ-zT), one-letter replacement pairs
(Tz-p2z), and two-letter replacement pairs (TZ-PH). They found a sizeable
transposed-letter effect in 4 years-old children (i.e., pre-readers). Specifically, the
number of false positives (i.e., “same” responses) was greater to transposed-
letter strings (Tz-2zT) than to 1 or 2 replacement-letter strings (TZ-Pz; TZ-PH).
Perea et al. (2016) concluded that this pattern reflected a noisy perception of
location order, common to all visual objects (see Gomez et al., 2008), rather than
an effect that emerges with literacy. Notably, while not analyzed in their paper,
shortly after conducting their experiment, Perea et al. (2016) collected the scores
of these children in a battery of abilities related to early reading acquisition in
Spanish (BIL battery; Sellés et al., 2008).

In the present study, we aim to take a step forward by exploring the
potential precursors of letter position coding in pre-readers. To that end, we
examined the relationship between the ability of pre-literate children to encode
accurately the order of letters—taken from the Perea et al. (2016) experiment—
with the five subtests related to reading readiness and subsequent reading
success from the BIL battery (Sellés et al. 2008): phonological and alphabetic
awareness, metalinguistic knowledge, linguistic skills, and basic cognitive

processes. The examination of this issue is important not only at a theoretical
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level but also at a practical level. Before learning to read, children must have
acquired some perceptual, cognitive, and linguistic skills. Defining the early
precursors of precise coding of letter position will shed light on the roots of the
processing of serial order when reading letters in words. These analyses would
allow us to identify children who may present some deficit (e.g., some mild forms
of letter position dyslexia) and start intervening as soon as possible, preventing

future reading difficulties.

Thus, in the present study, we examined the relationship between the
sensitivity of the readers to distinguish transposed-letter pairs from identity pairs
(e.g., Tz-2T vs Tz-TZ) and the scores of pre-readers (M = 4.5 years old) in
phonological and alphabetic awareness, metalinguistic knowledge, linguistic
skills, and basic cognitive processes (visual perception and sequential auditory
memory) in the BIL battery (Sellés et al. 2008). We focused on transposed letter
pairs, as the mechanisms employed to discriminate TZ-ZT from ZT-ZzT are based
exclusively on letter order. The predictions are clear. In adult readers, basic
cognitive processes such as spatial and visual attention have been assumed to
play a key role in encoding letter position (see Gomez et al., 2008; McCann et
al., 1992). If this generalizes to pre-readers, we expect a positive relationship
between the abilities at discriminating TZ-zT and the scores in these basic
cognitive processes. This outcome would imply that educators could use this
simple same-different task with a transposed letter pairs to predict reading
readiness before starting with the reading instruction. Furthermore, it may also
operate as an incentive to design other tasks for pre-readers on perceptive and
executive skills to prevent—or at least minimize —potential difficulties at locating
letters within words during learning to read. In addition, we expect no relation
between linguistic factors (i.e., phonological and alphabetic awareness,
metalinguistic knowledge, and linguistic skills) and the sensitivity at distinguishing
TZ-7T in pre-readers—at the time of the experiment, the children did not know the

consonant names.
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Method

Participants

They were the 20 preschoolers (M = 4.54 years; SD = 3.6; 7 girls) from a private
school of Valencia (Spain). All of them were native speakers of Spanish with no
learning developmental problems. An informed consent from their parents was
obtained before running the experiment, and the study was approved by the
Experimental Research Ethics Committee of the University of Valencia. At the
time of testing, the preschoolers were starting to learn the vowels but they did not
know the name or sound of the consonant letters (as confirmed by results of the
BIL battery).

Procedure

The experiment took place individually in a quiet room within the school premises.
DMDX software (Forster & Forster, 2003) was employed for stimulus
presentation and recording of the responses. A depiction of the procedure in the
same-different task can be found in Figure 1. Accuracy was stressed in the
instructions. Ten practice trials preceded the 64 experimental trials. Moreover,
the children were assessed with a battery of abilities related to early reading

acquisition in Spanish (BIL battery; Sellés et al., 2008).

Materials

For the same-different task, the stimuli were 64 pairs of consonant strings made
of two consonants. There were 16 trials in each of the conditions: (1) same pairs
(Tz-T2), (2) transposed letter pairs (Tz-2T), (2) one-letter replacement pairs
(Tz-Pz) and (4) two-letter replacement pairs (Tz-PH). Four counterbalanced lists
were created in a Latin square manner, so that each stimulus was rotated across
the different conditions. The presentation of the items was randomized for each

participant.

To assess the abilities related to early reading acquisition we employed
the BIL battery (Sellés et al., 2008). This battery comprises five subtests:
phonological awareness, alphabetic awareness, metalinguistic knowledge,

linguistic skills, and basic cognitive processes—we obtained a score from each
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subtest. For the goals of the present study, we focused on the subtest measuring
basic cognitive processes. This subtest explores a series of cognitive processes
that take place when we face reading: (1) attention, which leads the mind to
concentrate on specific stimuli; (2) sensation (i.e., detection and differentiation of
sensory information); (3) perception, which integrates sensory experiences and
interprets them for recognition and identification (i.e., giving meaning to what has
been selected and picked up at the attentional and sensory level), relying on the
patterns stored in the (4) memory. To that end, the subtest assesses the child’s
sequential auditory memory and the ability to visually discriminate between
similar letters and symbols (the child had to circle the symbols that were the same

as a target; see Sellés et al., 2008, for a depiction of the other sub-tests).

Results

To test whether better pre-reading skills (as measured by the BIL battery) were
associated with better performance at differentiating between same and
transposed-letter pairs in the same-different task, we conducted frequentist and
Bayesian correlation analyses with JASP (Faulkenberry et al., 2020). To compute
the Bayes factors, we used the default Cauchy distribution (centered around 0
and with a width parameter & = 0.707) (see Rouder et al., 2009; Wagenmakers
etal., 2017, 2018, for discussion). Specifically, we examined the relation between
d’ (a measure of sensitivity obtained from the accuracy data of Perea et al., 2016)
and the percentile scores in sub-tests of the BIL battery—of note, these findings
were virtually the same if we had employed the raw scores from the sub-scales.
For the computation of d’, we used the hit rate for same trials and the false alarm
rate for the transposed letter trials (TZ-T7Z vs. Tz-ZT)—in signal detection theory,
chance-level performance [d’ = 0 or no sensitivity] occurs when the hit rate for the
identical items is the equal to the false alarm rate for the different items. Of note,
mean accuracy for same ftrials in the Perea et al. (2016) was .83; for different
trials, it was .33 for transposed-letter strings and .68 and .88 for one-letter and

two-letter replacement strings, respectively.
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Results of the correlational analyses in the present study showed that
those children who better differ transposed-letter from “same” pairs (TZ-2ZT vs.
Tz-TZ) had the higher scores in the sub-test on basic cognitive processes (r =
.634, p = .003; see Figure 2). Indeed, the alternative hypothesis was 18.6 (BF1o
= 18.559) times more likely than the null hypothesis with the present data (see
Jeffreys, 1961, for interpretation of Bayes Factors). In addition, there were no
signs of a relationship between the children’s performance differentiating
between same and transposed letter pairs and the other (linguistic) subtests (all
ps > .24, BFs10 < 0.528).

Figure 2

Correlation between the d’ when discriminating transposed letter pairs from same pairs
and the scores on the basic cognitive processes of BIL

N
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b
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d' Transposed-letter vs. Same

Y
- &N .
25 50 75 100

Score on basic cognitive processes

For completeness, we explored the relationship between performance in
the replacement letter conditions and the BIL battery; to this end, we computed
separately d’s for same vs. one-letter replacement trials (TZ-Tz vs. Tz-P2z) and
for same vs. two-letter replacement trials (Tz-TZ vs. TZ-PH), and then calculated

the correlations between these two d’s and the sub-test of the BIL battery. None of
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these correlations produced evidence in favor of a relationship (all ps >.147; all
BF10<0.478).

Discussion

Identifying the cognitive precursors of reading is vital to determine those children
who are ready to start learning to read and those who still need some cognitive
maturation or some early intervention. This would prevent later reading difficulties
and disorders and the frustration and psychological discomfort that such
problems usually entail. With this matter in mind, in the present study, we
scrutinized the roots of the mechanisms underlying the encoding of letter position
in strings (i.e., one of the critical factors of efficient reading; see Castles et al.,
2007; Logan, 2021). Specifically, we examined the relationship between the
capability of pre-literates to differentiate between transposed-letter pairs and
identity pairs (e.g., Tz-zT vs. TZ-TZ) and these children’s scores in basic
cognitive processes. Results showed that the pre-literate children who best
differentiated between Tz-zT and TZz-T7Z in a same-different task were those
with higher scores on basic cognitive processes (see Figure 2). Notably, the sub-
test of basic cognitive processes was not generically associated with sensitivity
in the same-different task (i.e., it was not related to performance for replacement-
letter trials); instead, it is uniquely associated with accuracy in letter position
coding. Thus, at the theoretical level, this outcome reflects that basic cognitive
skills shape the ability to encode serial order in letter strings (e.g., a smaller value
of the parameter responsible for perceptual uncertainty in models of letter
position coding; see Davis, 2010; Gomez et al., 2008). Furthermore, at an
applied/educational level, our findings imply that a simple same-different task can
be used to assess reading readiness: the better the performance in this task, the
better the encoding of letter order, diminishing the chances of letter position

dyslexia.

In addition, our findings suggest that the preparing-to-reading arise early
in development with some non-specialized processes that would be recruited and

adjusted to guide the subsequent functional reading progress (see Lachmann &
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van Leeuwen, 2014). Further support to this idea can be found in the study of
Saygin et al. (2016). They found that the cortical location of the visual word form
area (i.e., the brain region specialized for letter string; Dehaene & Cohen, 2011)
at age 8 (when children read) can be predicted by the distinctive connectivity of
the same region at age 5 (pre-literates). Taken together, these studies emphasize
that early detection of deficiencies in the visual analysis of the input is crucial to
prevent later reading difficulties (Friedmann & Gvion, 2001; Shetreet &
Friedmann, 2011). This is consistent with the assumption that children with
reading difficulties have a general impairment in domains other than linguistic
(e.g., an impairment in multisensory integration; see Gori & Facoetti, 2014;
Lachmann & van Leeuwen, 2014). Therefore, there are possibly many
(complementary) ways to test whether pre-readers are prepared to starting
reading learning (e.g., the same-different task or the “avatar task”; see Perea et

al., 2014); this would be a valuable endeavor for future studies.

We acknowledge that the present study comes with some limitations.
Firstly, because of the correction criteria of the BIL test, it was not possible to
obtain separate scores for the tasks that make up the basic cognitive processes
sub-test (sequential auditory memory and visual discrimination). Furthermore,
although the processes assessed in the basic cognitive sub-test were not
linguistic in nature, the stimuli contained symbols, letters and words, thus, making
it difficult to clearly disentangle basic cognitive processes and verbal processes.
Future tests should be more specific to characterize all possible aspects that
shape the cognitive processes of pre-literates. In addition, it would have been
desirable to have obtained further data from the same children once they started
reading learning. These data would have allowed us to test whether the findings
in the same-different task with transposed letters in pre-literate children were a
good predictor of letter position coding once children acquired knowledge about
letters. Furthermore, these longitudinal data would have also allowed us to
examine the interplay between the emergence of orthographic processing during
learning and the scores in cognitive and linguistic processes. Indeed, once the
children start to read, other elements would begin playing a significant role, such

as alphabetic knowledge or phonologic awareness (see Dehaene et al., 2015).
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A complementary strategy for future research would be to run parallel
longitudinal same-different experiments on serial order using to-be-learned
letters vs. unknown letters (e.g., letters from another alphabet). The data pattern
should be similar for the pre-readers for both types of stimuli, but one would
expect differences when the children learn to read. Critically, these differences
could be considered as markers of the emergence of orthographic processing
(see Grainger, 2018). While this approach is ideal on an a priori basis, it suffers
from various methodological issues. One would need to design a feasible task for
children of different tasks that minimizes both ground and ceiling effects.
However, it is challenging to create a task achievable for pre-literates and
complicated enough to draw differences among developing readers. For
instance, deciding whether two 4-letter strings are the same is extremely
challenging for pre-literates, whereas deciding whether 2-letter strings are the
same may be too easy for developing readers (see Perea et al., 2016, for
discussion). As a result, it is very difficult to experimentally study the emergence
and development of orthographic processes in pre-readers. To further complicate
matters, there are also other potential limitations, such as the lack of control for
prior letter knowledge and other linguistic elements in pre-readers, or that the
duration of experiments for pre-readers would need to be quite short to keep them
attentive. An alternative is to design laboratory analogs of children’s reading
acquisition that consists of training adults to read a novel script (see Fernandez-
Lépez et al., 2021; see also Chetail, 2017; Taylor et al., 2011). This approximation
is not as ecological as one would desire (see Maurer et al. 2010; Taylor et al.,
2017), but it definitively increases the control on the process of acquiring the

novel orthography.

In sum, the early identification of potential problems that may slow down
reading development is of fundamental importance for psychologists and
educators. In the present study, we found that those pre-readers who performed
better in basic cognitive processes tended to be those who would encode more
accurately letter position in a simple same-different task. This finding highlights
that learning to read should not be based solely on letter knowledge and

phonological decoding. We also need to consider that learning to read is built on
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a basic cognitive foundation, probably related to multisensory integration based

on visual attention.
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Does orthographic processing emerge rapidly

after learning a new script?

Abstract

Orthographic processing is characterized by location-invariant and location-
specific processing (Grainger, 2018): i) strings of letters are more vulnerable to
transposition effects than the strings of symbols in same-different tasks (location-
invariant processing); and ii) strings of letters, but not strings of symbols, show
an initial position advantage in target-in-string identification tasks (location-
specific processing). To examine the emergence of these two markers of
orthographic processing, we conducted a same-different task and a target-in-
string identification task with two unfamiliar scripts (pre-training experiments).
Across six training sessions, participants learned to fluently read and write one of
these scripts. The post-training experiments were parallel to the pre-training
experiments. Results showed that the magnitude of the transposed-letter effect
in the same-different task and the serial function in the target-in-string
identification tasks were remarkably similar for the trained and untrained scripts.
Thus, location-invariant and location-specific processing do not emerge rapidly
after learning a new script; instead, they may require thorough experience with

specific orthographic structures.

Key words: orthographic processing; training; letter position coding; first-letter

advantage; artificial script
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Introduction

Reading is an acquired skill that involves some functional brain changes and
requires, in alphabetic scripts, associating the letters that compose each word
with their appropriate speech sounds. A common assumption in the literature is
that, for a mature word recognition system, the process of identifying words
comprises a series of stages that map the visual input onto abstract letter
representations and, subsequently, onto whole-word representations (see
Dehaene et al., 2005; Grainger, 2008; but see Price & Devlin, 2011, for an
alternative account). The processing of orthographic representations connects
the low-level stages of visual processing to the higher-level linguistic processing
of words. These orthographic representations contain information about the
identity and order of each of the word’s constituent letters, thus allowing readers
to distinguish similarly spelled words like cure and core, which differ in the
identity of just one letter, or words like slat and salt, which differ in the order
of two of the letters (see Grainger, 2018, for review). Indeed, the question of how
the brain encodes the identity and order of the letters that constitute each word
is a central issue for all leading models of visual word recognition (e.g., Spatial
Coding model: Davis, 2010; Overlap model: Gomez et al., 2008; Open Bigram
model: Grainger & Van Heuven, 2004; Bayesian Reader model: Norris et al.,
2010; SERIOL model: Whitney, 2001).

In the present experiments, we examined the emergence of two
fundamental markers of orthographic processing after learning a new script: 1)
location-invariant processing; and 2) location-specific processing (see Grainger,
2018). For simplicity, the above-cited models focus on an extant perspective (i.e.,
they assume a fully-developed word recognition system frozen in time) rather
than on a developmental perspective. (We defer a discussion of the research
focused on the development rather than the emergence of orthographic
representations [e.g., Castles et al., 2007; Grainger et al., 2012; Marinus et al.,
2018] until the Discussion section.) We first describe in some depth how location-
invariant and location-specific processing differ between letters and other visual

objects (e.g., symbols, unknown letters). Then, we describe how acquiring a new
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script may affect both phenomena. Finally, we offer a rationale for the two

experiments proposed in the current paper.

Location-invariant processing refers to the mechanisms responsible for
encoding the “relative positions of a set of object identities” (Grainger, 2018, p.
345) (i.e., the encoding of the order of visual objects [letters] in a string composed
of several objects [a word]). This has often been examined with the same-
different matching task (see Krueger, 1978; Ratcliff, 1981, for early evidence), as
it allows researchers to compare the processing of letters vs. the processing of
other types of visual objects. In this task, participants have to decide if two strings
of characters presented subsequently are the same or not (see Figure 1). The
most studied phenomenon of location-invariant processing is the transposed-
letter effect (henceforth, TL effect; see Grainger, 2018, for review). The TL effect
refers to the insensitivity of readers to the position of letters compared to the
identity of the same letters: “no” responses to the transposed-letter pair FGJM-
FJGM (the underline is to emphasize the manipulation) in a same-different
matching task are slower and more error prone than the responses to the
replacement-letter control FGJM-FPCM. These effects also occur with strings
composed of symbols or unknown letters (e.g, £§2@-£2S@ is slower and more
error prone than £§2@-£#<@), which suggests that there is some positional noise
in the representations of visual objects in a string (see Gomez et al., 2008; Norris
& Kinoshita, 2012). But the critical finding is that transposition effects are
substantially larger for strings of letters than for strings of other visual objects
(e.g., numbers, symbols, pseudoletters; Dufiabeitia et al., 2012; Massol et al.,
2013; see also Garcia-Orza et al., 2010; Mufioz et al., 2012). To explain the
greater transposition effect for strings of letters than for strings of other visual
stimuli, Grainger (2018; see also Marcet et al., 2019; Massol et al.,, 2013)
suggested that, on top of positional noise, there is an orthographic-specific
mechanism used to encode location invariant letter-in-word-order. Critically, this
orthographic-specific mechanism has been posited to emerge with literacy
acquisition (Dandurand et al., 2010; Dufabeitia et al., 2014, 2015). Therefore,

when learning a new script, the emergence of location-invariant orthographic
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processes would produce an increase of letter transposition effects in a same-

different task.

Figure 1
Depiction of the same-different task

BLDNF Target (until response

£52@% or 2000 ms)

£§25%0

BLDFN

Probe (300 ms)

Fixation point (500 ms)

Letters Symbols

Location-specific processing of visual information refers to the parallel
processing of the position of characters (e.g., letters) within one object (e.g., a
word). This type of processing has usually been examined with a post-cued
partial report target-in-string identification task (henceforth, TSI task), based on
the two-alternative-forced-choice task first introduced by Reicher (1969) and
Wheeler (1970). In the typical setup of the TSI task applied to location-specific
processing (e.g., Tydgat & Grainger, 2009), a string of five characters (e.g.,
letters: FGJGM; symbols: £52%Q) is presented briefly while the participant is
looking at the middle of the string. The string is subsequently followed by a
pattern-mask with a cue indicating one of the positions in the string (see Figure 2
for illustration). The participants’ task is to choose, from the two alternatives, the
one that matches the identity of the character at the cued location. When
presented with strings of symbols, adult readers typically show a A-shape
function (i.e., an advantage of the middle, fixated position) (Tydgat & Grainger,
2009; see also Chanceaux & Grainger, 2012; Chanceaux et al., 2014; Grainger
et al., 2010; Scaltritti et al., 2018; Vejnovi¢c & Zdravkovi¢, 2015). In contrast, for
letter strings, adult readers typically show a W-shape serial position function of
accuracy (see Tydgat & Grainger, 2009). That is, there is an advantage not only

for the fixated, middle letter, but also of the exterior letters—primarily the initial
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letter. The dissociation in serial position function for strings of symbols vs. letters
has also been obtained with developing readers (see Ziegler et al., 2010). To
explain this pattern, Tydgat and Grainger (2009) proposed the Modified
Receptive Field (MRF) theory. The idea is that, at the onset of learning to read,
the status of letters changes from being independent visual objects to becoming
parts of a higher-order object (i.e., the string). This is attained by adapting the
mechanisms of visual object processing to the constraints of visual word
processing (see Grainger, 2018; Grainger & Hannagan, 2014; see also Dehaene
et al., 2005, for neural correlates). Specifically, the MRF theory assumes that,
with reading acquisition, location-specific letter detectors are developed and their
receptive fields become reduced in size and elongated to the left—note that the
initial letter is critical to translating orthographic representations into phonological
representations (Grainger et al., 2016). Thus, the emergence of location-specific
processing when learning a new script is expected to produce an initial position

advantage in a TSI task.

Figure 2
Depiction of the target-in-string identification task

K @
#HHHH #HEHH
F B Target (until response

or 2000 ms)

BLDNF £525%@

(116 ms)

(500 ms)

Fixation point (500 ms)

Letters Symbols

The empirical data on the emergence of location-invariant and/or location-
specific processing are very scarce (see Dunabeitia et al., 2015, for an
exception). Dunabeitia et al. (2015) examined the emergence of location-
invariant processing in a longitudinal same-different experiment with children
from four years (i.e., preliterate children) to six years (i.e., children who had

acquired orthographic representations). In the accuracy data, Dufabeitia et al.

53



(2015) found a significant TL effect for the older children, but not for the preliterate
children, and claimed that the “the skills related to the processing of internal
characters’ identities and positions are inherently dependent on literacy” (p. 548).
However, d’ (i.e., a measure of sensitivity) did not differ from zero in the
experiment with preliterate children (i.e., children were performing at chance
level), which raises questions about any interpretation of the data (see Perea et

al., 2016, for discussion)?.

The main goal of the present experiments was to overcome this gap by
examining whether acquiring a new script affects location-invariant processing
and location-specific processing by using a same-different task and a TSI task,
respectively. We designed a laboratory analogue of children’s reading acquisition
in which adults were trained to read and write in a new, unfamiliar script. As
Chetail (2017) indicated, the use of artificial scripts (i.e., sets of characters either
from unknown scripts or newly devised) provides a unique opportunity to
‘examine the developmental course of a given orthographic process which is
stable in adults” (p. 103). Furthermore, recruiting adults as subjects allows us to
control the participants’ prior knowledge (i.e., we can make sure that participants
are not familiarized with the characters; see Maurer et al., 2010; Taylor et al.,
2017), and it also enables us to increase the number of conditions and trials of
the experiments: adult participants can carry out longer experimental sessions
than children, and this allows us to ensure appropriate reliability. Additionally,
comparing the results of preliterate children and developing readers may lead to
intricate interpretative issues, as the accuracy and latency data vary dramatically
across groups (see Perea et al., 2016). Critically, the behavioral effects of
learning an unfamiliar script in adults can be generalized to the effects elicited on
children when learning their first language (see Taylor et al., 2011, for

discussion).

4 While the Perea et al. (2016) experiment with preliterate children rules out an interpretation of
TL effects as being fully dependent on literacy acquisition, it does not provide any insights as to
the emergence of location-invariant processing. To test whether location-invariant processing is
influenced by literacy in young children, one would need to run a re-test—ideally with letters vs.
symbols (or letters from a new alphabet) —after these children learn to read.
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In the current study, we employed a classic design with a pre-training
phase and a post-training phase. The pre-training phase comprises two
experiments: a same-different experiment on the TL effect (i.e., testing location-
invariant processing; Experiment 1) and an experiment with a TSI task on the
serial position function (i.e., testing location-specific processing). The pre-training
experiments were conducted using eighteen consonant letters from an artificial
monospaced font (BACS2serif; Vidal & Chetail, 2017). This font was used to
create two different scripts: Script 1 (11 letters; two vowels and nine consonants)
and Script 2 (11 letters; two vowels and nine consonants) (see Figure 3). One of
the scripts was learned via print-to-sound training along five days and the other
was used as a control. An important issue is the choice of the appropriate control
script. Keep in mind that the letters in the trained script would not only activate
print-to-sound correspondences, but they would also be visually familiar. That is,
after training, the pseudoletter “¢” would not only correspond to a phoneme, but
it also would become a familiar object. Thus, one could argue that any effects
from the trained script in the post-training phase could be merely due to visual
familiarity. To separate the effects of learning to read from the effects of visual
familiarity, participants were familiarized with the visual form of the characters of

the control script.

In the pre-training phase of Experiment 1, we conducted a same-different
task using five-letter strings. In the pre-training phase of Experiment 2, we
conducted a TSI task with five-letter strings. In both experiments, Script 1 and
Script 2 were presented in separate blocks. Subsequently, each participant
received training in one of the scripts (trained script) and was familiarized with
the characters of the other script (control script). For the print-to-sound training,
each individual learned the grapheme-phoneme associations of nine consonant
letters and two vowel letters from one of the two scripts across six training
sessions: half of the participants learned the letters in Script 1 and the other half
learned the letters in Script 2. Prior research has shown that readers can show
some expertise in a new script quite rapidly. For instance, Chetail (2017) found
that individuals acquired new regularities (e.g., letter and bigram frequency

effects) after a relatively short amount of time, even in unfamiliar and complex
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scripts. Likewise, Brem et al. (2018) reported that two hours of training were
enough for individuals to show some expertise for a novel script (e.g., an increase
of the N1 amplitude). For the visual familiarization with the control script,
participants were exposed to the eleven characters of the script, but without

mentioning any orthographic or phonological information.

Figure 3

Association between the letters of the
new scripts and their corresponding

phonemes
Script 1 Script 2 Phoneme
A 0 /al
\ N iv
R > /d/
& r /k/
& [ /f/
D 2 vk
U n i
T Q) /m/
L ? I/
' < /s/
8 A /6/

On day 1, participants first learned the grapheme-phoneme associations
in the trained script. As in Spanish—their native language, all the grapheme-
phoneme associations are transparent (e.g., the letter “i” always corresponds to
the phoneme /i/). Importantly, the print-to-sound training allows us to ensure that
participants will learn the new script as a group of letters and not as mere symbols
or shapes. As Chetail (2017) pointed out, “a critical feature that distinguished
letters from other symbols or shapes is that letters are used to transcribe speech

according to a structure code” (p. 110). To consolidate the learning of the trained
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script over the next five sessions, which took place in a window of five working
days, participants were asked to read aloud and write down series of items of
increasing length, from 4-letter to 8-letter strings. Furthermore, the participants
were familiarized with the visual forms of the characters of the control script. To
that end, on each training session, each individual performed a character
detection task and a character count task (see Figure 4 for depiction of each task;

see also Chetail, 2017, for a similar strategy).

Figure 4

Depiction of the character count task (top panel) and the character detection task (low
panel)

CHARACTER COUNT TASK
BLCT< BLST< Target (until response
or 2000 ms)
* *
Fixation point (500 ms)
GO NO go

CHARACTER DETECTION TASK

PBIAIRS PBIARS

Target (until response
or 2000 ms)

#HEEE #H#H#

Pattern mask (500 ms)

Probe (1000 ms)

YES response NO response

Finally, all participants had to pass a final test on the sixth day to show that
they successfully acquired the experimental script. Once the individuals had
passed this test (the criterion was set at 20 or more correct responses out of 24
in reading/writing within a time limit), they took part in the post-training
experiments. What we should note here is that the print-to-sound training

occurred in absence of semantics. Recent research has emphasized the role of

57



sound-based strategies when learning to read a new script (e.g., see Brem et al.,
2018; Taylor et al., 2017, for evidence with adults). This print-to-sound training
also enabled us to isolate the orthographic processes from semantic processes,

thus minimizing any influences from top-down processes.

The post-training experiments were parallel to the experiments from the
pre-training phase. They were designed to test whether location-invariant and
location-specific processing has emerged in the trained script—for comparison
purposes, we also conducted a block with stimuli in an overlearned script (i.e.,
Roman alphabet). The predictions were clear. If location-specific orthographic
processes emerge after literacy acquisition—as proposed by Dandurand et al.
(2010) and Dunabeitia et al. (2014, 2015), we would expect a greater TL effect in
a same-different task for the trained script in the post-training phase than in the
pre-training phase. Keep in mind that, in the post-training phase, the TL effect for
the newly learned script would have two constituents: a positional noise
component—shared with the pre-training phase —and an orthographically-based
component. For the control script, the TL effect should remain similar in
magnitude in the pre- and post-training phases: the TL effect would be due to
perceptual uncertainty. Alternatively, if TL effects were similar in magnitude in the
pre- and post-training phase for the two scripts, this would reveal that the
emergence of location-invariant processing does not emerge quickly after

learning print-to-sound correspondences in a new script.

Second, if location-specific letter detectors are formed with literacy
acquisition—as proposed by the MRF theory (Tydgat & Grainger, 2009), the
trained script would elicit a first letter advantage in the TSI task when measuring
the serial position function in the post-training phase. This would be accompanied
by an advantage of the fixed, middle position i.e., a A-shape function) for the two
scripts in the pre-training phase and for the control script in the post-training
phase. Alternatively, if the pattern of data still shows a A-shape function for both
the trained and untrained scripts in the post-training phase, this would suggest
that print-to-sound training does not rapidly lead to the emergence of location-

specific orthographic processing.
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Experiment 1: location-invariant processing

Method

Participants

The sample was composed of twenty-eight university students, all of them native
speakers of Spanish with normal/corrected-to-normal vision and with no history
of reading or hearing disorders. All of them signed an informed consent form
before participating in the experiment. Participants received a small monetary
compensation after the experiment. In consonance with the registered protocol,
the final number of participants was determined via a Sequential Bayes Factor
design maximal n (see Schénbrodt & Wagenmakers, 2018, for the advantages of
this approach) starting with a sample size of 28 participants. To compute the
Bayes factors for the critical interaction (i.e., the three-way interaction between
Phase x Script x Probe-target relationship in the accuracy data) required for the
sampling procedure, we obtained the Bayes factors in the by-subjects Bayesian
ANOVA—note that all the stimuli were strings of random consonants (or
consonants from artificial scripts) so generalization over participants was more
important than generalization over random consonants. This Bayes factor was
computed in JASP (Wagenmakers et al., 2018) as the ratio of the model that
contained the factor of interest (i.e., all the main effects, two-way interactions,
and the three-way interaction) vs. the model that did not contain the effects of
interest (i.e., all the main effects and the two-way interactions). This Bayes Factor
exceeded 6 (i.e., the criteria stablished in the pre-registered protocol) in favor of
the null hypothesis (BF10-.081-> BFo1> 12), so sampling was stopped with n =
28.

Materials

We created 240 five-consonant string pairs (probe and target) in Script 1 (see
Figure 3), 240 five-consonant string pairs in Script 2 (see Figure 3), and 240 five-
consonant string pairs in Roman alphabet (using Courier New font; e.g., STNGB).
The two artificial scripts stemmed from the same font: BACS2serif (Vidal &

Chetail, 2017). The string pairs in Script 1 and Script 2 were presented in
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separate, counterbalanced blocks—the string pairs in the Roman script were
presented at the end of the post-training phase. All character strings were
composed of non-repeated letters. There were 120 “different” pairs and 120
“same” pairs for each character string type. For the “different” pairs in each script,
60 pairs were created by transposing two adjacent letters (e.g., CTLDV - CLTDU;
{st.2nd - 2nd_3rd - 3rd_gth - 4th.5t) - and 60 pairs were created by replacing two
adjacent letters (e.g., ¢TLDV - CRRDU; {st.pnd 2nd.3rd  3rd_4th - 4th_5th)  Thus, each
block contained 240 pairs of character strings. In total, each participant was given
480 trials in the pre-training phase (240 string pairs in Script 1 and 240 string
pairs in Script 2) and 720 trials in the post-training phase (240 string pairs in Script
1, 240 string pairs in Script 2, and 240 string pairs in Roman script). The
proportion of transpositions/replacements was the same in all possible locations.
To counterbalance the probe-target pairs, we created two lists for each script (see
Massol et al., 2013, for a similar procedure). For the practice phase, we also
created eight five-consonant string pairs for each block (eight pairs in the Script
1 block, eight pairs in the Script 2 block, and eight pairs in the Roman alphabet
block).

For the learning to read sessions, we created a template in a standard
presentation software with the graphemes of the new script and the associated
phoneme (see Figure 3), which were recorded by a female voice and digitalized
at a sampling rate of 44.1 kHz. For each script, we created 18 items and 18
utterances of 4-characters and 5-characters, respectively, 30 items and 30
utterances of 6-characters, 66 items and 66 utterances of 7-characters, and 120
items and 120 utterances of 8-characters. The items and utterances were
grouped separately by lists of 12 items that were presented with standard

presentation software.

To have the participants familiarized with the characters of the control
script, we employed a character detection task and a character count task (see
Figure 4). For the character detection task, we created a total of 144 pairs of
items in each script (i.e., probe and target). The probe was always a single
character and the target consisted of a string of artificial characters with different

length (18 items of four and five characters, respectively, 30 items of 6-
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characters, 66 items of 7-characters and 120 items of 8-characters.). For the
character count task, we employed, for each script, 18 items of four and 5-
characters, respectively, 30 items of 6-characters, 66 items of 7-characters and
120 items of 8-characters. Each string could be composed by artificial characters

or by artificial and Roman characters.

Procedure

Pre-training-test. Participants were tested either individually or in groups of two
in a quiet room. DMDX software (Forster & Forster, 2003) was used to display
the sequence of stimuli and to register the timing/accuracy of the responses.
Response times were measured from target onset until the participant’s
response. On each trial, a fixation point (*) was displayed for 500 ms in the center
of a computer screen. Next, the fixation point was replaced by a probe, which
was presented for 300 ms and positioned 3 mm above the center of the screen.
Then, the target item appeared one line 3 mm below the center of the screen.
The target remained on the screen until the response or 2,000 ms had passed.
All stimuli were presented in a monospaced font (15 pt BACS2serif for Scripts 1
and 2; 15 pt Courier New for the Roman letters) in black on a white background.
Participants were told that they would be presented with two strings of
consonants and that they would have to press the “yes” key if they were the same,
and they were asked to press the “no” button if they were different (see Figure 1).
Participants were instructed to make this decision as quickly and as accurately
as possible. Eight practice trials preceded the 240 experimental trials in each
block. Participants did not receive feedback during the experiment. The session

lasted for 18-22 minutes.

Training. Participants were trained individually in the presence of the
experimenter along a window of six working days in a quiet room (see Figure 5).
Half of the participants learned the grapheme-phoneme associations in Script 1
and the other half learned the grapheme-phoneme associations in Script 2. There
were two blocks in each session: for the trained script, participants received print-

to-sound training (i.e., grapheme-phoneme association) and, for the control
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script, they participated in tasks that entailed visual familiarization with the control

characters—the order of each block was counterbalanced across sessions.

Figure 5

Schematic depiction of the training sessions
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Post-training test

On the first day, after the pre-training experiments, participants learned
the association between the spoken forms of each grapheme in one of the
unknown scripts (i.e., the experimental script: Script 1 or Script 2; see Figure 3)
and they also familiarized with the visual form of the control script (i.e., the script
not used for the grapheme-phoneme association). For the print-to-sound training,
the characters were presented on a computer screen with their corresponding
sound (participants could click on the character with the mouse and listen to its
associated phoneme). Participants were also asked to hand-copy the new letters
on a sheet of paper and they were given as much time as they needed to learn

these associations.

For the visual familiarization part, the characters of the control script were
presented one by one on a computer screen in absence of any orthographic or
phonological information. Participants had to hand-copy the control characters

on a sheet of paper, without a time deadline. Then, all the characters of the
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control script were presented and participants took as much time as they wanted
to familiarize with them (see Chetail, 2017, for a similar procedure). The
experimenter checked and corrected (when necessary) the writing of the letters

and characters to minimize the differences in handwriting quality®.

On the second day, participants were presented with items of four and five
characters; on the third day, they were presented with items of six and seven
characters; on the fourth day, they practiced with items of eight characters and,
on the fifth day, participants were presented with items of six, seven and eight
characters (see Figure 5). For the print-to-sound training, the general procedure
was as follows. Participants had to read aloud and write down 36 items without
time deadline. The items were presented on the computer screen, divided into
alternating blocks (reading and writing) of 12 items. For reading aloud, a list of 12
items was presented on the screen (e.g., “RAK\”) and participants were asked to
read the items one by one (e.g., /daki/). During this task, the experimenter
provided feedback after each item (i.e., correct/incorrect response). If the
participant made a mistake, the experimenter encouraged her/him to read it again
on her/his own. If the participant could not figure out the correct response, the
experimenter indicated it, remarking the grapheme-phoneme correspondences.
For the writing blocks, a list of 12 “loudspeaker” signs (%) were presented on the
screen. Participants were asked to press the # sign, listen to the pronunciation
(e.g., /daki/) and then write down the corresponding graphemes in a sheet of
paper (e.g., “RAR\"). As blocks of 12 items were presented simultaneously,
participants were able to see and listen to each item as many times as needed.
The experimenter provided feedback after each item (i.e., correct/incorrect
response). If the participant made a mistake, the experimenter asked her/him to
listen the item again. If the participant could not figure out the mistake on her/his
own, the experimenter told her/him the correct response remarking the

grapheme-phoneme correspondences.

5 Exact handwritten copies of the character were not required, as neither are exact copies of the
letters when children learn to write. It was enough if the handwritten copy of the character
approximated to the original to be identified and distinguishable from the others characters.
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For each block in both tasks (i.e., reading aloud and write down), the
experimenter annotated the mistakes (if any), the order of the tasks, performing
times and other comments (e.g., the most repeated errors) in an assessment
form. Moreover, after each block of 12 items, the experimenter provided general
feedback of performance (i.e., correct responses, type of errors, and timing).
Importantly, on the first sessions (days 2 and 3), the learning goal was to correctly
establish the grapheme-phoneme correspondences. Thus, the experimenter
focused mainly on the errors made by the participants. Then, on sessions 4 and
5, when the participants hardly made any mistakes, the experimenter encouraged

them to read and write down as fast as possible.

For the visual familiarization block with the control script, participants
completed a character detection task and a character count task in each training
session. The items had the same length as the items of its corresponding print-
to-sound training session. For both tasks, DMDX software (Forster & Forster,
2003) was used to display the sequence of stimuli and to register the
timing/accuracy of the responses. On each trial of the character detection task
(see Figure 4), a probe was presented for 1,000 ms one line 3 mm above the
centre of the screen. The probe was subsequently replaced by a pattern mask
with same length as the subsequent target (“#####”) on the centre of the screen
for 500 ms. Then, the target appeared and remained on the screen until response
or 2000 ms had passed. All stimuli were presented in a monospaced font (15 pt
BACS2serif) in black on a white background. Participants were told that they
would be presented with a character and then with a string of characters (both in
the control script) and they would have to press the “yes” key if the probe
appeared in the subsequent string, and they were asked to press the “no” button

if the single-character did not appear in the string.

On each trial of the character count task (see Figure 4), a fixation point (*)
was displayed for 500 ms on the centre of a computer screen. Next, the fixation
point was replaced by the target (i.e., a character string). The target remained on
the screen until the response or 2,000 ms had passed. All stimuli were presented
in a monospaced font (15 pt BACS2serif and 15 pt Courier New) in black on a

white background. Participants were asked to press the “yes” key only when the
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item presented was composed of 3 or more characters of the control script—keep
in mind that the target items consisted of only control script characters
(BACS2serif) or a mixture of characters of the control and Roman scripts. 30% of
the items consisted of only one or two control script characters and Roman
characters (i.e., participants should not press the “yes” key). Participants received

feedback on the general accuracy after each task.

Finally, on the sixth day, before conducting the post-training experiments,
participants received a final test with 24 items of 8-characters (12 for reading
aloud and 12 for writing) presented in the same format as in the training. They
had to do the test in less than 1 min and 30 s, and 3 min and 30 s, respectively.®
Those participants who passed the assessment with at least 84% of accuracy

(20 out of 24 correct responses) took part in the post-training experiments.”

Post-training test. The post-training test was the same as in Experiment 1a, with
a final additional block with Roman letters. The post-training tests lasted for

approximately 25-30 minutes.

Results

All participants were able to write and read the newly learned script fluently and
passed the final training test at the first attempt (see Appendix B, for performance
of participants along the training sessions). In accordance with the pre-registered
protocol, one participant was replaced because of an overall accuracy level below

.60 in the replacement-letter condition.
Different trials

Confirmatory analysis. The dependent variables were response time and

accuracy. Error and extremely short responses (less than 250 ms: 0 responses)

6 The time limit was set by averaging the reaction times of two pilot participants and adding 30 s
more—keep in mind that the pilot participants were members of the lab and they were highly
motivated.

7 A minimum of 70% accuracy was required in the visual control tasks. All participants met this
criterion.
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were omitted from the latency analyses—there were no responses longer than
the 2-sec deadline (i.e., they were automatically categorized as errors). The
mean RTs for the correct responses and the accuracy in each experimental
condition are presented in Table 1 (see also Figures 6 and 7). We performed the
statistical inference not only using (generalized) linear mixed effects models, but

we also computed Bayes Factors.

Table 1.

Mean correct response times (in ms) and accuracy (in brackets) in the different
conditions of Experiment 1

Untrained Script Trained Script
Different Same Different Same
Transposed  Replaced Transposed Replaced

Pre-training 624 (.550) 602 (.714) 550 (.908) 639 (.551) 624 (733) 581 (.868)

Post-training 585 (.603) 566 (.783) 540 (.888) 600 (.603)  572(.795) 538 (.910)

Note. For the Roman script, the correct response times and accuracy (in brackets) were 590 ms (.529) for

transposed pairs, 574 ms (.812) for replaced pairs and 511 ms (.931) for same pairs.

In the inferential analyses, we focused on “different” trials, as these are the
ones with the TL manipulation. The main research question in the experiment
was whether location-invariant processing—as measured by the TL effect—
emerges in the trained but not in the untrained script in the post-training phase.
To test this hypothesis, we employed (generalized) linear mixed effects (LME)
models in R (R Core Team, 2019) using the Ime4 1.1-21 package (Bates et al.,
2019) and the BayesFactor 0.9.12-4.2 package (Morey & Rouder, 2018) with
three fixed factors: Phase (pre- vs. post-training), Script (trained vs. untrained),
and Probe-target relationship (transposed, replaced). Regarding the LME
analyses, because of the normality assumption required, the raw RTs were
inverse-transformed (-1000/RT). The most complex fitted model that converged

was:

-1000/RT ~ script*condition*phase + (l+script+phaselsubject) + (1litem)
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For the generalized linear mixed analyses of the accuracy data, responses were
coded as binary values (1 = correct, 0 = incorrect) and we used the gimer function
in the Ime4 package (family = binomial). The most complex fitted model that

converged was:
accuracy ~ script*condition*phase + (1l+scriptlsubject) + (1litem)

(In Appendix A, we report the [non-pre-registered] analyses using
Bayesian linear mixed effects models with the maximal random structure—the
results were essentially the same as those reported here.) To compute the Bayes
factors on the latency data, we used ImBF function from the BayesFactor
package with the default Cauchy distribution (centered around 0 and with a width
parameter & = 0.707) (see Rouder et al., 2009; Wagenmakers et al., 2017, for
discussion). To compute the Bayes factors on the accuracy data, we calculated
the Bayes factors from Bayesian analyses of variance (ANOVAs) with the
aggregated data by participants—note that items were strings of letters in an
artificial script. For the computation of the Bayes factors for each effect, we
followed the same logic as in prior research (see Leinenger et al., 2017; Staub &
Goddard, 2019, for illustration). For the numerator, we compared the maximal
model that included the effect of interest vs. a null model that does not assume
any fixed effects or interactions. For the denominator, we compared the maximal
model after excluding the effect of interest vs. a null model that does not assume
any fixed effects or interactions. The ratio between these two Bayes factors was

the Bayes Factor of the effect.

Latency analyses. Responses were, on average, 21 ms faster for the RL

condition than for the TL condition (i.e., overall TL-effect; 591 vs 612 ms; b= .08;
t=6.18 p<.001; BF10 = 6.69e+05) and participants responded, on average, 41
ms faster in the post-training tests than in the pre-training tests (581 vs 622 ms;
b= .13; t=4.55 p < .001; BF1o = 20.34). We found no overall differences in
response times between the trained and untrained script (b =-.01; t = -.60, p =
.55; BF10= 1.48). The interaction between Phase and Script barely reached the
significance level in the frequentist analyses (b =-.04; t = -2.43, p = .02), but the

Bayes Factors indicated anecdotal evidence towards a null effect (BFio= 0.55).
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None of the other interactions approached significance (all ts < .78, ps > .59; all
BF10 < .35) (see Figure 6).

Figure 6

Mean reaction times (top panel), accuracies (bottom panel) and standard errors in the
trained and untrained scripts of Experiment 1.
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Accuracy analyses. Accuracy was higher for the RL condition than for the TL
condition (.756 vs .577; b =-1.05; z=-12.73, p < .001; BF10 = 1.071e +39) and
participants were more accurate in the post-training phase than in the pre-training
phase (.696 vs .637; b =-.38; z = -4.44, p <.001; BF10 = 415911). Neither the
effect of Script (b =-.08; z=-.83, p =.41; BF10 = .21) nor any of the interactions

approached significance (all zs< 1.19, ps > .23; all BFs10 < .26) (see Figure 6).

Exploratory analyses. As indicated in the pre-registration, we also compared the

TL effect of the trained script (post-training phase) and the TL effect in an
overlearned script (i.e., the Roman script). The two fixed factors in the analyses

were Script (Trained [post-training] vs. Roman) and Probe-target relationship
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(transposed, replaced)—the inferential analyses were parallel to those described

above (see Figure 7). The most complex fitted model that converged was:

Dependent_Variable [-1000/RT or accuracy] ~ script*condition +

(1+scriptlisubject) + (1litem)

Figure 7

Mean reaction times (left panel), accuracies (right panel) and standard errors in the
trained (post-training phase) and Roman scripts of Experiment 1
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Latency analyses. Participants responded, on average, 22 ms faster in the RL
condition than in the TL condition (573 vs 595; b=.077 t=6.00, p<.001; BF10 =

129.80). There were no overall differences between the trained script and the

Roman script (b = .02 t = .38, p = .71; BF10 = 0.53). The interaction between
probe-target relationship and script was not significant (b =-.01; t=-.41, p = .68;
BF10 = 0.54).

Accuracy analyses. Participants were more accurate in the RL condition than in
the TL condition (.804 vs .566; b=-1.12; z=-13.06, p<.001; BF10 = 3.308e +22),

whereas the effect of Script was not significant (b =.22; z=1.14, p=.25; BF1o =

0.734). We found a significant interaction between the two factors (b =-.58; z = -
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4.67, p<.001; BF10 = 7.758), which reflects that the TL effect was greater in the
Roman script than in the trained script (.283 vs .192).

Same trials

While not indicated in the pre-registered protocol, the examination of “same”
responses in the pre- and post-test phases for the trained and untrained scripts
may shed some light on the role of orthographic-phonological training when
processing letter strings. To analyze “same” responses, we employed
(generalized) linear mixed effects models on the latency and accuracy data. The
two fixed effects were Script (trained vs. untrained) and Phase (pre-training, post-
training). The most complex model that converged in the (generalized) linear

mixed effects models was:

DV [-1000/RT or accuracy] ~ script * phase + (1 + phaselsubject) +
(1litem)

These analyses were complemented with Bayesian linear mixed effects models

using the maximal random factor structure (see Appendix A).

Latency analyses. Responses were, on average, 26 ms faster in the post-training

phase than in the pre-training phase (539 vs. 565 ms; b =.14; t=2.93, p = .01),
whereas there were no signs of an effect of script (b =.01; t=-.51, p=.61). More
important, the interaction between Script and Phase was significant (b =-.12; t=
-8.09, p<.001). This reflected that responses were faster in the post-training than
in the pre-training phase for the trained script (41 ms; 537 vs. 581 ms), but not

for the untrained script (9 ms; 540 vs. 549 ms) (see Figure 6)

Accuracy analyses. Participants were more accurate in the post-training than in

the pre-training phase (i.e., main effect of phase; b =-.48; z=-2.97, p = .003),
and with the untrained than with the trained script (i.e., main effect of script; b = -
.27; z = -8.17, p = .001)—note that the effect of script was .009 and was not
corroborated by the Bayesian linear mixed effects analyses (see Table A3). More

important, mimicking the latency analyses, we found an interaction between the
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two factors (b =.72; z=6.16, p < .001): participants were more accurate in the
post-training test than in the pre-training test for the trained script (.910 vs .868,
respectively), but not for the untrained script (.888 in the post-training vs .908 in

the pre-training test) (see Figure 6).

Discussion

As usual, we found a substantial transposed-letter effect for “different”
responses in the same-different task: participants’ responses were faster and
more accurate for replacement-letter pairs than for transposed-letter pairs (see
Krueger, 1978; Raitcliff, 1981, for early evidence; see also Dufiabeitia et al., 2012;
Massol et al., 2013; Perea et al., 2016). More important for the purposes of the
experiment, the magnitude of the transposed-letter effect was similar for the
trained script and for the (visual) control script in both latency and accuracy data.
We did find that the responses to “different” trials were, on average, faster and
more accurate in the post-training phase than in the pre-training phase. However,
this occurred similarly in both the trained and visual control scripts, hence, it could
have been due to the participants’ being more visually familiar with the new
letters. In addition, the size of the transposed-letter effect was greater in the
Roman script than in the newly learned script in the accuracy analyses (28.3%
vs. 19.2% of errors, respectively) —note that previous studies on the transposed
letter effect also showed significant effects on accuracy, but not on response
latencies (e.g., Massol et al., 2013; Perea et al., 2016; Perea & Lupker, 2004).8
This is consistent with the idea of orthographic location-invariant mechanisms
being at work in the Roman script, but not in the newly learned script (see

Dunabeitia et al., 2012; Massol, et al., 2013; see also Garcia-Orza et al., 2010;

8 Furthermore, for the Roman script, we found that size of the transposed-letter effect was
considerably smaller for external than for internal transpositions: 14.5% vs. 42.1%, respectively
(e.g., see Gomez et al., 2008, for a similar pattern). In contrast, for the trained script, the size of
the transposed-letter effect was only slightly lower for external transpositions than for internal
transposition (17.0% vs. 21.4%, respectively). This again suggests that the transposed-letter
effect in the Roman script and the trained script reflect different underlying processes.
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Munoz et al., 2012, for greater transposed-letter effect for letters than for other

visual objects [symbols, digits, false fonts]).

The above results may offer the impression that training a new script did
not create any stable orthographic representations. However, this interpretation
is difficult to reconcile with the fact that “same” responses were substantially
faster and more accurate in the post-training phase than in the pre-training phase
for the trained script (538 vs. 581 ms; .910 vs .868), but not for the untrained
script (540 vs 549 ms; .888 vs .908). This finding strongly suggests that learning
to read in the new script helped encoding the letter strings, thus reflecting the

emergence of rudimentary orthographic representations.

In sum, the current same-different experiment favors the view that
location-invariant processing, as measured by the transposed-letter effect, does
not emerge rapidly after learning to read in a new script. We defer a more detailed

discussion of this issue in the General Discussion.

Experiment 2: location-specific processing

Method

Participants

They were the same as in Experiment 1. To compute the Bayes factors for the
critical interaction (i.e., the three-way interaction between Phase x Script x
Position in the accuracy data) required for the sampling procedure, we obtained
the Bayes factors in the by-subjects Bayesian ANOVA. This Bayes Factor
exceeded 6 (i.e., the criteria established in the pre-registered protocol), BF1o

=.05-> BFo1 = 20, so sampling was stopped with n = 28.

Materials

Based on the design and procedure used by Tydgat and Grainger (2009), we
created a set of 180 five-consonant strings in two unfamiliar scripts: 90 in Script

1 and 90 in Script 2, and—for the post-training phase —a set of 90 five-consonant

72



strings in Roman alphabet (e.g., STNGB). None of the letter strings contained

repeated characters.

We designed three different blocks (one for script: Script 1, Script 2, and
Roman script) with 90 experimental and 9 practice trials each one. The order of
the artificial script blocks was counterbalanced between subjects. We
manipulated the target position in the array (1st, 219, 3, 4t and 5" position). As
in the Tydgat and Grainger (2009) experiments, each of the target characters was
presented 2 times at each of the five target positions (once above and once below
the backward mask), and 40 times at a non-target position (i.e., each target
character played as alternative at each of the five positions). Importantly, the
incorrect alternative was never presented in the stimulus array. We created two
lists for each of the artificial scripts, manipulating the orientation of the target
character (i.e., in List 1, the target was presented above the array, whereas in
List 2 the same target was presented below the array). These two lists were
presented to all participants, one for the pre-training test and the other for the
post-training test. The sub-experiment with the Roman script was presented at

the end the post-training test.

The learning sessions materials were the same as in Experiment 1.

Procedure

Pre-training test. Participants were tested individually or in groups of two in a
quiet room. DMDX software (Forster & Forster, 2003) was used to display the
sequence of stimuli and to record the timing and accuracy of the responses. Each
trial began with a fixation point (i.e., “+”) that stayed on the screen for 500 ms and
was followed by a 500-ms with the blank screen. Then, a string of five letters was
presented for 116 ms (see Scaltritti et al., 2018, for the same setup). The array
of characters was followed by a backward mask (“#####”) accompanied by two
characters, above and below the mask, respectively, at one of the five possible
array positions (i.e., characters position as a post-cue) (see Figure 2). The stimuli
were displayed on the screen until the participant responded or 2 seconds had
passed. All stimuli were presented in black on a white background. We employed

a monospaced font for the two scripts. Participants were asked to decide which
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of the two characters was present in the corresponding position of the preceding
array. They were required to press the “up arrow” key on the keyboard for the
character above and the “down arrow” key for the character below the array. They
were explicitly instructed to fixate at the center of the array and make the decision
as quickly and as accurately as possible. The two scripts were presented in
separated blocks, counterbalanced by subjects. Nine practice trials preceded the
90 experimental trials in each of the experimental conditions (90 trials in Script 1
and 90 trials in Script 2). Participants did not receive feedback during the
experiment. There was a short break between blocks. The session lasted for

around 20-25 minutes.
Training. It was the same as in Experiment 1 (see Figure 5).

Post-training-test. It was the same as in the pre-training test, except for the
addition of a third block with stimuli in the Roman script. The session lasted for

around 30 minutes.

Results

As indicated in the pre-registration, those participants with less than .60 of
accuracy in the middle position in the pre- and post-training experiments were
replaced—this occurred with four participants. Mean accuracies (and standard
errors) for all target types and target positions are presented in Figure 8. The
three fixed factors were Phase (pre- vs. post-training), Script (trained vs. control),
and Position (1st, 2nd 31 4t 5t)  By-subjects and by-items classical and
Bayesian ANOVAs were performed on the accuracy data. The computation of
the Bayes factors was parallel to that described for accuracy in Experiment 1. In
Appendix A, we report supplementary [non-pre-registered] analyses using

Bayesian linear mixed effects models.

Confirmatory analyses. The ANOVAs showed that accuracy was a
function of serial position, Fi(4, 108) = 67.87, p <.001, BF10 = 2.497e +66; F2(4,
175) = 106.45, p < .001, BF10 = 9.445e +36. Accuracy levels were higher in the

central, third position (.778) than in the first, second, fourth and fifth positions
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(with mean accuracy levels of .535, .502, .510 and .507, respectively).
Furthermore, the overall accuracy levels were virtually the same for the pre- and
post-training phase, Fi(1,27) = 1.18, p = .29. BF10 = .10; F2 < .001, BF10 = .09,
and for the trained and control scripts (both Fs < 1; both BFs10<.11) (see Figure
8).

Figure 8

Mean accuracies and standard errors in the trained and untrained scripts of Experiment 2
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The serial position function differed in the pre-training and post-training
phase (Position x Phase interaction; Fi1(4, 108) = 8.65, p <.001, BF10 = 241.21;
F2(4,175) =6.22, p<.001, BF10 = 53.42): this occurred because accuracy in the
third position was higher in the post-training phase than in the pre-training phase
(.828 vs .728, respectively). Neither the interaction between Position and Script
(F1(4, 108) = 2.65, p = .04, BF10 = .23; F2 < 1, BF10 = .01) nor the interaction
between Script and Phase (Fi(1, 108) = 3.22, p = .08, BF10 = .50; F2 < 1, BF10
=.12) were significant. Finally, there were no signs of a Phase x Script x Position
interaction (both Fs <1; BFsi0 <.09).

Exploratory analyses. We also compared the serial position function of the
trained script (in the post-training phase) and an overlearned script (i.e., Roman

script) (see Figure 9). The two fixed factors in the ANOVAs were Script (Trained
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[post-training] vs. Roman) and Position (1st, 2nd, 3rd, 4t 5t) The analyses were

parallel to those described above.

Figure 9

Mean accuracies and standard errors in the trained (post-training phase) and
Roman scripts of Experiment 2
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Accuracy was a function of serial position, Fi1(4, 108) = 154.29, p < .001,
BF10 = 4.104e +48; F2(4, 260) = 60.82, p < .001, BF10 = 7.918e +23. Participants
were substantially more accurate on the third position (.841) than on the other
letter positions (.540, .504, .525 and .527, in the first, second, fourth and fifth
positions, respectively). In addition, we did not find any clear signs of a difference
in the overall accuracy levels in the trained script and the Roman script (.574
vs. .601; Fi(1, 27) =3.14, p=.09; BF10=.17; F2 < 1; BF10 = .78). Finally, as can
be seen in Figure 9, the serial position functions of the Roman and trained scripts
were remarkably similar and the interaction between the two factors was not
significant, F1(4, 108) = 2.28, p =.09; BF10 =.09; F2(4, 260) = 2.05, p= .09, BF1o
=.31).
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Discussion

The current experiment, using a target-in-string identification task, showed an
advantage of the middle, fixated position over the other positions for the trained
and control scripts not only in the pre-training phase, but also in the post-training
phase. We did find a small numerical advantage of the initial position over the
second position (see Figure 8), but this difference was similar for the trained and
untrained script in the pre-/post-training phases—this pattern was also
corroborated in the analyses with Bayesian linear mixed effects models (see
Appendix A). We also found that accuracy was higher in the post-training than in
the pre-training session—this occurred mainly in the central, fixated letter. This
effect was similar for the trained script and for the visual control script, thereby it
can be parsimoniously explained in terms of visual familiarity. Taken together,
these findings strongly suggest that location-specific letter detectors do not

emerge rapidly after learning to read and write in an artificial script.

Finally, in the exploratory analyses, we failed to find a stronger initial letter
advantage in the Roman script when compared to the trained script. We prefer to
keep cautious about this latter finding. First, in the instructions, we emphasized
that participants should be looking at the fixation point at the beginning of each
trial. Second, because it was an exploratory analysis, participants always
performed the task with Roman letters in the last block. As a result, the attentional
capture at the middle position that occurred in initial blocks with the artificial
scripts could have been dragged into the last block. A more comprehensive

explanation is presented in the General Discussion section below.

General Discussion

We designed two experiments to track the emergence of early orthographic
processes in the first stages of learning to read through the examination of two
markers of orthographic processing (Grainger, 2018): location-invariant
processing (Experiment 1) and location-specific processing (Experiment 2). To

that aim, we employed a design with a pre-training phase and a post-training
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phase in which adults were trained in reading and writing nonsense words in an
artificial script along six sessions. Participants successfully mastered the trained
script after the learning-to-read training (see Appendix B). All of them passed the
final assessment in the prescribed time with no errors in the reading aloud and
writing down tasks. To control for visual familiarity, participants were also
familiarized with the visual form of the characters of the control script during the

training sessions.
The emergence of location-invariant processing

The first research question was whether readers show some location-invariant
processing for the newly learned script on top of the position uncertainty that may
affect all visual objects in a string. As stated in the Introduction, location-invariant
processing has been proposed to emerge with literacy acquisition (Dandurand et
al., 2010; Dunabeitia et al., 2014, 2015).

To our knowledge, the only published study that directly examined this
issue was conducted by Dufabeitia et al. (2015). They employed a longitudinal
design using a same-different experiment in which a group of children was tested
in their antepenultimate pre-school year (i.e., preliterate children; mean age =
4.24 years), in their last pre-school year (i.e., preliterate children; mean age =
5.21 years), and in the first year of primary school (i.e., they had already acquired
literacy skills; mean age = 6.32 years). They used four-letter strings in which, for
“different” trials, they had transposed-letter and replaced letter pairs. Dufiabeitia
et al. (2015) only found a transposed-letter effect when the children were in first
grade (42.9% vs. 30.6% of errors, for transposed vs. replaced-letter pairs) and
concluded that “position uncertainty emerges as a consequence of literacy
training” (p. 549). However, the null effects obtained with the children in their pre-
school years faced interpretative difficulties because these children did not
adequately perform the task (d’ was close to zero; see Perea et al., 2016). Indeed,
Perea et al. (2016) found robust transposed-letter effects in pre-literate children
with a simplified version of the same-different task. Nevertheless, they did not run

a re-test when these children learned to read—note that first-graders could have
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been at ceiling with this simplified task, thus making the comparison

uninterpretable.

To test the emergence of location-invariant processing, while avoiding the
interpretive difficulties of comparing performance of pre-school vs. school
children, we conducted a same-different matching task with adult participants
using transposed-letter vs. replaced-letter pairs as “different” trials before and
after learning to read in a new script (Experiment 1). To control for mere visual
familiarity, we included an untrained script that was also presented during
training. Results showed transposed-letter effects of similar size for the trained
and untrained scripts in both the pre-and post-training phases. Furthermore,
Bayesian analyses offered substantial evidence in favor of a null interaction
between training, phase, and script. Thus, learning to read and write in a new

script does not lead to the rapid emergence of location-invariant processing.

Importantly, we did find some training benefit in the trained script for
“same” responses in both response times and accuracy, which suggests the
emergence of an early and basic visual specialization for letter strings. However,
the newly acquired expertise in the new script was not sufficient to induce
location-invariant processing. Indeed, the transposed-letter effect was greater for
the Roman script than for the trained script (i.e., 28.3% vs. 19.2% of errors,
respectively). This is the typical pattern when comparing strings of letters vs.
strings of other visual objects (e.g., symbols, unknown letters). This pattern can
be parsimoniously explained in terms of an orthographically-specific location-
invariant component in the Roman script over and above the location uncertainty

common to all visual objects (see Massol et al., 2013).

Our findings can also shed some light on the early developmental
trajectory of the letter-specific position coding when learning to read. The
absence of the emergence of location-invariant processing in the very early
stages of learning to read can be accommodated by the dual-route model of
orthographic development proposed by Grainger and Ziegler (2011; see also
Grainger et al., 2012; Ziegler et al., 2014). This model assumes that, in the first

stages of reading acquisition, the processing of letters in a word is serial, thereby
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letter position coding is very strict (i.e., fine-grained orthographic coding). It is only
when readers have more extensive reading experience that a more parallel
processing of letters is developed, thus speeding the mapping of letters onto
orthographic representations and producing greater transposed-letter effects
(i.e., coarse-grained orthographic coding; see Grainger et al., 2012). In the
context of the current experiment, participants acquired some basic orthographic
skills, as revealed by better performance for “same” responses in the post-
training phase. However, this expertise did not suffice for a coarse-grained
processing to emerge. Indeed, in a lexical decision experiment that compared the
error rates to pseudohomophone and orthographic controls, Grainger et al.
(2012) found effects greater than 30% in Grade 1 and Grade 2 children—these
effects were smaller with older children (i.e., the effects were 20% in Grade 3,
21% in Grade 4 and 16% in Grade 5). That is, beginning readers use phonological
recoding (i.e., a fine-grained orthographic coding) rather than the coarse-grained
coding responsible for location-invariant processing. Thus, the greater
transposed-letter effect in the Roman (overlearned) script than in the newly
learned script obtained in the current experiments suggests that the emergence
of location-invariant processing requires a more complete establishment of a
written orthographic code (see Grainger et al., 2012; Grainger & Ziegler, 2011;
Ziegler et al., 2014).°

The emergence of location-specific processing

The second research question was whether location-specific processing
emerges rapidly for the newly learned script using a target-in-string identification

task. The dissociation in the accuracy serial position functions of letters (W-shape

9 An alternative account of orthographic development is Castles et al.’s (2007) lexical tuning
model. The model assumes that acquiring more and more words in the lexicon involves an
increasingly dense neighborhood of orthographically similar words. To efficiently identify these
words, the orthographic representations become increasingly fine-tuned—this includes more
precise positional representation of the visual input. Our experiments, however, were not
designed to test the development of the orthographic lexicon (i.e., participants were trained to
read and write pseudowords).
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function) and symbols (A-shape function) is this task is assumed to be to an
adaptation of the mechanisms of visual object processing to cope with visual word
processing (i.e., location-specific letter detectors creation). Importantly,
Dandurand et al. (2010; Grainger et al., 2016) hypothesized that the conversion
of the mechanisms of simple visual object processing into location-specific

detectors occurs with reading acquisition.

Results in the target-in-string identification task (Experiment 2) showed a
clear advantage of the middle position for both the trained and control scripts in
all scenarios. More critically, we found no signs of an interaction in accuracy
between training, phase, and position, as shown in the Bayesian analyses. We
also found a small advantage of the initial letter position over the other letter
positions (see Figure 6; see also Appendix A), but this difference was not
modulated by training (i.e., the difference was approximately constant in the pre-
and post-training phases and in the trained and untrained scripts). Finally, the
overall accuracy in the post-training phase was greater than in the pre-training
phase for both, the learned and the control script, but this occurred essentially for
the middle, fixated, letter. This latter finding can be parsimoniously explained in
terms of better performance due to increased visual familiarity rather than on

location-specific processing.

To our knowledge, unlike for location-invariant processing, no study has
directly examined the emergence of location-specific processing—neither with
children nor with adults. Nevertheless, for comparison purposes, it may be
relevant to briefly discuss the studies that examined the developmental trajectory
of the first-letter advantage in the very early stages of learning to read. Grainger
et al. (2016) showed a small increase in the initial-letter advantage across school
grades (from 1st to 4™) (see also Schubert et al., 2017, for a similar pattern of
results). Importantly, the accuracy in the first and second position for 15t-3 grade
children were very similar, around 55% and 60% in the Grainger et al.’s (2016)
experiment. The lack of a sizeable first position advantage in the initial grades in
developing readers is in consonance with the results of Experiment 2. Taken

together, these findings suggest that location-specific processing does not
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emerge in the first stages of learning to read; instead, there appears to be a long

route for this mechanism to emerge and develop.

Nevertheless, the lack of the sizeable first-letter advantage in the
(overlearned) Roman script suggests that some caution when interpreting the
findings of Experiment 2. In the experimental setup, participants always received
the blocks with the artificial scripts (i.e., the main blocks for the purposes of the
experiment) before the final block with the Roman script and, furthermore,
instructions stressed that they should fixate at the center position at the beginning
of each trial. Thus, a parsimonious explanation of the lack of a substantial first-
letter advantage in the Roman script is that, to cope with the highly demanding
blocks with the artificial scripts, participants’ attention was focused on the middle
position and this strategy was dragged into the Roman block. Thus, one might
argue that the settings of Roman block were not optimal to capture a W-serial
position function in the Roman block. Future research should examine to what
degree the accuracy function in target-in-string identification tasks is modulated
by task context and instructions (e.g., see Winskel et al., 2014, for evidence of

different accuracy functions depending on the nature of the writing system).

On the emergence of orthographic processing when learning to read a new

script

Recent research with adult readers has shown that orthographic processes can
emerge rapidly after learning a script during a relatively short amount of time (e.qg.,
Chetail, 2017; Taylor et al., 2011; Lally et al., 2020). For instance, in the Taylor
et al.’s (2011) experiments, adults learned 36 words in an artificial script during
30-45 minutes. In the post-training phase, participants had to discriminate
between trained and untrained items (i.e., an analogue to lexical decision).
Results showed that participants could successfully discriminate trained from
untrained items and, more important, the response times to the trained items
were sensitive to vowel frequency. In a subsequent generalization phase,
participants were asked to read aloud a series of new (untrained) items. Results

showed an effect of both vowel frequency and consistency. All and all, the Taylor
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et al. (2011) experiments suggest that participants can quickly and efficiently
extract sub-word spelling-sound regularities in a new script (see Chetail, 2017,

for a similar pattern of results regarding letter and bigram frequency).

More recently, Lally et al. (2020) conducted an experiment in which
participants learned 24 five-letter pseudowords either in a sparse or in a dense
artificial orthography, using a between-subject design, during a four-day training.
(The 24 pseudowords in the dense orthography included 12 anagram pairs,
whereas none of the 24 pseudowords sparse included anagrams.) When tested
in an old-new recognition task (i.e., they had to discriminate between trained and
untrained items), participants made fewer false positives for untrained items
created by transposing two letters in the dense orthography than in the sparse
orthography. Therefore, the findings reported by Lally et al. (2020) are a
demonstration that the properties of the writing systems may modulate how letter

order is encoded in a newly learned script.

In the current experiments, participants were able to read and write in the
trained script with some fluency. Notably, in line with above-cited studies with
artificial script training, we found some letter-specific processing as a
consequence of learning to read: responses to “same” trials in the same-different
task were faster and more accurate in the post-trained phase for the trained
script, but not for the untrained script. As Krueger (1978) indicated, fast and
accurate responses for “same” trials imply that participants require an exhaustive
processing of the letter string. Thus, this pattern suggests that early literacy
induced some specialization for letter strings that made the identification of same
pairs more effortless. However, we found no signs reflecting the emergence of

location-invariant and location-specific processing in the newly learned script.

In addition, we found an improvement in performance in the post-training
phase for both the learned script and the visual control script that can be
parsimoniously explained in terms of visual familiarity. Indeed, previous event-
related potentials (ERP) experiments have shown that the N1 component (i.e., a
component related to familiar written language processing) emerges right-

lateralized in preschoolers at the start of reading training (e.g., Maurer et al.,
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2006). Crucially, this early emergence of the N1 effect has been associated with
letter knowledge and it also likely reflects visual familiarity with print (Maurer,
Brem et al., 2005). The development of the characteristic left-lateralization of the
component is assumed to occur via the automatization of orthographic-
phonological mappings stablished during learning to read. (Maurer & McCandliss,
2007; McCandliss & Noble, 2003; Maurer et al., 2006; Posner & McCandliss,
2000; see also Maurer et al., 2010, for evidence with adults learning an artificial
script; Brem et al., 2005, for the same pattern with visual training of symbols).
Thus, the increase in performance in the post-training phase, coupled with the
absence of differences in location-invariant and location-specific processing
between the two phases, favors the idea that these effects are associated to
visual expertise with the novel scripts (i.e., a reading-related perceptual expertise;

see Maurer et al., 2010, for similar claims).

What we should also note is that, although both the same/different
matching task and target-in-string identification task have been widely used to
demonstrated orthographic effects (e.g., see Dufabeitia et al., 2012; Massol et
al., 2013; Perea et al., 2016; Scaltriti & Balota, 2013; Tydgat & Grainger, 2009),
they can be performed on the basis of visual representations of the stimuli—this
is the reason why these tasks can be used in both pre-training and post-training
phases. As a result, some effects obtained from newly learned scripts may reflect
a mixture of increased visual familiarity to the new letters together with some
incipient orthographic representations (i.e., a specific to letters visual expertise,
see Maurer, Brandeis, & McCandliss, 2005). Instead, skilled readers, who have
already automatized the orthographic-phonological mappings, would perform
these tasks not only on the basis of visual familiarity, but also on the activation of
the orthographic representations of the stimuli. In other words, the patterns
observed in beginner readers may rely on visual familiarization with the learned
scripts, whereas the effects of skilled readers may represent an interaction
between early visual processing at the letter level and feedback from

orthographic representations (see Marinus et al., 2018).

Taken together, our findings suggest that in order to boost the

automatization of the orthographical-phonological mappings and a more parallel

84



coarse-coding processing, a much longer learning-to-read period may be
required. We now discuss several options for further research. The first option
would be to run a large-scale longitudinal experiment with pre-literate children—
for the sake of the argument, we assume that the experimental tasks would allow
a meaningful comparison across age (see Perea et al., 2016, for discussion). The
experimental design would include three scripts: Roman letters, digits (i.e., a
familiar visual object), and a control artificial script. This would allow us to
examine not only the emergence of location-invariant and location-specific
processing in a natural setting (i.e., children learning to read), but also how these
orthographic markers vary as a consequence of literacy acquisition. Furthermore,
this design would also allow examining the variations due to orthographic
processing (i.e., specific to letters) vs. visual familiarity (numbers vs. artificial
letters). A second option would be to train adult participants for a long period of
time in an ecological setting—instead of the ecological limitations of learning an
artificial script. The most realistic design would be run the experiment with adults
who are starting to learn a new language that uses an unfamiliar alphabetic script
(e.g., Georgian, Armenian). In either scenario, it would be desirable to
complement the behavioral tasks with the recording of brain activity during
training, as this may help to disentangle the effects due to orthographical-
phonological decoding from the effects due to visual training (e.g., see Maurer,
Brem, et al., 2005, 2006; Pleisch et al., 2019, for evidence of print sensitivity in
the N1 ERP amplitude; see Pleisch et al., 2019, for evidence of changes in the
activation of crucial orthographic processing brain regions [ventral
occipitotemporal cortex and left fusiform gyrus] in the first steps of reading

acquisition).

To sum up, we conducted two experiments that examined whether two
markers of orthographic processing (location-invariant and location-specific
processing) arise rapidly after learning to read and write a new script. Notably,
examining when these effects emerge is essential to help interpret the
subsequent developmental trajectory of orthographic effects. While participants
were able to read and write with some fluency in the new script and showed some

rudimentary orthographic processing, we found no evidence favoring the
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hypotheses that location-invariance and location-specific processing emerge
quickly after learning to read. Instead, the emergence of these two markers of
orthographic processing may take much more time, probably via the

automatization of orthographic-phonological mappings.
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Appendix A

Supplementary analyses with Bayesian linear mixed effects models

Experiment 1: location-invariant processing

For the sake of completeness, we also examined the latency and accuracy data
of the confirmatory analyses using Bayesian linear mixed effects models using
the brms package in R (Burkner, 2016). An advantage of this procedure—via
Stan—is that it allows us to fit the models using the maximal random effect

structure (see Bates et al., 2015, for arguments in favor of maximal models).
Different trials

Trained script vs. Untrained script. The fitted model was:

Dependent_Variable ~ script * condition * phase + (1 + script *

condition * phase | subject) + (1 + condition * phase | item)

More complex random effects terms resulted in model nonconvergence.
Furthermore, these models offer the Bayesian 95% credible intervals for each
parameter based on the posterior distributions. For the latency data, we
employed the same response time transformation as in LME analyses (i.e., -
1,000/RT; family = gaussian), whereas for the accuracy data, we used the
Bernoulli distribution (family = bernoulli)—this is the parallel to family = binomial
in GLME models. We employed 4 chains, each with 10,000 iterations after a
warmup of 1000 iterations. The maximal random effect structure models

converged successfully: the values of R were 1.00 for all parameters.

As can be seen from the estimates and 95% Credible intervals presented
in Table A1, we found robust evidence of an effect of Condition (i.e., probe-target
relationship) and Phase in both latency and accuracy analyses, thus
corroborating the pre-registered analyses. Similarly, we did not find any evidence
of a three-way interaction between Script, Condition, and Phase (see Figure A1,

for the posterior distributions).
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Table A1

Parameter estimates in latency and accuracy supplemental analyses of Experiment 1
(“different” trials: trained vs. untrained script)

Latency Data Estimate SE 95% Credible Interval
Intercept -1.84 0.06 [-1.95, -1.73]
Script -0.01 0.02 [-0.05, 0.02]
Condition 0.08 0.01 [0.05, 0.10]
Phase 0.13 0.04 [0.06, 0.21]
Script x Condition -0.01 0.02 [-0.05, 0.03]
Script x Phase -0.05 0.04 [-0.12, 0.03]
Condition x Phase -0.01 0.02 [-0.05, 0.03]
Script x Condition x Phase 0.01 0.03 [-0.04, 0.06]

Accuracy Data

Intercept 1.56 0.15 [1.27, 1.87]

Script -0.07 0.10 [-0.28, 0.13]
Condition -1.06 0.11 [-1.28, -0.84]
Phase -0.35 0.12 [-0.60, -0.10]
Script x Condition 0.07 0.12 [-0.17, 0.31]
Script x Phase -0.04 0.13 [-0.29, 0.21]
Condition x Phase 0.12 0.13 [-0.13, 0.37]
Script x Condition x Phase 0.03 0.17 [-0.29, 0.36]

Note: Those effects with 95% credible intervals beyond 0 are in bold.
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Figure Al

Posterior effects estimates from the Bayesian linear mixed models for “different” trials
in Experiment 1 (Trained vs. Untrained script) (left panel: latency analysis, right panel:
accuracy analysis)
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Note: The thick black line corresponds to an effect of zero, the dark grey line corresponds to the estimates
and the shaded area corresponds to the 95% credible interval.

Roman script vs. trained script. The fixed factors were Script (Trained [post-

training] vs. Roman) and Condition (transposed, replaced). We followed the same
procedure as above, with 5,000 iterations (R = 1.00 in all cases). Table A2
showed the estimates and 95% credible intervals from the latency and accuracy
models and Figure A2 showed the posterior distributions of the parameters.
Together with a substantial transposed-letter effect in the latency data, these
analyses confirmed the interaction between Script and Condition in accuracy

data.
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Table A2

Parameter estimates in latency and accuracy supplemental exploratory analyses of
Experiment 1 (“different” trials: Roman vs. trained script)

Latency Data Estimate SE 95% Credible Interval
Intercept -1.83 0.04 [-1.91, -1.74]
Condition 0.07 0.02 [0.04,0.11]
Script -0.02 0.05 [-0.13, 0.09]
Condition x Script 0.00 0.02 [-0.04, 0.05]

Accuracy Data

Intercept 1.86 0.17 [1.55,2.20]
Condition -1.66 0.14 [-1.92,-1.39]
Script -0.26 0.21 [-0.69, 0.16]
Condition x Script 0.56 0.17 [0.23, 0.90]

Note: Those effects with 95% credible intervals beyond 0 are in bold.
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Figure A2

Posterior effects estimates from the Bayesian linear mixed models in “different” trials in
Experiment 1 (Roman vs Trained script) (left panel: latency analysis; right panel:
accuracy analysis).
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Note: The thick black line corresponds to an effect of zero, the dark grey line corresponds to the estimate
and the shaded area corresponds to the 95% credible interval.

Same trials

Trained script vs. Untrained script. The general procedure was the same as

above (i.e., the maximal random effect structure model with 5,000 iterations; R =
1.00 in all cases). As shown in Table A3 (estimates and 95% credible intervals)
and Figure A3 (posterior distributions of the parameters), these analyses
corroborated the interaction effect for between Phase and Script in the latency

and accuracy data.
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Table A3

Parameter estimates in latency and accuracy supplemental analyses of Experiment 1

(“same” trials: trained vs. untrained script)

Latency Data Estimate SE 95% Credible Interval
Intercept -1.99 0.08 [-2.14, -1.84]
Script 0.00 0.03 [-0.05, 0.05]
Phase 0.13 0.06 [0.02, 0.24]
Script x Phase -0.13 0.06 [-0.24, -0.01]
Accuracy Data

Intercept 2.70 0.21 [2.31, 3.12]
Script -0.23 0.14 [-0.51, 0.05]
Phase -0.43 0.19 [-0.81, -0.05]
Script x Phase 0.64 0.26 [0.11, 1.15]

Note: Those effects with 95% credible intervals beyond 0 are in bold.
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Figure A3

Posterior effects estimates from the Bayesian linear mixed models in “same” trials of
Experiment 1.
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Note: The thick black line corresponds to an effect of zero, the dark grey line corresponds to the estimates
and the shaded area corresponds to the 95% credible interval.
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Experiment 2: location-specific processing

Trained vs. Untrained script. As in Experiment 1, we examined the data with

Bayesian linear mixed effects models using the brms package (Burkner, 2016) in
R. The three fixed factors were the same as in the pre-registered analyses. The
initial letter was set as the reference level for the factor Position. We fitted the

maximal random effect structure model

accuracy ~ script* position*phase + (1 + script*position*phaselsubject)

+ (1 + position*phaselitem))

using 4 chains, each with 5,000 iterations after a warmup of 1,000 iterations. The
priors were the same as in Experiment 1. The model converged successfully (R

= 1.00 for all parameters).

As can be seen in Table A4, accuracy in the initial letter position was
substantially lower than in the middle, fixated position. The accuracy advantage
of the middle position increased in the post-trained phase, as deduced from the
interaction with Phase. In addition, the parameter estimates showed some
advantage of the initial position over the other letter positions (see Figure A4, for
the posterior effects). Therefore, these analyses corroborate the findings

obtained in the ANOVAs indicated in the pre-registered analyses.
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Table A4

Parameter estimates in the accuracy supplemental analyses of Experiment 2 (trained vs.

untrained script)
Estimate SE 95% Credible Interval

Intercept 0.16 0.09 [-0.03, 0.34]
Script -0.05 0.13 [-0.29, 0.20]

2nd -0.22 0.14 [-0.50, 0.06]

3 1.89 0.26 [1.38,2.41]
Position

4t -0.20 0.14 [-0.48, 0.07]

5th -0.14 0.14 [-0.41,0.13]
Phase 0.04 0.14 [-0.22, 0.31]

2™ position 0.07 0.18 [-0.29, 0.42]

3" position -0.36 0.22 [-0.80, 0.08]
Script  x

4™ position 0.13 0.18 [-0.22, 0.49]

5t position -0.03 0.18 [-0.39, 0.33]
Script x Phase -0.06 0.18 [-0.41, 0.29]

2™ position 0.07 0.20 [-0.33, 0.46]

3" position -0.80 0.29 [-1.38, -0.22]
Phase x

4™ position -0.03 0.20 [-0.42,0.37]

5t position 0.09 0.20 [-0.29, 0.49]

2™ position 0.08 0.25 [-0.41, 0.58]

3" position 0.23 0.31 [-0.38, 0.83]
Script x Phase x

4" position 0.21 0.25 [-0.28, 0.71]

5t position -0.02 0.26 [-0.52, 0.48]

Note: Those effects with 95% credible intervals beyond 0 are in bold.
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Figure A4

Posterior effects estimates from the Bayesian linear mixed models in Experiment 2

SCRIPT 1 B S.
POSITION 2nd 1 Savas
POSITION 3rd 1 —
POSITION 4th - 4. -
POSITION 5th - e
PHASE 1 A
SCRIPT x POSITION 2nd 1 A
SCRIPT x POSITION 3rd - ]
SCRIPT x POSITION 4th - AT~
SCRIPT x POSITION 5th - .
SCRIPT x PHASE - B -
POSITION 2nd x PHASE 4 I
POSITION 3rd x PHASE { — —x— |
POSITION 4th PHASE S, .
POSITION 5th PHASE N | SN
SCRIPT x POSITION 2nd x PHASE 4 e
SCRIPT x POSITION 3rd x PHASE | S
SCRIPT x POSITION 4th x PHASE | B
SCRIPT x POSITION 5th x PHASE | s S
2 ) 1 2 3

Note: The thick black line corresponds to an effect of zero, the dark grey line corresponds to the estimate
and the shaded area corresponds to the 95% credible interval.

Roman script vs. learned script. The procedure was the same as above, except
that the two fixed factors were Script (Roman vs. Trained) and Position—the
reference level for the factor Position was also the first letter. The maximal model
converged successfully (R = 1.00 for all parameters). As can be seen from the
95% credible intervals (see Table A5; see also Figure A5, for the posterior
distributions), we found a substantial advantage of the third letter position. In
addition, there was a numerical advantage of the first letter position relative to the

second letter position—this effect did not interact with script.
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Table A5

Parameter estimates in the accuracy supplemental analyses of Experiment 2 (Roman

script vs. learned script)

Estimate SE 95% Credible Interval

Intercept 0.15 0.10 [-0.04, 0.35]
Script 0.01 0.14 [-0.25, 0.29]

ond -0.22 0.15 [-0.51, 0.06]

3rd 1.90 0.28 [1.38, 2.47]
Position

4th -0.20 0.14 [-0.49, 0.08]

5th -0.14 0.15 [-0.43, 0.15]

2™ position 0.15 0.21 [-0.25, 0.55]

3" position -0.14 0.33 [-0.77, 0.53]
Script  x

4™ position 0.29 0.20 [-0.11, 0.69]

5t position 0.18 0.21 [-0.24, 0.59]

Note: Those effects with 95% credible intervals beyond 0 are in bold.
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Figure AS

Posterior effects estimates from the Bayesian linear mixed models in Experiment 2
(Roman vs Trained script).

SCRIPT 1 _ZL
POSITION 2nd | A;_
POSITION 3rd ; T~
POSITION 4th - ALD\A
POSITION 5th 1 —/[L
SCRIPT x POSITION 2nd 1 AT
SCRIPT x POSITION 3rd | — T
SCRIPT x POSITION 4th 1 S o
SCRIPT x POSITION 5th 1 AT
-2 -1 o] 1 2 3

Note: The thick black line corresponds to an effect of zero, the dark grey line corresponds to the estimate
and the shaded area corresponds to the 95% credible interval.
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Appendix B

Figures B1 and B2 provide a visual representation of how training improved
participants’ performance along the learning days (from day 2 to day 6 —note that
on day 1 participants only had to listen to and write down the phoneme-grapheme

correspondences).

Figure B1

Participants performance on the reading aloud and writing tasks along the training days
(from Day 2 to Day 6).
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Figure B2

Participants performance on the visual familiarization tasks along the training
days (from Day 2 to Day 6)
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A letter is a letter and its co-occurrences:
Cracking the emergence of location-invariance
processing

Abstract

A central assumption of orthographic-based accounts of letter position encoding
during word recognition is that, on top of position uncertainty, letter strings show
location invariance (i.e., a key marker of orthographic processing; Grainger,
2018). One key finding supporting this view is that strings of letters are more
vulnerable to transposition effects than strings of digits, symbols, or pseudoletters
(e.g., the pair CRFS-CFRS is more confusable than 5732-5372). In the present
experiment, we tested whether location invariance emerges rapidly after the
exposure to orthographic regularities—bigrams—in a novel script. To that end,
we designed a study with two phases. In Phase 1, following Chetail (2017;
Experiment 1b), individuals were first exposed to a flow of artificial words for a
few minutes, with four bigrams occurring frequently. Afterward, participants
judged the strings with trained bigrams as more wordlike (i.e., readers quickly
picked up subtle new orthographic regularities) than the strings with untrained
bigrams, replicating Chetail (2017). In Phase 2, participants performed a same-
different matching task in which they had to decide whether pairs of 5-letter
strings were the same or not. The critical comparison was between pairs with a
transposition of letters in a frequent (trained) versus infrequent (untrained)
bigram. Results showed that participants were more prone to make errors with
frequent bigrams than infrequent bigrams with a letter transposition. These
findings reveal that location invariance emerges rapidly after continuous

exposure to orthographic regularities.

Key words: orthographic processing; orthographic regularities; letter position

coding; artificial script
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Introduction

If we consider reading using architectural terms, its building blocks are words,
which, in turn, in alphabetical languages, are made up of letters. There is broad
consensus that the identification of a written word is mediated by a process in
which, from sensory input, the word recognition system encodes the abstract
identities of letters in a specific order, thus allowing us to discriminate hiss from
kiss and dog from god. In this context, orthographic processing constitutes the
bridge between the sensory input and the word level (i.e., the encoding of letter

identities and positions; see Grainger, 2018).

This paper focuses on the emergence of a fundamental marker of
orthographic processing, location invariance, which comprises the mechanisms
responsible for encoding the “relative positions of a set of object identities”
(Grainger, 2018, p. 345). Previous research has shown that the way the human
brain encodes the positions of letters in alphabetic languages is fairly flexible. For
instance, mohter is easily confused with mother. Similarly, when participants
are asked whether two successive strings of letters are the same or different,
they respond “different” more slowly (and with less accuracy) to transposed-letter
pairs (e.g., CFLZ-CLFZ) than to control, replacement-letter pairs (e.g., CFLZ-
Cbvz), revealing a letter—transposition cost. One of the most common
explanations for letter transposition effects is that they are due to positional
uncertainty in assigning order between visual objects (e.g., letters). For example,
the letters H and T in mohter would activate their own and neighboring positions.
As aresult, nohter-mother (or CFLZ-CLFZ) would be perceptually very similar
(perceptual-based models; e.g., overlap model, Gomez et al., 2008; spatial
coding model, Davis, 2010; Bayesian reader, Norris & Kinoshita, 2012). Of note,
these accounts would also predict sizable transposition effects for other types of
visual objects (e.g., 7586 would be perceptually similar to 7856). A competing
explanation is that letter transpositions effects are due to an orthographic
mechanism that encodes location-invariant letter-in-word-order (orthographic-
based models; e.g., open bigram model, Grainger & van Heuven, 2004; SERIOL

model, Whitney, 2001). This second group of models assumes that reading
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experience leads to the development of a layer of ordered pairs of letter co-
occurrences (called “open bigrams”) between the letter and word levels. For
instance, the word mother would be composed of the open bigrams MO-MT-MH-
ME-MR-OT-OH-OE-OR-TH-TE-TR-HE-HR-ER, Where MO would refer to “M to the left
of O”. If two contiguous letters from mother are switched—as in mohter, 93%
of the bigrams remain unchanged, thus explaining why mohter is easily

confusable with mother—or CLFZ with CFLZ.

Although there has been some debate as to which family of models offers
the best explanation of letter transposition effects (e.g., Norris & Kinoshita, 2012
vs. Whitney et al., 2011), both accounts may be necessary to fully understand
letter position coding (see Grainger, 2018; Marcet et al., 2019). One key
phenomenon supporting this “hybrid” view is that transposition effects are sizable
for strings of numbers and symbols in same-different matching tasks (i.e., a
finding that favors perceptual-based models) but their magnitude is smaller than
that of strings of letters (i.e., an interaction that favors orthographic-based
models) (Dufabeitia et al., 2012; see also Fernandez-Lopez et al., 2021; Ktori et
al., 2019; Massol et al., 2013). Of note, the suggestion that both perceptual and
orthographic-based elements affect letter transposition effects goes back to
Estes (1975).

The existence of an intermediate level of letter groupings is consistent with
experiments that showed that orthographic regularities (i.e., regularities learned
incidentally throughout print exposure) in the form of bigrams modulate the
assignment of letter position in letter strings and words. For instance, in a
perceptual identification task with briefly presented stimuli, Rumelhart (1985)
reported that participants tended to commit transposition errors for letter strings
containing illegal bigrams, such as praikc—note that KC is not legal at the end
of words in English. They would often report praick instead, which contains the
legal bigram CK. Similarly, Frankish and Turner (2007) observed very high error
rates for transposed-letter pseudowords like sotrm (base word: storm) in a
lexical decision task, despite containing illegal bigrams—one might have thought
that it would be easy to respond “nonword” based on this illegality (see also

Frankish & Barnes, 2008; Perea & Carreiras, 2008, for converging evidence
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using masked priming). Thus, following Rumelhart (1985), “the perception of a
certain letter in a certain position depends on what we perceive in adjacent

positions” (p. 725).

A key question arising from these findings is: what makes individuals
particularly sensitive to orthographic regularities, such as bigram frequency, in a
given language? Previous research has shown that readers quickly embrace
sublexical regularities. To simplify the inherent complexity of reading,
orthographic processing naturally relies on the regularities of the written system
and capitalizes on statistical cues like bigram frequency (Cassar & Treiman,
1997; Chetail, 2017; Lelonkiewicz et al., 2020; Mano & Kloos, 2018). Crucially,
this ability emerges very rapidly throughout the exposure to print. A paradigmatic
case is a study conducted by Pacton et al. (2001). They found that French
readers were able, since very early in their development (i.e., six-year-old), to
discriminate a word-like stimulus from a non-word-like stimulus based on their
implicit learned knowledge on orthographic regularities. For instance, when
comparing ommera VS. ovvera, readers preferred ommera because v is never
doubled in French. That is, the participants relied their decision on the frequency
of the bigrams mm vs. vv (see also Doignon-Camus & Zagar, 2014; O’Brien,
2014). While the above findings are very informative, they suffer from an inherent
drawback: the effects of orthographic regularities such as bigram frequency
cannot be easily disentangled from other relevant factors that influence visual
word recognition: pronounceability, familiarity, or orthographic neighborhood
(Chetail, 2017). Keep in mind that the frequency of the bigrams in a given
language cannot be manipulated but selected; thus, the design cannot be

genuinely experimental.

To overcome the above limitation, a practical strategy is to use artificial
scripts. This was the approach that Chetail (2017) followed with adult readers,
testing what type of orthographic regularities emerges quickly with the exposition
of print material in a novel script. Specifically, participants were first exposed to a
flow of 5-letter words in an unfamiliar script—Phoenician alphabet—for
approximately 9 minutes. There were four trained bigrams, so each word was

made up of one of these bigrams, always in the same position (see Table 1).
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Thereupon, in a wordlikeness task, participants were more likely to judge a new
string as similar to the strings learned in the exposure phase if the string
contained one of the trained bigrams in its position (i.e., a frequent bigram). In
sum, a few minutes of exposition were enough to develop considerable sensitivity
to bigram frequency. Chetail (2017) successfully replicated these findings in a
second experiment in which participants learned 32 artificial words with a
phonological form (i.e., the print-to-sound correspondences) before performing
the task. Chetail (2017) concluded: “the statistical learning operating on the
stream of artificial words made of a sequence of new shapes may be already
oriented towards orthographic processing” (p. 118; see Vidal et al., 2021, for an
alternative explanation). This study however did not test whether participants

were prone to location-invariant encoding after learning the new orthography.

The main goal of the present experiment was to test whether location
invariance, a critical marker of orthographic processing, emerges very early using
a protocol parallel to Chetail’s (2017) Experiment 1b. In recent research,
Fernandez-Lépez et al. (2021, Experiment 1) failed to obtain evidence of location-
invariant processing in an experiment in which participants learned to fluently
read and write in a new script across six training sessions. They conducted, both
before and after the training, a same-different matching task where the different
trials were created by transposing or replacing two adjacent letters. Results
showed a similar pattern of letter transposition effects post-training and pre-
training. The authors concluded that orthographic processing, at least in the form
of location-invariant processing, does not emerge rapidly after learning a new
script. However, they did not directly manipulate the sublexical properties of the
stimuli. Here, we tested whether bigrams could be a key sublexical property
helping the emergence of location invariance (see Grainger, 2018; Rumelhart,
1985).
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Table 1.
Reproduction of materials used in Phase 1: replication of Chetail’s (2017) protocol.

N of trials Examples of the stimuli

Exposition phase

80 KIROL AB _ _ _

80 LR A< _CE _ _

80 aNTho _ _Fe _

80 <Nk2N _ _ _ HI
Wordlikeness phase Critical item  Control item

10 KINNA A<M

The critical item entailed
one of the frequent bigrams

S 10 ~CH<IA RIAMNLY in its  corresponding
Familiarity position.
condition .

10 NS Tl OGO The control item was
composed by five
infrequent letters

10 onn=N CALNK

10 KINVA MISRD
The critical item entailed
one of the frequent bigrams

. 10 <HOE OLMH in its  corresponding
Position position.
diti
condition 10 UkThdé TLADS The control item entailed a
frequent bigram in a non-
corresponding position.

10 oaklaN SN<NE

10 K> AV LEQN The critical item entailed
one of the frequent bigrams

10 in its  corresponding

Letter LrHED JdaTAN position,
frequency Th 11 iled
g e control item entaile
condition 10 ANTL< AU two frequent letters in their
position, but not composing
10 OAESN P A NS a frequent bigram.

Note. In Experiment 1b, Chetail (2017) used Phoenician alphabet—the database of artificial characters,
BACS, was published in 2017. Bold is ours, to emphasize the frequent bigram.
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The present study was composed of two phases. In Phase 1, we
reproduced Chetail’s (2017; Experiment 1b) procedure—we replicated the main
findings. The novelty of our work relies on the addition of Phase 2, including a
same-different matching task with transposed-letter pairs. In this task, the probe
was 5-letter string presented for 300 ms and was immediately followed, one line
below, by a target that could be the same or different. The critical comparison
was the following: pairs in which the target was created by transposing a trained
bigram (e.g., AB; probe: ABUVX, target: BAUVX) versus pairs in which the target
was created by transposing an untrained bigram (e.g., zX; probe: ZXFGU, target:
XZFGU)'0. As is common in this paradigm, we also included replacement-letter
pairs: We replaced a frequent bigram with two frequent letters (e.g., probe:
ABUVX, target: ECUVX) or replaced an infrequent bigram with two infrequent
letters (e.g., probe: XVFGU, target: MNFGU)—this comparison explores whether
the replacement of a frequent bigram makes the pair less perceptually similar

than the replacement of an infrequent bigram.

Thus, the present experiment aims to examine whether location invariance
emerges very early, after exposure to print, with the acquisition of orthographic
regularities. Two outcomes are possible: If location invariance emerges rapidly
from the representations created by the trained bigrams in the new script (e.g.,
AB), the sequence BA (BAUVX) could be confusable with AB (ABUVX) because of
(1) perceptual uncertainty and (2) AB having a mental representation. Instead, zx
(zXFGU) would produce some activation on Xz (XZFGU) based on perceptual
uncertainty alone. Therefore, it would be more difficult to respond “different” (i.e.,
more errors, longer response times) for those pairs involving the transposition of
a frequent bigram like AB (position uncertainty + bigram activation) than an
infrequent bigram like xz (position uncertainty). This outcome would provide the

first demonstration of the rapid emergence of location invariance.

Alternatively, the trained bigrams in the exposure phase may have not yet

formed relatively stable representations to allow location invariance. If so, pairs

10 Bold and underlining indicated, in the examples, the frequent bigram and the letter
manipulation, respectively (see Table 1 for examples of the employed stimuli).
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with a letter transposition in trained or untrained bigrams would produce the same
results (i.e., transposition errors would be based on perceptual uncertainty
alone). This would suggest that the emergence of location invariance requires

more extensive reading experience.

Method

Participants

Thirty-six undergraduate students from the University of Valéncia participated in
the experiment. This sample size, the same as Chetail (2017, Experiment 1b),
allowed us to have 1,440 observations per condition for the critical comparison of
transposition of trained versus untrained bigrams, which is in line with Brysbaert
and Stevens’ (2018) recommendations. We also calculated Bayes Factors (BFs)
to obtain a measure of the evidence for or against the effect—of note, we found
conclusive evidence in favor of a difference between the transposition of frequent
versus infrequent bigrams in the accuracy data (BF = 112.16)''. All participants
were native speakers of Spanish with normal or corrected vision and no history
of reading or hearing disorders. They signed an informed consent form before
participating in the experiment, and the study was approved by the Experimental
Research Ethics Committee of the University of Valéncia. Participants received

a small monetary compensation.

Materials

We used 21 letters from the BACS font to devise the stimuli (BACS1 and BACS2
serif font; Vidal et al., 2017)—note that these characters were matched to the
Roman script in complexity, number of strokes, junctions, and terminations (see

Table 1 for an illustrative example of the stimuli).

1 Bayes Factors (BFs) were computed with JZS priors using bfrms (Singmann & Gronau, 2021)
in R (R Core Team, 2021). BFs above of 3, 10 and 100 represent moderate, strong, and
conclusive evidence, respectively.
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For the exposure phase, we created 320 items of five characters, each
including a critical bigram. Eight characters were used to devise the four frequent
bigrams (frequent bigrams: &>, rw, TL, and 21 ; that are represented in the body
of the manuscriptasAB , CD , FG ,  HI;theinfrequent bigrams were
formed by the letters ¢, A, <, K, U, L, 0, &, &, J, O, €, k). Each frequent bigram
occurred in a specific position. In this manner, we created 80 items with the critical
bigram in positions 1 and 2 (ABKOR; bold is ours to facilitate the identification of
the frequent bigram); 80 in positions 2 and 3 (RCETN); 80 in positions 3 and 4
(zxFGO), and 80 in positions 4 and 5 (UFKHI). We also created sixteen 5-letter
strings with Roman characters to act as fillers. Importantly, each stimulus
contained non-repeated characters. We created four different lists to

counterbalance the position of the critical bigrams.

For the wordlikeness phase, as in Chetail (2017), we created 120 pairs of
new stimuli (40 items per condition). For the familiarity condition, the critical item
entailed one of the frequent bigrams in its corresponding position (based on the
exposure phase; 10 items per position). The control item was composed by five
random characters of the pool infrequent letters (e.g., UFKHI vs. BNPAO). In the
position condition, the critical items were paired with control items that included
the same critical bigram, but in a different position than in the trained items (i.e.,
UFKHI vs. HIBNP). Finally, in the letter frequency condition, the critical items
were paired with control items that entailed two frequent letters in their frequent
position, but they did not compose a critical bigram (UFKHI vs. MOEGB) (see Table
1, for an illustration of the materials created for each condition). As in the
exposure phase, we created 4 different lists to counterbalance the position of the
critical bigrams. We also created six 5-character string pairs to act as practice

trials.

For the same-different matching task, we created 320 five-character string
pairs (probe and target) in BACS font. All character strings were composed of
non-repeated letters. There were 160 same pairs and 160 different pairs. For the
same pairs, 80 contained a frequent bigram in its standard position (ABUVX—

ABUVX), and 80 were composed of infrequent letters (OVNKM—OVNKM). For the
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different pairs, 80 were created by transposing two letters, and 80 were created
by replacing two letters—all of them contained a frequent bigram in its standard
position. The transposed-letter pairs were created by transposing two adjacent
letters in the target, that could be frequent (ABUVX—BAUVX; 40 pairs of items) or
infrequent (XZFGU—ZXFGU; 40 pairs of items). The replaced-letter pairs were
created by replacing two adjacent letters in the target, which could be frequent
(ABUVX—-ECUVX; the replacement letters were other frequent letters not
constituting a frequent bigram [E from CE and G from FG]; 40 pairs of items) or
infrequent (XVFGU-MNFGU; 40 pairs of items). Each manipulation occurred in 4
different positions (1st-2nd, 2nd-3rd 3rd-4th gnd 4th-5t) —there were ten pairs of
items per position. To counterbalance the position of the frequent bigrams, we
created four lists following a Latin square. For the practice phase, we created

eight additional 5-character string pairs.

Procedure

Each participant performed the tasks of familiarization, exposure, wordlikeness
(phase 1) and same-different (phase 2). The tasks of phase 1 paralleled those
employed Chetail (2017). Participants were tested either individually or in groups
of two in a quiet room. DMDX software (Forster & Forster, 2003) was used to
display the sequence of stimuli and to register the timing/accuracy of the
responses. All stimuli were presented in a monospaced font (15 pt BACS for the
artificial strings; 15 pt Courier New for the Roman letters) in black on a white
background. Response times were measured from target onset until the

participant’s response. The whole session lasted about 30-40 min.

The familiarization task consisted of introducing the 21 new letters,
presenting them one by one in a computer screen. Participants were told to hand-
copy the characters on a sheet of paper, without a time deadline. Immediately
after, all the new letters were presented and participants could look at them as

long as necessary.

In the exposure phase, the 320 artificial character strings were presented
one by one in the center of the screen. Display duration and inter-stimuli interval

were 1,200 and 500 ms, respectively. Participants were asked to carefully look at
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the stream of stimuli. To ensure that participants were actually focusing of the
letter strings, 5% of trials were fillers composed of five letters in Roman script
(e.g., MNRLT). The participants were asked to respond to fillers by pressing the

space bar.

In each trial of the wordlikeness task, a pair of stimuli was presented
(critical and control items) on the screen. The critical item was on the left part of
the screen in 50% of the trials and on the right part in the other trials. Participants
were asked to decide which stimulus was the more similar to those presented in
the exposure phase by pressing the corresponding key in the keyboard. They

were asked to decide as soon as possible, although there was no time boundary.

In the same-different matching task, participants were told that they would
be presented with two strings of characters and that they would have to decide if
they were the same or not by pressing the “yes” and “no” keys. Participants were
instructed to make this decision as quickly and as accurately as possible. A
fixation point (*) was displayed for 500 ms in the center of a computer screen on
each trial. Next, the fixation point was replaced by a probe, which was presented
for 300 ms and positioned 3 mm above the center of the screen. Then, the target
item appeared one line 3 mm below the center of the screen. The target remained

on the screen until the response or 2,000 ms had passed.

Results

The analyses and results of Phase 1 are available in Appendix A—they
essentially replicated Chetail’s (2017) findings: Participants were more likely to
identify the foil containing previously learned bigrams as “wordlike” than that
containing unfamiliar bigrams. For the inferential analyses of Phase 2 (same-
different task), the dependent variables were the correct RT and accuracy. Very
fast responses (< 250 ms: 9 responses) were omitted from the analyses of the
correct RTs. Following our research goal, we tested the effect of the bigram
frequency on transposed-letter processing—the analyses of “same” pairs and

replacement-letter pairs are available in Appendix B. We fitted the data with
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Bayesian linear mixed-effects models using brms (Burkner, 2021) in R (R Core
Team, 2021). The fixed effect was bigram frequency (frequent vs. infrequent) with
the maximal random effect structure model for subjects and items. We used the
Gaussian distribution to model the latency data (-1,000/RT) and the Bernoulli
distribution to model the accuracy data (1=correct, O=incorrect). For each model,
we employed 10,000 iterations in each of the four chains (2,000 warmup + 8,000
sampling). The chains converged successfully (all Rs = 1.00). The output
indicates the estimate of each effect (the mean of the posterior distribution),
together with its standard error and 95% credible interval (95%Crl). We inferred
evidence of an effect when its 95%Crl did not include zero—this was

complemented by its BF.

The models showed that accuracy was noticeably lower when the letter
transposition involved a frequent than an infrequent bigram (54.7 vs. 62.0,
respectively; b =0.33, SE =0.09, 95%Crl [0.15, 0.50], BF = 112.16). The effect
in the RTs had the same direction but was marginal (657 vs. 648 ms for the
transpositions with frequent vs. infrequent bigrams), b=-0.03, SE=0.02, 95%Crl
[-0.06, 0.01], BF=0.14.

Figure 1.

Panel A: posterior effects estimates from the Bayesian linear mixed models. Panel B:
conditional accuracy functions.

Panel A. Posterior effects estimates Panel B. Conditional Accuracy Function

Position (linear)

Position -
(quadratic)
Position

(cubic)

Bigram frequency

Parameters

3
. 959, 8 B\gva;:n"equency
Position (linear):Bigram 5 p . + Frequent
100% Q .
freq. . 2 06 . Infrequent
Position (quadratic):Bigram
fren
Position (cubic):Bigram freq. '
—
05 00 05 o4

Possible parameter values

lst_znd 2nd_3rd 3rd_4\h 4m_5m
HF bigram 64% 55% 51% 49% 0 a0 a0 100
LF bigram 1% 66% 58% 54% Reaction time (in ms)

Accuracy (%) per bigram
position
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Note. In panel A, the dashed line corresponds to an effect of zero. In Panel B, the points represent the accuracy
and average RT of the responses within equal sized bins (20% of responses per bin).

To scrutinize the effect of bigram frequency on transposed-letter pairs, we
conducted two additional analyses. In the first analysis, we added position of the
transposed letters (1st-2nd, 2nd-3rd 3rd-4th - 4th_5th) gs a polynomial factor in the
design when analyzing accuracy. Results replicated the effect of frequency (b =
0.31, SE = 0.08, 95%Crl [0.15, 0.47]) and also revealed a linear component of
position (accuracy decreased with position; b =-0.46, SE = 0.11, 95%Crl [-0.68,
-0.25]) with no signs of an interaction (see Figure 1, panel A, for the descriptive
statistics and posterior distributions). Second, we employed conditional accuracy
functions (Figure 1, panel B), which describe how the response accuracy for a
given condition varies across response speed. This allows us to examine whether
the effect of bigram frequency occurred across the entire range of RTs or was
limited to early or late responses. As shown in Figure 2, the conditional accuracy
functions are approximately similar in the two conditions: regardless of speed
response, responses were less accurate for the transposition of frequent bigrams
than infrequent bigrams. Furthermore, both functions followed an inverted-U,
where the fastest responses and, to a lesser degree, the slowest responses, were

less precise.
Discussion

The present study examined whether a key marker of orthographic processing,
location invariance, emerges quickly after the repeated exposition of orthographic
regularities—bigrams—in a novel script. To that end, we designed an experiment
that followed, in its first phase, the same procedure as Chetail (2017; Experiment
1b). For around 9 minutes, participants repeatedly received a series of 5-artificial-
letter strings that contained a frequent bigram. Then, in a wordlikeness task,
participants judged the strings with a trained bigram as more wordlike, thus
showing that readers picked up subtle new orthographic regularities very rapidly,
replicating Chetail (2017).
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In the second—novel—phase of our experiment, participants performed a
same-different matching task in which they had to decide whether pairs of 5-
artificial-letter strings were the same or not. The critical test was whether the pairs
involving the transposition of the letters of a frequent bigram (ABUVX—BAUVX) had
a boost in confusability (i.e., location invariance in addition to position uncertainty)
than those pairs involving the transposition of an infrequent bigram (XZFGU—
ZXFGU) (i.e., position uncertainty). Responses to pairs with a letter transposition
in a frequent bigram were less accurate than those with a letter transposition in
an infrequent bigram (54.7 vs. 62.0%, respectively), thus showing an increase in
confusability—the latency data were in the same direction'?. Critically, this is the
first demonstration of the rapid emergence of location invariance in a novel script
with an experimental design (see Rumelhart, 1985, for comparable evidence with

legal vs. illegal bigrams in English).

Altogether, these findings favor the view that print exposure alone
facilitates the development of orthographic regularities (see Chetail, 2017; Chetail
& Sauval 2021). Critically, the repeated exposure to patterns of letter co-
occurrences would facilitate the development of internal representations of letter
clusters (i.e., frequent bigrams), inducing location invariance. As a result, when
individuals are presented with BAUVX, the cognitive system would often confuse
it with ABUVX because (1) BA has not occurred before, and AB has a mental
representation, and (2) there is positional noise during order assignment. In
contrast, only perceptual noise would affect order position in the strings that
involved infrequent bigrams, such as XZFGU and ZXFGU. Thus, the combination

of these mechanisms can readily explain why BAUVX is more confusable with

2 Transposition effects in the same-different matching task are typically more robust for accuracy
than for RTs (e.g., Dufiabeitia et al., 2012; Fernandez-Lépez et al., 2021; Massol et al., 2013).
This is not surprising when considering that the relatively high number of errors for transposed-
letter pairs makes the latency data more variable and noisier than in paradigms with close-to-
ceiling performance.
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ABUVX than XZFGU is with ZXFGU. A parallel rationalization would also apply to

the confusability of praikc with praick (Rumelhart, 1985).13

The idea that readers internalize statistics on letter co-occurrences due to
orthographic regularities aligns with the assumptions of orthographic-based
models (Grainger & van Heuven, 2003; Whitney, 2001). However, we must also
consider that the high number of errors for the pairs involving the transposition of
an infrequent bigram (38%) strongly suggests that perceptual uncertainty is an
inherent property of serial order encoding (Gomez et al., 2008; Norris & Kinoshita,
2012). Thus, the present findings add new evidence favoring the idea that both
perceptual and orthographic-based processes underlie the effects of letter
transposition (see Grainger, 2018). While this view is not new (see Estes, 1975),
most of the evidence supporting orthographic-based models comes from a single
phenomenon: the stronger transposition effects for letters than for digits and

symbols in the same-different task.

Importantly, our findings also shed light on the early developmental
trajectory of orthographic processing when learning to read. Firstly, statistical
learning would facilitate acquiring orthographic regularities, such as frequently
co-occurring letter combinations, that support the subsequent processing of
higher-level linguistic entities. This idea fits well with the fact that preschoolers
become rapidly sensitive to bigram frequency because of its functionality in
learning to read (Mano & Kloos, 2018). Secondly, the extra confusability of
transposed-letter pairs with frequent bigrams suggests that, in the first moments
of learning to read, location-invariant processing is tuned to the processing of
frequent letter chunks, helping the subsequent encoding of words. That is, the
repeated exposure to AB clues us in that the bigram is probably present in many
new to-be-learned words, so the location-invariant processing is tuned to encode

AB for AB and BA with an optimization purpose. Hence, orthographic learning

3 Notably, although the orthographic regularities modulated the encoding of the order of letters,
they did not have an effect in the encoding of letter identity: replacing a frequent or an infrequent
bigram produced similar results.
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would involve optimizing the mapping of letter-level information onto higher-level

representations.

To sum up, the present findings demonstrated that orthographic
regularities help the rapid emergence of location invariance when exposed to a
new script. Importantly, this mechanism has an adaptive purpose: to help encode
the to-be-learned words. In short, the ability to encode the properties of sublexical
orthography may represent a unique ability within reading development, thus
opening a window to further experiments examining sensitivity to orthographic

regularities in early childhood.
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Appendix A

Analyses of Phase 1

For the inferential analyses of Phase 1, we reproduced the analyses of Chetail
(2017) and employed generalized linear mixed effects (GLME) models in R (R
Core Team, 2021) using the Ime4 1.1-27.1 package (see Bates et al., 2015) and
the ImerTest package (Kuznetsova et al., 2017). The dependent variable was
accuracy and we fited GLME models with no fixed factor (comparison with
chance level in the wordlikeness task: glmer(ACCURACY~1+(1|PARTICIPANT)). As

a short teaser, we essentially replicated the findings.
Exposure: The detection rate of fillers was 99.74%.

Wordlikeness: Overall, participants performed above chance level (M = 56.94%,
see Figure A1, panel A), b = 0.28, SE = 0.04, z = 6.71, p < 0.001. The

performance was significantly higher than chance level in the familiarity condition
(M =54.44%), b=0.18, SE=0.06, z=2.63, p = 0.008, in the position condition
(M =58.19%), b=0.34, SE=0.07,z=4.83, p<0.001, and in the letter frequency
condition (M =58.19%), b=0.33, SE=0.05, z=6.19, p<0.001 (Figure A1, panel
B). Furthermore, performance was significantly higher for the initial bigram than
for the final one (b= 0.24, SE=0.08, z=2.83, p = 0.005).
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Figure Al.

Panel A: individual performance in the wordlikeness task. Panel B: selection rate of
critical items in the familiarity, position and Letter Frequency conditions.
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Appendix B

Results of Replaced-letter trials and Same trials in the Same

Different task

Replaced-letter trials. Responses were only 3 ms faster for the frequent bigram
replacements than for the infrequent bigram replacements (613 vs. 615 ms; b =
0.00, SE = 0.02, 95%Crl [-0.03, 0.04]). Moreover, there were no signs of
differences in accuracy for the pairs with a replacement of frequent bigrams vs.
infrequent bigrams (76.59 vs. 78.88, respectively; b=0.14 SE = 0.12, 95%Crl [-
0.10, 0.37])).

Same trials. There were virtually no differences in response times between pairs
with frequent and infrequent bigrams (603 vs. 608 ms; b = 0.01, SE = 0.01,
95%Crl [-0.02, 0.03]). Regarding accuracy, accuracy was higher for the pairs
containing a frequent bigram than for the pairs containing an infrequent bigram
(89.72 vs. 87.55; b=-0.33, SE = 0.14, 95%Crl [-0.62, -0.06]).
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Conclusions

One of the central landmarks of learning to read is the emergence of orthographic
processing (i.e., the encoding of letter identity and letter order): it constitutes the
necessary link between the low-level stages of visual processing and the higher-
level processing of words. In this section, | presented three studies that aimed to
fully understand the emergence of orthographic processing via the scrutiny of

letter order and letter position coding.

In the first study, Which factors modulate letter position coding in pre-
literate children? (Fernandez-Lopez et al., 2021), we aimed to explore the
precursors of letter order coding. To that end, we examined the relationship
between the ability of pre-literate children to accurately encode the order of letters
(i.e., to differentiate between transposed-letter pairs and identity pairs: Tz-2T vs
Tz-Tz)—taken from the Perea et al. (2016) experiment—with the basic cognitive
processes subtest of the BIL battery (Sellés et al., 2008). Results showed that
the pre-literate children who best differentiated between transposed letter (Tz-
zT) and identity (TZ-TZ) pairs in a same-different task were those with higher
scores on basic cognitive processes. Thus, basic cognitive skills shape the ability

to encode serial order in letter strings.

In the second study, Does orthographic processing emerge rapidly after
learning a new script? (Fernandez-Lopez et al.,, 2021) we aimed to track the
emergence of early orthographic processes in the first steps of learning to read
through the examination of location-invariant processing and location-specific
processing. To that end, we employed a design with a pre-training phase and a
post-training phase in which adults were trained in reading and writing nonsense
words in an artificial script along six sessions. Participants were also visually
familiarized with a different artificial script for control purposes. Regarding
location-invariance, we run same-different matching tasks using transposed-
letter vs. replaced-letter pairs as “different” trials before and after learning to read
in a new script with the trained and control (visually familiarized) scripts. Results

showed transposed-letter effects of similar size for the trained and untrained
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scripts in both the pre-and post-training phases. Nevertheless, we did find that
responses to same trials in the same-different task were faster and more accurate
in the post-trained phase for the trained script, but not for the control script. Thus,
learning to read and write in a new script did not lead to the rapid emergence of
location-invariant processing. However, it seems that the learning-to-read training
induced some rudimentary specialization for the letter strings that made easier
the identification of same pairs. To test the emergence of location-invariant
processing, we run target-in-string identification tasks with the trained and control
scripts before and after learning to read. Results showed a clear advantage of
the middle position for both scripts. Thus, learning to read and write in a new

script did not lead to the rapid emergence of location-specific processing.

The emergence of orthographic processing probably needs much more
time to emerge, or, alternatively it might require experience with specific
orthographic structures. In the third study of the present section, A letter is a letter
and its co-occurrences: Cracking the emergence of location-invariance
processing, we tested whether location-invariant processing emerged rapidly
after the exposure to orthographic regularities—bigrams—in a novel script. To
that end, we designed an experiment with two phases. In Phase 1, we replicated
the protocol of Chetail (2017; Experiment 1b), in which individuals were exposed
to a flow of artificial words for a few minutes, with four bigrams occurring
frequently. Then, in a wordlikeness task, they judged the strings with trained
bigrams as more wordlike. Thus, readers quickly picked up subtle new
orthographic regularities. In Phase 2, participants performed a same-different
matching task. In contrast to the previous study (Experiment 1), where the critical
test was transposed letter vs. replaced letter pairs, the critical comparison here
was between pairs with a transposition of letters in a frequent (trained) vs.
infrequent (untrained) bigram—note that our goal was to examine whether the
transposition of the letters of a frequent bigram leads to a boost in confusability.
Results showed that responses to pairs with a letter transposition in a frequent
bigram were less accurate than those with a letter transposition in an infrequent
bigram. This finding suggests that location-invariance emerges rapidly after

exposure to orthographic regularities.
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In summary, the three studies of this section aimed to further our
understanding of the foundations of orthographic processing. Overall, it is worth
highlighting the following premises: (i) Reading readiness emerges early in
development with the adaptation of the mechanisms of visual object processing.
For that reason, (ii) early detection of deficiencies in the visual analysis of the
input is crucial to prevent later reading difficulties. Notably, we have added to the
literature that (iii) orthographic processing does not emerge rapidly when learning
to read, but, as a prelude, (iv) some non-specialized processes are fine-tuned to

guide the later functional reading progress.

Thus, all things considered, the learning to read instruction should not be
based solely on letter knowledge and phonological decoding. Teaching
professionals should also contemplate that reading is built on a basic cognitive
foundation that can be trained to smooth the learning-to-read. To name a few
suggestions: training in a same-different task with letter stimuli can help with the
encoding of letter order; and the mere visual exposure to the words would help
create a rudimentary layer of frequent letter co-occurrences that facilitate the

subsequent encoding of words.
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The resilience of letter detectors

Words! Mere words! How terrible they were! One could not
escape from them. They seemed to be able to give a plastic
form to formless things. Was there anything so real as words?

Oscar Wilde, The Picture of Dorian Gray

Our brain is the outcome of millions of years of evolution in a world that, initially,
did not contain letters—how can it adapt to the specific challenges posed by
written word recognition? From the previous section, one can deduce that the
brain is a piece of complex machinery subject to functional changes. Typically,
when we think of modifying a machine, we imagine a person using a set of tools.
The alphabet is one of these tools that literally transform the brain. Specifically,
literacy changes the very subtle cognitive and brain mechanisms that connect

visual forms with meaning.

As we know from the previous section, mere exposure to letters leads to
some rudimentary functional changes that prepare our brain to read. Initially,
reading is arduous and rigid, but because of the extensive experience across
different conditions, skilled readers have developed some tolerance to noise and

variations in the shape of the words’ constituent letters (see Figure 1).

Figure 1.
Example of CAPTCHAs

Note. CAPTCHA is the acronym for Completely Automated
Public Turing test to tell Computers and Humans Apart.
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However, the empirical evidence on the resilience of the word recognition
system to perceptual distortion is still scarce, probably because it entails many
different elements (see Vergara-Martinez et al., 2021, for discussion). For
instance, Nouduarilien. text is distorted in several dimensions, and hence any
processing differences relative to the immaculately written format we typically
encounter when reading might be due to multiple factors. In this section, | present
three studies that aimed to examine the tolerance of the word recognition system

to visual distortion in a single dimension: the rotations of letters.

An added value of studying letter rotations is that leading models of visual
word recognition make explicit predictions about how letter rotations affect word
reading. The SERIOL model of word recognition (Whitney, 2001, 2002) assumes
that “input levels to letter units are reduced for rotated stimuli” (p. 119, Whitney,
2002), increasing gradually the time required to encode a letter string. Instead,
the Local Combination Detectors model (Dehaene et al., 2005) offers an all-or-
none account of how letter rotation affects letter and word processing. It
postulates a boundary of 40°-45° beyond which letter detectors would not
efficiently cope with rotations—there would only be a negligible cost for letter

rotations below that boundary (see Cohen et al., 2008).

Nevertheless, this assumption of the LCD model has been recently
questioned by several studies showing that readers can cope with rotations up to
180° from the initial access to orthographic representations. For instance, Perea
et al. (2018) have found sizeable masked identity and transposed-letter priming
effects for 90° rotated words, in line with the effects obtained with horizontally
presented stimuli. This same pattern of results occurred for 180° rotated words
in a study conducted by Yang and Lupker (2019). However, one can argue that
as both primes and targets were rotated, participants could have developed
conscious strategies, like tilting their heads, to cope with rotations. Thus, a
suitable approach would be presenting the targets in the canonical orientation,
preceded by rotated primes. This was the strategy followed by Benythe and Csibri
(2021), who also found sizeable masked priming for rotated words with angles
up to 90°.
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Notably, at this point, we should consider that when a word is entirely
rotated, readers can mentally rotate the stimulus as a whole, with one movement
of mental rotation. By contrast, if we rotate the individual letters within words,
individuals would need more than one rotation movement. Moreover, the rotation
of the individual letters involves the disruption of trans-letter features. Thus, this
manipulation allows us to examine the model predictions more stringently. For
this reason, in the three studies of this section, we rotated the words on a letter-
by-letter basis. Our main aim was to examine the resilience of letter detectors to
different rotation angles and, in this manner, test the predictions of the SERIOL
(Whitney, 2001, 2002) and Local Combination Detectors model (Dehaene et al.,
2005).

In the first study, How resilient is reading to letter rotations? A parafoveal
preview investigation (Fernandez-Lépez et al., 2021), we tested the resilient of
letter detectors to rotations while reading. Specifically, we conducted a parafoveal
preview experiment using the gaze-contingent boundary change paradigm. The
parafoveal previews were identical or unrelated to the target word. Critically, each
preview’s individual letters were rotated 15°, 30°, 45°, or 60°. Apart from the
parafoveal previews, all text, including target words, was presented with letters

in their canonical upright orientation.

In the second study, On the time course of the resilience of letter detectors
to rotations: A masked priming ERP investigation, we aimed to examine in detalil
the time course of processing words with rotated letters. To that end, we
conducted a masked repetition priming lexical decision experiment while
recording the participants’ EEG measures. Targets were always presented in the
standard horizontal format, and we rotated the individual letters of the

identity/unrelated primes (0°, 45°, or 90°).

Finally, in the third study, Letter rotations: Through the Magnifying Glass
and What Evidence Found There, we conducted three experiments to ascertain
whether the impact of letter rotation was perceptual (visually) or linguistically
mediated in an unprimed procedure. Experiments 1 and 2 employed four rotation

angles (0°, 22.5°, 45°, 67.5°) in lexical decision and semantic categorization
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tasks, respectively. In Experiment 3, we focused on four moderate rotation angles
at or below 45° (22.5°, 30°, 37.5°, 45°).
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How resilient 1s reading to letter rotations? A
parafoveal preview investigation

Abstract

Skilled readers have developed a certain amount of tolerance to variations in the
visual form of words (e.g., CAPTCHAs, handwritten text, etc.). To examine how
visual distortion affects the mapping from the visual input onto abstract word
representations during normal reading, we focused on a single type of distortion:
letter rotation. Importantly, two leading neurally-inspired models of word
recognition (SERIOL model, Whitney, 2001; LCD model, Dehaene et al., 2005)
make distinct predictions: whereas the SERIOL-model postulates that the cost of
letter rotation increases gradually, the LCD-model assumes an all-or-none
boundary at around 40°-45° rotation angle. To examine these predictions in a
normal reading scenario, we conducted a parafoveal preview experiment using
the gaze-contingent boundary change paradigm. The parafoveal previews were
identical or unrelated to the target word. Critically, each preview’s individual
letters were rotated 15°, 30°, 45°, or 60°. Apart from the parafoveal previews, all
text, including target words, was presented with letters in their canonical upright
orientation. Results showed that the advantage of the identity preview condition
in eye fixation times on the target word decreased progressively by rotation angle.
This pattern of results favors the view that the cost of letter rotation during normal

reading increases gradually as a function of the angle of rotation.

Key words: reading, parafoveal processing, eye-movements, letter rotation
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Introduction

Efficient sentence reading requires the rapid abstraction of each word’s visual
form onto multiple levels of information (orthography, phonology, semantics, and
syntax) while the eyes move along the text (see Clifton et al., 2016; Rayner, 2009,
for reviews). Because of their extensive experience across different reading conditions
(e.g., numerous fonts; uppercase TEXT, handwritten X, cursive, La*& 4 etc.),
skilled readers have developed some tolerance to noise and variations in shape
(i.e., visual characteristics) of the words’ constituent letters (see Grainger &
Dufau, 2012).

While often overlooked in reading research, the study of the influence of
visual factors in reading and how skilled readers tolerate various kinds of shape
distortion is essential for a complete understanding of the reading process
(Slattery 2016; see also Tinker, 1958; Tinker & Paterson, 1931, for reviews of
early research). One of the reasons of the shortage of studies on this issue is that
it is difficult to separate the effect of all the relevant variables underlying visual
distortion. For instance, “owduwariier. fext, and e85 gre distorted in
several dimensions, and hence any processing differences relative to the pristine
written format we typically encounter when reading might be due to multiple

factors.

To overcome this interpretative issue, in the present paper, we focus on a
single type of visual distortion during sentence reading: the rotation of individual
letters in words. An added value of studying letter rotations is that leading neural
models of visual word recognition make explicit predictions about how letter
rotations affect word processing. The SERIOL model of word recognition
(Whitney, 2001, 2002) assumes that “input levels to letter units are reduced for
rotated stimuli” (p. 119, Whitney, 2002), increasing gradually the time required to
encode a letter string. Instead, the Local Combination Detectors model
(henceforth, LCD model; Dehaene et al., 2005) offers an all-or-none account on
how letter rotation affects letter/word processing. Specifically, the LCD model
postulates that letter rotation impedes the normal mapping of the letter features

from the visual word form onto the letter detectors for angles above 40°-45°, but
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that there would be little cost for rotations below that boundary'# (see also Cohen
et al., 2008; Vinckier et al., 2006). Consistent with this latter prediction, a number
of experiments have shown a cost in processing when words are rotated as a
whole at 45° of rotation or larger. For instance, Cohen et al. (2008) found no
differences in response times to words presented with 0° and 22.5° rotation
angles, whereas there was a dramatic slow-down at angles of 45° and larger. In
addition, other experiments have reported slower word identification times for
rotated words at angles of 45° or larger than for their horizontally-presented
counterparts (e.g., Barnhart & Goldinger, 2013 [0° vs. 90°]; Gomez & Perea, 2014
[0° vs 45° vs. 90°]; Koriat & Norman, 1984 [0° vs. 60° vs. 120° vs. 180°]).

Clearly, the above-cited studies consistently showed a cost when reading
rotated words at 45° or larger. However, they were not informative as to the locus
of the effect. These effects could have occurred at an early encoding stage—as
the LCD or SERIOL models would predict—but they could also have been due to
a processing cost at a late verification stage of processing where the visual
percept is checked against the stored lexical unit. To directly test whether the
locus of the effect of rotation occurs early in word processing, Perea et al. (2018)
conducted a masked priming lexical decision experiment with 90° rotation of the
whole word. The rationale of their experiment was that if the encoding of
orthographic-lexical representations were hindered by rotations of 45° or larger,
one would expect a dramatically reduced masked priming effect for 90° rotated
words. However, they found sizeable masked identity and transposed-letter
priming effects in line with the effects obtained with horizontally presented stimuli
(see also Yang & Lupker, 2019, for evidence of robust masked priming effects
with 90° and 180° rotated words). Hence, at least when words are presented in
isolation, word rotation does not seem to hinder initial access to the orthographic
representations (see also Perea et al., 2020, for similar evidence with isolated

letters).

14 Note that the prediction of the LCD model (Dehaene et al., 2005) “letter detectors should be
disrupted by rotation (>40°)” (p. 340) was based on a study conducted by Logothetis and Pauls
(1995) with monkeys. Nevertheless, the empirical evidence provided by Cohen et al. (2008) and
Vinckier et al. (2006) with adult readers was interpreted in light of this prediction of the model.
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The robustness of masked priming effects to word rotations is quite
revealing. However, one could argue that readers might rotate the whole stimulus
and then process each letter as usual (see Gomez & Perea, 2014; Whitney, 2002,
for discussion). Thus, a more stringent test for the LCD and SERIOL models
would be to examine the effect of rotating the individual letters within words rather
than rotating the whole word. Kim and Strakova (2012) conducted a lexical
decision experiment in which individual letters of words and pseudowords were
rotated (0°, 22.5°, 45°, 67.5°, or 90°). Importantly, they also recorded event-
related potentials (ERPs) during the task. Kim and Strakova (2012) found an
increase in amplitude in the P1 and N170 components (i.e., two indexes that
reflect the initial contact with word-form features) for all rotation angles (i.e.,
including 22.5°) when compared to the horizontal format. To explain this pattern,
they suggested that words whose individual letters are rotated require additional
resources that are recruited very early in processing. The behavioral data showed
a different picture, though. For words, response times were remarkably similar
for rotation angles between 0°-67.5°, with a large increase from 67.5° to 90°.
Accuracy rates was similar for angles from 0° to 45°, slightly decreased from 45°
to 67.5°, and there was a large drop from 67.5° to 90°. Thus, the behavioral data
from Kim and Strakova (2012) suggest that word recognition was not severely
affected by rotations smaller than 45°-67.5°—note that evidence for early ERP
effects does not necessarily imply longer word identification times (see Perea et

al., 2015, for discussion).

More important for the present purposes, a recent study measured
participants’ eye movements when reading sentences in which the individual
letters within words were rotated (30°, 60°) or not (Blythe et al., 2019). Blythe et
al. found an overall reading cost on sentence reading (total viewing time, number
of fixations) for both rotation angles (30° and 60°) when comparing to upright
presented text and this cost was larger at the 60° than at the 30° rotation angle.
They also examined whether rotation angle interacted with word frequency by
embedding a high- vs. low-frequency target word in each sentence. While both
rotation angle and word-frequency had additive effects in the first-fixation duration

on the target word (30° < 60°; high-frequency < low-frequency), total fixation
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durations (i.e., the sum of all fixations in the target word) showed an interaction
between the two factors: The magnitude of the word-frequency effect was a
function of the rotation angle (i.e., the difference in eye fixation durations between
high- and low-frequency target words was greater at 60°, it decreased at 30° and
it was even smaller at 0°), thus suggesting that lexical access was impaired even
by relatively small rotations (i.e., 30°). Blythe et al. (2019) concluded that letter
detectors are affected by rotations well below 45° during sentence reading, and
thereby the LCD predictions concerning letter rotations should be revised (i.e.,
the gradual cost of letter rotation may fit better with the SERIOL model). Although
Blythe et al.’s (2019) experiment confirmed that letter rotations do affect the
reading process, it does not inform us as to whether the effect of letter rotation
occurs early in processing (i.e., as posited by the LCD and SERIOL models) or
whether it occurs at late integration processes (keep in mind that participants
could have adjusted their eye movement pattern to the rotation angle of the

sentences).

The main aim of the present experiment was to examine whether the cost
due to letter rotation in normal silent reading emerges early in processing, as
predicted by the LCD and SERIOL models. To obtain a strict test of the resilience
of letter detectors to rotations, we rotated the individual letters within words in a
parafoveal word during sentence reading with the gaze-contingent boundary
change paradigm (Rayner, 1975). Rayner’s gaze-contingent boundary change
technique allows for the manipulation of parafoveal information that is available
to the reader before their eyes move to that location hence enabling foveal
processing of a target word presented at the same location (see Figure 1). The
rationale of this paradigm is that when we read, we extract information not only
from the fixated word, but also from the following word(s) in the parafovea
(Rayner et al., 1981, 1982; see also Vasilev et al., 2018, for evidence with
degraded previews). Thus, it is possible to infer the amount of useful information
the reader obtains from the parafovea by examining how the fixation durations
on a target word vary as a function of the type of parafoveal preview (e.g., identity
previews vs. unrelated previews; phonological preview vs. orthographic control

preview, etc.; see Rayner et al., 2012, for review).
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Figure 1

Description of an eye movement contingent display-change trial with the eight experimental

conditions
(O <
JE PENSE QUE CETTE ENORME! TOMATE EST BIEN MURE JE PENSE QUE CETTE ENORME! MAISON EST BIEN MORE
RO 15° rotation [IRCOY:
JE PENSE QUE CETTE ENORME; TOMATE EST BIEN MORE JE PENSE QUE CETTE ENORME: TOMATE EST BIEN MORE
JE PENSE QUE CETTE ENORMEi 704476 EST BIEN MORE JE PENSE QUE CETTE ENORME:#47SO% EST BIEN MORE
) : @ R 30° rotation | : @ .
JE PENSE QUE CETTE ENORME! TOMATE EST BIEN MORE JE PENSE QUE CETTE ENORME! TOMATE EST BIEN MORE
1 1 (@) 31
JE PENSE QUE CETTE ENORME; 20%92¢ EST BIEN MURE JE PENSE QUE CETTE ENORME;%49/80% EST BIEN MORE
HRCO) 45° rotation . RO, N
JE PENSE QUE CETTE ENORME! TOMATE EST BIEN MORE JE PENSE QUE CETTE ENORME:! TOMATE EST BIEN MORE
JE PENSE QUE CETTE ENORME 20%yA¢ EST BIEN MORE JE PENSE QUE CETTE ENORME!2y#vo2z EST BIEN MORE
) i e . 60° rotation RO
JE PENSE QUE CETTE ENORME! TOMATE EST BIEN MORE JE PENSE QUE CETTE ENORME; TOMATE EST BIEN MORE
IDENTITY CONDITION UNRELATED CONDITION

Note. Identity preview rotated at 15°, 30°, 45° and 60°; “I think this huge tomato is ripe”; unrelated preview rotated at
15°, 30°, 45° and 60°; “I think this huge house is ripe”. The eye symbol represents where the reader is fixating, and the
vertical dashed line represents the invisible boundary preceding the target word. Before crossing the boundary, the
sentence is presented with the rotated previews. When the eyes cross the boundary, the parafoveal preview is replaced by

the target word in the canonical format.

In the present gaze-contingent boundary change paradigm experiment,
the parafoveal preview could be the same as the target (identity preview-target
pairs) or a different word (unrelated preview-target pairs). We chose identity
previews because they provide the largest effects in the parafovea (see Angele
et al., 2013). The letters of the identity/unrelated previews could be rotated at four
different angles, the difference always being 15° (15°, 30°, 45° and 60°; see
Figure 1). Critically, the letters of the fixated target word—as well as the rest of
the sentence—were always in the canonical upright orientation. We employed
15° of rotation as a baseline rather than 0° to avoid a perceptual continuity
between preview and target in the identity condition.’® All the sentences were
presented in UPPERCASE, the reasons being that: 1) in lowercase, some letters
could be ambiguous when rotated (e.g., the rotated letter b can be confused with

the letters p or g); 2) in lowercase words, low spatial frequency information

15 Keep in mind that any difference between a 15° and the canonical condition could be due to
the congruency of format (both upright) that would induce the 0° rotation angle.
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spanning the whole word (e.g., compare bishop vs. BISHOP) would have been
less disrupted for smaller than for larger rotation angles (i.e., the whole visual
word form of lowercase words could be more informative for smaller than for
larger rotation angles). Of note, the pattern of eye movements when reading
sentences is similar when written in lowercase or uppercase (see Perea et al.,
2017).

The predictions were the following. First, if, as hypothesized by the LCD
model (Dehaene et al., 2005), letter detectors are hindered by rotations in the
first stages of orthographic-lexical processing only when they are above 40°-45°:
1) we would expect shorter fixation durations on the target word after an identity
preview than after an unrelated preview, and to a similar degree, at 15° and 30°
rotations (i.e., well below 45°); and 2) we would expect a dramatic drop in preview
effects when the letters of the parafoveal preview are rotated 45° or 60°. Second,
if, as hypothesized by the SERIOL model (Whitney, 2002), letter rotation
gradually decreases the activation reached by the letter nodes, one would expect
progressively smaller advantages of the identity preview as a function of rotation
angle. A final scenario is that the orthographic coding system is widely tuned to
rapidly identify rotated and/or distorted letters with little cost (see Hannagan et
al., 2012; Yang & Lupker, 2019, and Perea et al., 2018, 2020)—in this case, we
would expect an advantage of the identity condition over the unrelated condition
not only for the smaller rotation angles (15° and 30°), but also for the larger

rotation angles (45° and 60°).

Method

Participants

Forty participants (18 female) were recruited at Aix-Marseille University. The
participants were all native French speakers and received either course credit or
monetary compensation (€10/h). All participants reported normal or corrected-
to-normal vision and ranged in age from 18 to 38 years old (M=21.1y.0.,

SD=4.11). They were naive to the purpose of the experiment and signed an
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informed consent form before starting the experiment. Ethics approval was
obtained from the Comité de Protection des Personnes SUD-EST IV (No.
17/051), and this research was carried out in accordance with the provisions of

the World Medical Association Declaration of Helsinki.

Apparatus

Stimuli were displayed using OpenSesame (Mathét et al., 2012) with each
sentence occupying a single line. Eye movements were recorded with an EyeLink
1000 system (SR Research, Mississauga, ON, Canada) with high spatial
resolution (0.01°) and a sampling rate of 1000 Hz—this device only recorded the
right eye movements. The sentences were presented on a 20-inch ViewSonic
CRT monitor with a refresh rate of 150Hz and a screen resolution of
1024 x 768 pixels (30x40cm). Stimuli were presented in upper case 18-point
monospaced font (droid sans mono; the default monospaced font in
OpenSesame) and the text was presented in black (0.15 cd/m2) on a white
background (21.70 cd/m?); crosses and dots were presented with the same
colors. Participants were seated 86cm from the monitor, such that every 3
characters equaled approximately 1° of visual angle. The maximum validation
error accepted was .63° of visual angle. A chin-rest and forehead-rest were used

to minimize head movements.

Materials

We created 250 sentences in French, each contained an average of nine words
(range 7-10). Sentences were created so as to minimize semantic predictability
of the target words. This was verified via a cloze task in which the initial part of
each sentence—until the word preceding the target word —was presented to four
naive individuals that were asked to predict the following word—none of these
individuals took part in the experiment. The percentage of words that was
predicted from the previous context was very low (< 1%). The pre-target and
target words had an average length of seven letters and an average Zipf
frequency of 5.71 and 6.13, respectively (van Heuven et al., 2014). Word
frequencies were obtained using the film subtitle frequencies of the Lexique2

database (New et al., 2004). For each target word, we created eight parafoveal
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previews: identity condition with i) 15° of rotation; ii) 30° of rotation; iii) 45° of
rotation; iv) 60° of rotation; and unrelated condition with v) 15° of rotation; vi) 30°
of rotation; vii) 45° of rotation; and viii) 60° of rotation (see Figure 1). The
parafoveal previews were counterbalanced across eight lists following a Latin
square design. Each participant received 30 trials in each of the eight conditions
and the sentences were presented in a different random order. The complete set

of sentences, including the parafoveal previews, is presented in the Appendix.

Procedure

The experimental session took place in a dimly lit room. Participants were first
informed about the experiment procedure. Their task was to read sentences for
comprehension on a computer screen while their eye movements were
registered. They were told that there would be comprehension questions after
each sentence. The experiment procedure began with a five-point calibration
phase in which participants had to look at individual dots on the screen. This was
followed by 10 practice sentences to familiarize them with the procedure. Each
trial had the following arrangement. First, a drift correction dot located 12 pixels
(to the right of the left edge was displayed. Second, the sentence was presented
once the participant steadily looked at the drift correction dot—the starting point
of the sentence was located just to the right of the dot. The display change
occurred when the participant's eyes crossed an invisible boundary located
between the target word and the word before (see Figure 1). Another invisible
boundary was defined close to the end of the sentence (50 pixels before), such
that the sentence disappeared when the eyes crossed that boundary (i.e., when
participants read the last word). Finally, participants were shown a yes/no
comprehension question after each trial that allowed us to verify that they had
read for comprehension—participants were asked to press a corresponding key

on a gamepad.

Data analvses

The critical idea underlying Rayner's (1975) boundary technique is that the
parafoveal preview allows some preprocessing of the target word. Specifically, if

the reader extracts useful information from the rotated-identity parafoveal preview
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than for the rotated-unrelated parafoveal preview, the processing time on the
target word would be reduced when directly fixated, thus resulting in shorter
fixation durations (see Rayner et al., 2012). We examined three early eye fixation
measures on the target word (i.e., the critical region): 1) the duration of the initial
fixation on the target word (FFD); 2) the duration of a fixation on the target word
when it was the only fixation on that word in first pass reading (SFD) and 3) the

sum of fixation durations before leaving the target word (GD).

For the inferential analyses, we analyzed the eye fixation data with linear
mixed effects (LME) and Bayes Factors. We employed the Ime4 (Bates et al.,
2015, 2019), ImerTest (Kuznetsova et al., 2016), car (Fox & Weisberg, 2019) and
the BayesFactor 0.9.12-4.2 (Morey & Rouder, 2018) packages in R (R Core
Team, 2020). The models included two fixed factors: (1) preview-target
relationship and (2) preview rotation angle—each factor was zero-centered.
Subjects and items were the random factors in the models. Variables were log-
transformed to reduce highly positive skew of fixation durations and keep the
normality assumption of LME models. Regarding LME analyses, the maximal
random structure model that converged for the three dependent variables was
(Dependent Variable) ~ Relationship*Angle + (1+RelationshiplSubject) +
(1+Relationshiplitem). The p-values for each main factor and the two-way
interaction were calculated using Wald x?tests. In case of a significant interaction,
we computed the effect of preview-target relationship for each rotation angle with

emmeans (Lenth et al., 2020).

Results

Participants were quite accurate in responding to the comprehension questions
(mean accuracy was .91; SD = .0023). Trials where the display change was
triggered either early or late were removed from the analyses (less than 1%). The
raw data were pre-processed using Eyelink algorithms to detect saccades,
fixations and eye-blinks—the deletion of eye-blinks resulted in 0.5% of the data

lost in the target region. Trials where the target word was skipped in first pass
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were excluded from the analysis (9.78%). Fixation durations of less than 80 ms
and more than 800 ms and gaze durations longer than 2000 ms on the target
word were removed from the analyses. Furthermore, we removed any fixation
duration measures that were more than 2.5 standard deviation for measure,
condition and subject as they are unlikely to represent normal reading—we
removed the 2.07% of FFD observations, the 3.23% of GD observations and the
1.95% of SFD observations. The average eye fixation measures per condition

across participants are presented in Table 1.

Table 1.

Means (in ms) and Standard errors (in brackets) as a Function of rotation angle and
preview-target relationship.

Parafoveal Preview

Preview-
Rotatio Target

n Angle Relationship  First Fixation Duration ~ Single Fixation Duration Gaze Duration

Identity 240 (2) 243 (3) 303 (5)
15° 21 26 19
Unrelated 262 (2) 269 (3) 322 (4)
Identity 252 (2) 258 (2) 302 (4)
30° 8 13 12
Unrelated 260 (2) 271 (3) 314 (4)
Identity 254 (2) 261 (3) 307 (4)
45° 5 7 10
Unrelated 259 (2) 268 (3) 317 (4)
Identity 256 (2) 265 (3) 306 (4)
60° 4 3 9
Unrelated 260 (2) 268 (3) 315 (4)

Note: Values in bold represent the significant parafoveal preview effects.

First Fixation Duration

On average, first-fixation durations on the target word were 9 ms shorter in the
identity than in the unrelated condition (x?(1) = 25.616, p <.001). We also found

a main effect of angle, x2(3) = 14.840, p < .001. More important, the interaction
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between preview-target relationship and rotation angle was significant, x3(3) =
34.392, p < .001. As can be seen in Figure 2, this interaction reflected that first
fixation durations on the target word increased as a function of rotation in the
identity condition, as reflected by significant linear (t = 6.029, p < .001) and
quadratic (f = -3.02, p = .002) contrasts. For unrelated pairs, the duration of first
fixations did not change as a function of rotation (none of the contrasts
approached significance, all Itsl < 1.25, ps > .21). The interplay between the two
factors (i.e., preview-target relationship and angle) resulted in shorter first-fixation
durations on the target word in the identity condition than in the unrelated
condition when the letters of the preview were rotated 15° (21 ms; b =-.089, SE
=012, t=-7.627, p<.001) and, to a lesser degree, when rotated 30° (8 ms; b =
-.028, SE = .012, t = -2.418, p = .016). Finally, the advantage of the identity
condition did not reach significance when the letters of the preview were rotated
45° (5 ms) or 60° (4 ms) (both fs <-1.146, ps > .253). To examine whether the
null effects for the 45° and 60° was due to evidence of absence rather absence
of evidence, we computed Bayes Factors, as these offer valuable information to
express our degree of certainly that the rotation angle did not affect the effect of
preview-target relationship. For computing the Bayes Factors, we employed the
ImBF function from the BayesFactor package with the default Cauchy distribution
(centered around 0 and with a width parameter & = 0.707) (see Rouder et al.,
2009; Wagenmakers et al., 2017, for discussion). The Bayes Factors for the 45°
and 60° rotations were BFo1 > 7.508, thus providing strong evidence toward the

null hypothesis.
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Figure 2

Mean First Fixation Durations by Condition (Identity vs. Unrelated) and Angle (15°, 30°,
45°, and 60°)
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The proportion of first-pass trials with a single fixation in the target word was .66.
Single fixation durations were, on average, 12 ms shorter in the identity than in
the unrelated condition (x?(1) = 43.875, p < .001). The effect of angle was also
significant (x2(3) = 30.230, p < .001) as was the interaction between the two
factors (x2(3) = 41.251, p < .001). This interaction showed that single fixation
durations on the target increased non-linearly with the eccentricity of letter
rotation in the identity condition—this was reflected by significant linear (t=8.414,
p < .001) and quadratic (t = -3.205, p = .001) contrasts (see Figure 3). The
duration of single fixations for unrelated preview-target pairs remained constant
independently of the rotation angle (none of the contrasts approached
significance, all Itsl < .76, ps > .45). As a result of this interaction between
preview-target relationship and angle, we found that single fixation durations

were shorter in the identity condition than in the unrelated condition when the
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preview was rotated 15° (26 ms; b=-.111, SE=.012, t=-9.357, p <.001) and,
to a lesser extent, 30° (13 ms; b=-.045, SE =.012, t=-3.831, p<.001). For the
45° rotation angle, the 7-ms advantage in the identity condition, approached
significance (b=-.014, SE=.012, t=-1.187, p=.079), but the evidence favored,
if anything, the null hypothesis, BFo1 = 1.742. Finally, for the 60° rotation angle,
we found strong evidence toward the null hypothesis (3-ms advantage in the

identity condition; b=-.014, SE=.012, t=-1.187, p = .236; BFo1 = 6

Figure 3

Mean Single Fixation Durations by Condition (Identity vs. Unrelated) and Angle (15°,
30°, 45°, and 60°)
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On average, gaze durations on the target word were 12 ms shorter in the identity
than in the unrelated condition (x2(1) = 41.022, p < .001). The effect of angle did
not approach significance (x3(3) = 5.339, p = .149) but, more importantly, the
interaction between preview-target relationship and angle was significant (x2(3)

= 20.258, p < .001). This interaction showed that gaze durations on the target
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word increased linearly with the eccentricity of letter rotation in the identity
condition—this was reflected by significant linear contrasts (f = 8.414, p <.001).
The duration of gaze durations for unrelated preview-target pairs remained
constant independently of the rotation angle (none of the contrasts approached
significance, all Itsl < 1.52, ps > .12). As a result of this interaction between
preview-target relationship and angle, we found a 19-ms advantage of the identity
condition 15° rotation (b = -.093, SE = .013, t = -6.985, p < .001), which was
reduced to 12 ms at the 30° rotation (b = -.052, SE = .013, t=-3.863, p <.001).
For the 45° rotation, we found a small 10-ms advantage of the identity condition
(b=-.027, SE =.014, t=-2.000, p = .046), which actually slightly favored the null
hypothesis, BFo1 = 1.688, whereas for the 60° rotation, we found strong evidence
for the null hypothesis (9 ms; b =-.019, SE = .014, t =-1.398, p = .163; BFo1 =
6.134) (see Figure 4).

Figure 4

Mean Gaze Durations by Condition (Identity vs. Unrelated) and Angle (15° 30° 45°,
and 60°)
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Discussion

The present experiment was designed to test whether letter detectors are
severely hampered by rotations above 40-45° during sentence reading, as
postulated by the LCD model (Dehaene et al., 2005) or, whether this cost would
emerge gradually as a function of increasing letter rotation, as hypothesized by
the SERIOL model (Whitney, 2002). To that end, we conducted a reading
experiment with sentences in uppercase using Rayner’s (1975) gaze-contingent
boundary change paradigm in which we examined whether identity parafoveal
previews were more effective than unrelated parafoveal previews when the
previews were rotated at 15°, 30°, 45°, or 60° (see Figure 1 for illustration). We
found a remarkably similar pattern of findings for all three eye fixation measures
on the target word (i.e., first-fixation duration, single fixation duration, and gaze
duration). Fixation durations were shorter when preceded by an identity preview
than when preceded by an unrelated preview and, critically, this difference was
modulated by rotation angle: the advantage of the identity preview condition was
greatest when the letters of the preview were rotated 15° and it was numerically
smaller but still robust at 30° (see Table 1). Instead, for the 45° rotations the
advantage of the identity preview condition was only marginal, and the Bayes
Factor analysis did not produce clear evidence in either direction—in particular
for single-fixation durations and gaze durations. Finally, for the 60° rotations,
there were no signs of an advantage of the identity preview condition—indeed,
the evidence in favor of the null effect was strong (all BFo1 > 6.134). Thus, the
present results extend and qualify the findings obtained by Blythe et al. (2019)
with a technique that specifically focused on early word recognition processes

during sentence reading.

This pattern of results poses some problems to the predictions of the LCD
model concerning the impact of letter rotation on word recognition (Dehaene et
al., 2005). Although letter detectors appear to be severely disrupted at rotation
angles of 45° or larger in the very early moments of processing, letter rotation
also has an effect for rotation angles well below 45° in the parafovea. In the three

eye fixation measures, we found a greater identity preview advantage for 15°
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than for 30° rotated previews. These findings, together with the data from Blythe
et al. (2019) with 30° rotations, suggest that the disruption caused by letter
rotations is not due to a sudden all-or-none shift at around the 40-45° boundary
posited by the LCD model. Thus, the more parsimonious account of the current
findings is that the amount of visual input reaching the letter detectors would
decrease as a function of letter rotation, as proposed by the SERIOL model (see
Whitney, 2002). This is also consistent with the increase in amplitude in ERP
components that reflect the initial contact with word-form features (e.g., N170)
even for small rotations (22.5°) of individual letters in words (Kim & Strakova,
2012). Second, while the evidence of an identity preview advantage for 45°
rotations was marginal, we found strong evidence for a null effect for 60°
rotations, thus again suggesting a gradual nature of the cost due to letter rotations
on the letter detectors of the word recognition system. Taken together, this
pattern would suggest that the identity preview advantage of rotated previews
during sentence reading is structured by rotation angle (i.e., greatest at 15°,
intermediate at 30°, marginal at 45°, and absent at 60°). Further experiments
should be conducted to test whether this pattern of results also occurs with other
manipulations (e.g., phonologically or graphemically preview-target related

words).

Importantly, one might argue that our findings are at odds with the
presence of robust masked priming effects with rotated words found by Perea et
al. (2018) and Yang and Lupker (2019). However, there are some key
methodological differences between the present and the just mentioned studies.
First, in the Perea et al. (2018) and Yang and Lupker (2019) experiments, the
whole word was rotated, whereas in the present experiment we rotated the
individual letters of the word (i.e., the manipulation was more extreme in the
present experiment). Second, in above-cited masked priming experiments: 1)
both primes and targets were presented foveally instead of parafoveal-then-
foveal as in the present study (and the quality of visual information is higher in
the fovea); and 2) both primes and the targets were presented rotated at the same
angle. In the present experiment, the previews were presented parafoveally at

different rotation angles, but the target word (as well as the rest of the sentence)
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was always presented in the canonical upright format. Thus, our participants were
reading normally oriented sentences, thus avoiding the adoption of specific
strategies that might arise when reading oriented text. To further elucidate these
apparent discrepancies, future research could examine the time course of
masked priming words with individually rotated letters (e.g., using

electrophysiological measures).

Our findings also have important implications for models of eye movement
control in reading. At present, no current models of eye movement control during
reading have explicit predictions on the processing of words composed of rotated
letters (e.g., E-Z Reader, Reichle et al., 1998; SWIFT, Engbert et al., 2005; OB1-
reader, Snell et al., 2018). This is because these models have focused on key
elements of eye movement control (e.g., when and where to fixate the eyes)
rather than on visual/sublexical/lexical processes. Our findings highlight the
necessity of expanding these models to include early processes, including the
mapping of visual information onto sublexical orthographic or phonological stages
to offer a comprehensive picture of the reading process. As an example, the E-Z
Reader model (Reichle et al., 1998, 2003) assumes that word identification is
completed in two stages, reflecting early and late lexical processing. The first
stage corresponds to the beginning of the identification of the orthographic form
of the word, whereas full lexical access is reached in the second stage. The
identity preview advantage observed in fixation durations when the letters of the
rotated preview were 15°-30° suggests that readers can complete the first stage
of lexical processing (i.e., extract abstract letter codes) even when the individual
letters of words are rotated 30° (i.e., readers are able to extract enough
information to begin programming a saccade to the next word even when that
information is extracted from a word with letters rotated 30°) (see Angele et al.,
2016, for a proposal of the mechanisms at play in parafoveal processing). As
stated earlier, the cost of processing these rotated letters would be gradual (i.e.,
the larger the rotation angle, then smaller the information acquired in the

parafovea).

In sum, skilled readers can efficiently convert parafoveal words composed

of 15°-30° rotated letters to a stable orthographic code during silent sentence

146



reading, but not when the rotation angles are 45° or above. Thus, our data are in
accordance with a gradual cost of letter rotations in the uptake of parafoveal
information as a function of rotation angle, as posited by the SERIOL model of
word recognition (Whitney, 2001, 2002). These findings should encourage the
implementation of a more detailed account of the interface between visual form
information and orthographic-lexical representations in computational models of

eye movement control during sentence reading.
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On the time course of the resilience of letter
detectors to rotations: A masked priming ERP
investigation

Abstract

A straightforward prediction of the Local Combination Detectors [LCD] model of
word recognition (Dehaene et al., 2005) is that letter rotations above 40-45°
should disrupt the mapping of the visual input onto orthographic representations.
However, the evidence supporting this claim is scarce and not conclusive. To
shed light on this issue, we conducted a masked repetition priming lexical
decision experiment while recording the participants’ EEG measures. Targets
were always presented in the standard horizontal format, and we rotated the
individual letters of the identity/unrelated primes (0°, 45°, or 90°). Behavioral and
Event-Related Potentials (ERP) results revealed that the identity priming effect
decreased as a function of letter rotation. Importantly, the ERP data allowed us
to examine in detail the time course of processing of words with rotated letters.
Amplitude comparisons showed that identity priming followed the typical course
for 0° primes (i.e., it started around 100 ms, in the visual feature encoding stage,
and strengthened with processing time). The parallel effect for 45° primes
emerged later, at around 175 ms. This pattern strongly suggests that letter
rotations at around 45° have a processing cost, thus providing evidence in favor

of the LCD model of word recognition (Dehaene et al., 2005).

Key words: letter rotation, word processing, masked priming, ERPs.
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Introduction

Learning to read allows us to become autonomous and self-developing
individuals in today’s society. On a big scale, becoming literate individuals
transforms our knowledge and views about the world. On a smaller personal
scale, it changes the very subtle cognitive and brain mechanisms that connect
visual forms with meaning. Ultimately, reading acquisition leads to building a
flexible and powerful decoding system: despite the multiple variations in the

visual form of written words (e.g., house, house, house, 0%, haus | etc.), adult

skilled readers can rapidly access their corresponding lexical-semantic
representations (see Rayner et al.,, 2012). Indeed, even briefly shown prime
stimuli with heavily distorted letters (e.g., CATCHAPs like BOYS=) produce
sizeable masked identity priming effects (see Hannagan et al., 2013). The
enormous efficiency of lexical access in adult readers demonstrates that the word
recognition system has developed some tolerance to noise and variations in the
visual form of the words’ constituent letters (see Cohen & Dehaene, 2009;
Grainger & Dufau, 2012). However, the empirical evidence on the resilience of
the word recognition system to perceptual distortion is still scarce, probably
because it entails many different elements (see Vergara-Martinez et al., 2021, for

discussion).

The main goal of the present study is to examine to what degree the visual
word recognition system is resilient to the degradation in the visual form of the
letters. Given the drawbacks of investigating the distortion of the visual form of
written text due to the many potential factors at play, we focused on a single
parameter: letter rotation. Crucially, the examination of the impact of letter
rotation in word recognition has an added value: a prominent neural-inspired
model of visual word recognition (e.g., Local Combination Detectors [LCD] model,
Dehaene et al., 2005) makes an explicit prediction on the influence of rotations
in visual word processing: “letter detectors should be disrupted by rotation (>
40°)” (Dehaene et al., 2005, p. 340). Specifically, the LCD model assumes that

the visual word recognition system shifts from the parallel encoding of letters to
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an effortful serial processing strategy for rotation angles above 40°- 45°, thus

hampering lexical processing (see Cohen et al., 2008)6.

The present research aimed to test this prediction of the LCD model. To
that end, we conducted a masked priming lexical decision task in which the
individual letters of the primes (that could be identical or unrelated to the target)
were rotated in 0°, 45°, or 90°. Importantly, we also recorded the participants’
brain electrical activity with an electroencephalogram (EEG) while doing the task.
The EEG measures allowed us to characterize the impact of letter rotation during
the time-course of lexical access. In the following lines, we first review the
relevant background of the effects of letter word rotation effects on lexical

processing. Next, we will introduce the experiment along with the predictions.

As indicated above, the tenets from the LCD model set limits to the
tolerance of the visual word recognition system regarding letter rotation in 45°,
meaning that letter rotations at around 45° or above would interfere with normal
visual word recognition. In an event-related potential (ERP) lexical decision
experiment, Kim and Strakova (2012) examined the impact of letter rotation in
visual word recognition. Participants were presented with words (and nonwords)
where individual letters were rotated 0°, 22.5°, 45°, 67.5°, or 90°. Behavioral
results showed that both response accuracy and speed decreased non-linearly
with the eccentricity of letter rotation, with the greatest drop at the 67.6° — 90°
rotation step. Electrophysiological results revealed early effects of letter rotation
in the P1 and N170 ERP components, two ERPs that mark the beginning of word-
form analysis during word recognition (i.e. P1 and N170 amplitudes are enhanced
in response to letter strings relative to nonlinguistic stimuli; Bentin et al., 1999;
Maurer et al., 2005; Rossion et al., 2003). Kim and Strakova (2012) found that
increasing letter-rotation led to monotonic increases in the P1 and N170
amplitudes up to 67.5°. However, at 90°, P1 and N170 amplitudes decreased

substantially. To explain this pattern, they suggested that moderate deviation

'8 This claim was initially inspired by a study on the generalization at recognizing isolated objects
at different orientations in macaques (Logothetis & Pauls, 1995). Of note, Cohen et al. (2008) and
Vinckier et al. (2006) interpreted their data with adult readers in light of this invariance-within-
limits prediction of the model.
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from preferred stimulus properties (less than 45°) can recruit additional
processing resources. However, deviation beyond a certain level (e.g., letter
rotations beyond 67.5°) exceeds the resiliency of the processing system, leading

to a decrease in the EEG response.

Are these results consistent with LCD predictions? As noted by Kim and
Strakova (2012), the LCD cannot readily explain why letter rotation gradually
enhance brain responses to words composed of rotated letters from 0 to 22.5°
and 45°. Kim and Strakova (2012) suggested that the additional processing
resources underlying the enhanced brain responses for these letter rotations
could imply top-down feedback (attention-driven amplification; see Qiao et al.,
2010; Vergara-Martinez et al., 2021) to low-level form processing when the letters
are presented in an unfamiliar format (i.e., rotated). That is, top-down attentional
processes would help override the disruptive effect of rotation at an abstract
orthographic processing level (see Carreiras et al., 2014). One limitation of the
procedure used by Kim and Strakova (2012) is that word response times were
not collected online but after a signal 800 ms post-target. Thus, it is not clear
whether their early ERP effects necessarily reflected a cost on lexical access (see

Perea et al., 2015, for discussion).

A more stringent test of the LCD model regarding letter rotation is to block
out the attention-driven amplification elicited by distorted stimuli presented in
isolation (Qiao et al.,, 2010; Vergara-Martinez et al., 2021). To that end, we
employed a technique that taps the very initial steps of lexical access, while also
collecting word response times. Experimental paradigms such as the parafoveal
preview technique or masked priming address this issue. Notably, several recent
studies with rotated words, using Forster and Davis’ (1984) masked priming
technique, have questioned the tenet of the LCD model regarding the 45°
threshold of the resilient of letter detectors to rotation (e.g., Benyhe & Csibri,
2021; Perea et al.,, 2018; Yang & Lupker, 2019). The rationale of these
experiments was that if letter rotations above 45° slow down the access to the
word’s orthographic representations, masked identity rotated primes would no
longer facilitate (or only to a minimal extent) target processing. However, Perea

et al. (2018) found sizeable masked priming effects with 90° rotated words (both
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identity priming and transposed-letter priming), similar to those with canonical
presented stimuli. Likewise, Yang and Lupker (2019) reported reliable
transposed-letter priming effects not only with 90° but also with 180° rotated
stimuli. While these findings demonstrate that the word recognition system is
resilient to word rotations, these experiments suffer from an interpretive issue:
the prime and the target were rotated. Thus, one might argue that participants
could have been accustomed to mentally rotating the stimuli to their canonical
disposition and then processing them as usual (see Gomez & Perea, 2014;
Whitney, 2002, for discussion).

An excellent strategy to minimize the above issue is to use a paradigm
where participants have to process an upright presented stimulus preceded by
an identity (or unrelated) stimulus (in various degrees of rotation) that is not
consciously perceived. Benyhe and Csibri (2021) followed this strategy in a
masked priming experiment in which participants were asked to read aloud target
words in their canonical orientation (0°). The targets were preceded by identical
or unrelated prime words that could be rotated in 0°, 30°, 60°, 90°, 120°, 150°
and 180°. They found significant priming effects for rotation angles until 60° when
the prime duration was 50 ms and 90° when the prime duration was 75 ms. Thus,
masked priming evidence with word rotations favors the idea that letter detectors

are resilient to rotations >45° even in the first moments of processing.

The robustness of masked priming effects to word rotations is quite
revealing. However, in the above-cited experiments, one might argue that the
cognitive system rotates the whole stimulus and then process each letter as usual
(i.e., a mental rotation; see Gomez & Perea, 2014; Whitney, 2002, for discussion).
This scenario is much less disrupting than rotating the letters that make up the
words. Keep in mind that, unlike word rotations, the rotation on a letter-by-letter
basis involves the disruption of trans-letter features (i.e., features that are larger
than letters but smaller than words; Mayall & Humphreys, 1996). Thus, the effect
of rotating the individual letters within words is a more stringent test for the
invariance-within-limits assumption of the LCD model than the rotation of the
whole words. This was the approach followed in a recent study by Fernandez-

Lépez et al. (2021). They used Rayner’s (1975) gaze-contingent boundary
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change paradigm during sentence reading. The parafoveal preview was either
identical or unrelated to the target word, and the letters of the preview were
rotated 15°, 30°, 45°, or 60°. Notably, the letters of the fixated target word and
the rest of the sentence were always in the canonical—upright—orientation.
Results showed that the advantage of the identity preview condition in eye
fixation times on the target word decreased progressively as a function of the
rotation angle (i.e., the identity advantage was sizeable for 15° and 30°, weak for
45°, and absent for 60°). Notably, at the critical boundary of the LCD model (i.e.,
45°), the advantage of the identity preview was only marginal (i.e., 5, 10, and 7
ms for first fixation duration, gaze duration, and single fixation duration,
respectively). Thus, the cost of letter rotation of parafoveal previews during
sentence reading increased as a function of rotation angle, being substantial after
45°, thus providing empirical support to the LCD model. One interpretive issue,
however, is that in the Fernandez-Lépez et al. (2021) experiment, the prime
(“preview” in the eye movement literature) was presented in the parafovea, where
the quality of the spatial information is lower than in the fovea. Hence, it is difficult
to completely ascertain whether the cost of letter rotations at 45° reflects the
system bounds on early orthographic processing or whether it reflects structural

limitations of parafoveal processing.

To thoroughly characterize the effects of individually rotated letters during
word recognition and thus test the tenets of the LCD model, we chose the masked
priming technique (Forster & Davis, 1984) in combination with the recording of
EEG measures. The reason for selecting this paradigm is twofold: (i) it taps on
the very early stages of visual word recognition, and (ii) it reflects only bottom-up
processing within the ventral stream, in the absence of attention-driven
amplification (Qiao et al.,, 2010). Furthermore, the invariance-within-limit
assumption of the LCD model can be readily tested in masked priming
experiments: letter rotations at 45° or higher would slow down orthographic
processing, decreasing masked identity priming effects. As in the Benyhe and
Csibri (2021) experiment, the targets in the present study were always presented
in the canonical upright position so that participants were unaware of prime

identity or prime rotation (Figure 1).
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Figure 1
Depiction of the masked priming task
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Thus, the main goal of the present experiment was to examine whether
readers can extract abstract orthographic representations of rotated letters during
visual-word recognition and, if so, when. Of specific interest was the scrutiny of
three ERPs associated with the processing of visual feature representations
(N/P150), abstract letter representations (N250), and lexical-semantic
representations (N400) in masked priming experiments (see Holcomb &
Grainger, 2006, 2007, for review). Starting approximately at 125 ms after the
target onset and ending by 175 ms, the N/P150 reflects the initial mapping of the
stimulus’ visual features (e.g., size, color, CASE) onto higher-level orthographic
representations. Differences in the ERP waves in this epoch depend on the
degree of overlap of coarse-grain visual features at a relatively abstract level, with
no impact of lexical factors (e.g., lexicality or word frequency). For instance, the
N/P150 component is modulated by letter case, regardless of whether the letters

of prime and target match the same orthographic representation (e.g., it is larger
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for altar-ALTAR than for ALTAR-ALTAR; Vergara-Martinez et al., 2015; see
also Petit et al., 2006). The second ERP of interest peaks around 250 ms (N250;
175-300 ms) and reflects the mapping of the orthographic units onto orthographic
word forms. The N250 component is modulated by the degree of orthographic
overlap between prime and target: its amplitude is larger to completely unrelated
pairs, moderate to almost-overlapped pairs, and most attenuated for identical
pairs (e.g., agenda-SOCIAL > soical-SOCIAL > social-SOCIAL; see
Chauncey et al., 2008; Dickson & Federmeier, 2014; Dufau et al., 2008; Pickering
& Schweinberger, 2003, for further evidence). Finally, the N400 component,
occurring approximately from 300 ms to 450 ms after stimulus onset, reflects the
mapping of word representations onto semantic representations (i.e., lexical-
semantic interactions) in long-term memory. Thus, similarly to the N250, the
N400 component is more negative to targets that are completely unrelated to their
primes, intermediate to targets that partially overlap their primes, and least
negative to targets that are complete repetitions of their primes (e.g., agenda-
SOCIAL > soical-SOCIAL > social-SOCIAL). Importantly, unlike the N250,
the N400 in masked priming is sensitive to word stimuli (but not nonword stimuli)
and has been associated the access to semantics (see Holcomb & Grainger,
2006; Kiyonaga et al., 2007).

In the present experiment, each target stimulus was preceded by a
masked prime that could be the same as the target (e.g., social-SOCIAL) or
unrelated (e.g., agenda-SOCIAL). Critically, the prime was composed of letters
rotated 0°, 45°, or 90° (see Figure 1). If, as hypothesized by the LCD model
(Dehaene et al., 2005), letter rotation above 40°-45° severely hinders the
encoding of letter detectors in the first stages of orthographic-lexical processing,
we would expect at the behavioral level: i) a sizeable identity priming effect for
the canonical 0° primes; ii) a weak/negligible effect for 45° rotated primes, and 3)
null priming effects for the more extreme 90° rotated primes. Alternatively, if the
orthographic coding system is widely tuned to rapidly process distorted stimuli
(Benyhe & Csibri, 2021; Hannagan et al., 2012; Perea et al., 2018, 2020; Yang

& Lupker, 2019), one would expect a priming effect at all rotation angles. This
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latter scenario does not exclude that priming effects could be numerically smaller

for the steeper rotations (see Fernandez-Lépez et al., 2021).

More importantly, the registration of the participants’ ERPs allowed us to
track the size and time course of the masked identity priming effect for all rotation
angles. The predictions in the framework of the LCD model are the following. We
expect the N/P150 to be sensitive to coarse perceptual changes (i.e., letter
rotation) between prime and target (see Gutierrez-Sigut et al., 2019; Vergara-
Martinez et al., 2015). In the N250 component, we would expect identity priming
effects for the 0° rotation primes. This difference would be substantially weaker
for 45° rotated primes, as letter detectors would be at the boundary to
automatically encode letter identities (Dehaene et al., 2005), and it would be
negligible for 90° rotated primes. For the N400, we can envision two scenarios.
On one side, as the N400 is sensitive to the same degree of orthographic overlap
as the N250, one could expect the same pattern of results for both components
(N250 and N400). On the other side, as the N400 reflects the access to the lexical
entry of the target, top-down lexical feedback could override the disruption of
prime letter rotation (see Carreiras et al., 2014; Vergara-Martinez et al., 2021). In
this latter scenario, one can expect that top-down processes may facilitate the
encoding of the rotated primes, thus leading to priming effects also with rotated

primes—this may be more pronounced for the less disruptive 45° rotated primes.

The alternative hypothesis to the LCD predictions entails that letter
detectors could quickly overcome the constraints imposed by rotation early in
processing, similar to the rotation of whole words (Benyhe & Csibri, 2021; Perea
et al., 2018, 2020; Yang & Lupker, 2019). In this case, one would expect sizeable
identity priming effects in the N250 and N400 components at all rotation angles.
This latter outcome would reflect that participants can rapidly integrate the
abstract orthographic representations of the primes into the targets regardless of

the rotation of the individual letters of the primes.
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Method

Participants

A group of 26 (20 females) undergraduate university students participated in the
study for course credit. Ages ranged from 19 to 30 years (M = 21.57, SD = 3.42).
All participants were native Spanish speakers with no neurological or psychiatric
impairment history and normal or corrected-to-normal vision. In addition, all
participants were right-handed, as assessed with a Spanish version of the
Edinburgh Handedness Inventory (Oldfield, 1971). This study was approved by
the Experimental Research Ethics Committee of the University of Valéncia.

Before starting the experiment, all participants signed an informed consent form.

Materials

We selected 240 target words of five and six letters from the EsPal subtitle-based
database in Spanish (Duchon et al.,, 2013). The mean frequency was 122
occurrences per million (range: 0.5 — 1352)—this corresponded to an average
Zipf frequency of 4.83 (range: 2.65—6.13; van Heuven et al., 2014). The mean
orthographic Levenshtein distance 20 (OLD20; Yarkoni et al., 2008) was 1.50
(range: 1—2). We also created 240 nonwords as foils using Wuggy (Keuleers &
Brysbaert, 2010). To act as primes, we employed the same stimuli selected for
targets. Each target stimulus, presented in lowercase, was preceded by an
uppercase prime that could be (a) the same as the target, or (b) an unrelated
stimulus; the prime could also be rotated in (a) 0°, (b) 45° and (c) 90°. As in
previous masked priming experiments, the unrelated primes for word targets
were words and the unrelated primes for nonword foils were nonwords—note that
the lexical status of the unrelated primes does not affect lexical processing (see
Fernadndez-Lopez et al., 2019). Importantly, in the typical scenario of masked
priming lexical decision, the prime is presented in lowercase and the target is
presented in uppercase. Nevertheless, to avoid binding and mix-up with the
rotated letters (i.e., a rotated b can be confused with a p or a q), we rotated letters
in uppercase words. To include the six priming conditions across all target words,

we created six counterbalanced lists of materials in a Latin square manner (i.e.,
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each target appeared once in each list, each time in a different priming condition).
Different participants were assigned randomly to each list. To have the
participants familiarized with the task, the 480-trial experimental phase (i.e., 40
items per condition) was preceded by a short practice composed of 12 trials (6-
word trials and 6-nonword trials) with the same characteristics as the

experimental trials. These practice trials were not included in the analyses.

Procedure

Participants sat comfortably in a dimly lit and sound-attenuated room. All stimuli
were presented on a high-resolution monitor positioned slightly below the eye
level, 85-90 cm in front of the participant. The size of the stimuli and distance
from the screen allowed for a visual angle of fewer than 5 degrees horizontally.
Stimuli were presented in white Consolas font against a dark-gray background.
The primes were presented in uppercase and 20-pt of size, whereas both targets
and the mask were presented in lowercase and 36-pt. Stimulus display was

controlled by Presentation software (Neurobehavioral Systems).

In each trial, a pattern mask (i.e., a series of # signs that matched the
length of the target item) was displayed for 500 ms in the center of the computer
screen. An uppercase prime replaced the mask in the same spatial location for
50 ms, which was replaced by a lowercase target stimulus that remained in the
screen for 500 ms. After participants’ response (within an interval of 2 seconds
following target presentation), there was a blank screen of random duration
between 900 and 1,500 ms. Participants were asked to decide whether the target
stimulus was a Spanish word or not by pressing the “yes” or the “no” key. Both
speed and precision were stressed in the instructions. To minimize participant-
generated artifacts in the EEG signal during the presentation of the experimental
stimuli, participants were asked to refrain from blinking and moving from the onset
of each trial to the set-up period after response. Instructions did not mention the
existence of any uppercase stimuli. Every 30 trials, there was a brief pause for
resting and impedance checking. The hand used for each response was

balanced across participants. Lexical decision times were measured from target
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onset until the participant’s response. Participants did not receive feedback on
reaction times or error rates during the experiment. The order of the trials was
randomized for each participant. The whole session, including set up, lasted

approximately 1 hour and 30 minutes.

EEG recording analysis

The electroencephalogram (EEG) was recorded from 29 Ag/ AgCI electrodes
mounted in an elastic cap (EASYCAP GmbH, Herrsching, Germany). These
electrodes were referenced to the right mastoid and re-referenced off-line to the
averaged signal from two electrodes placed on the left and right mastoids. Eye
movements and blinks were monitored with electrodes providing bipolar
recordings of the horizontal and vertical (over the left eye) electrooculogram
(EOG). The EEG recording was amplified and bandpass filtered between 0.01—
100 Hz with a sampling rate of 250 Hz by a BrainAmp amplifier (Brain Products,
GmbH, Gilching, Germany). An off-line bandpass filter between 0.01 and 20 Hz
was applied to the EEG signal. Impedances were kept below 5 kQ during the
recording session. Epochs of the EEG corresponding to 200 ms pre- to 600 ms
post-target onset were analyzed. Baseline correction was performed using the
average EEG activity in the 200 ms preceding the onset of the target stimuli.
Following baseline correction, trials with muscle activity, eye movements, or blink
activity were rejected (8.95%). Trials with incorrect lexical decision responses
(3.32%) were neither included in the average ERPs. All participants had a
minimum of 30 acceptable correct trials per condition'” (ID-0°: M = 36, SD = 2.6;
ID-45°: M = 35, SD = 2.3; ID-90°: M = 35, SD = 2.4; UN-0°: M = 35, SD = 2.3;
UN-45°: M = 35, SD = 2.6; UN-90°: M = 35, SD = 2.6). ERPs were averaged
separately for each of the experimental conditions, each of the subjects, and each

of the electrode sites. We exclusively focused on the word trials because masked

7 To increase the signal-to-noise ratio in four subjects with a large number of eyeblinks, we
applied the independent component analysis procedure to correct eye blinks using the Infomax
algorithm (Jung et al., 2000).

160



priming effects for nonword trials in the lexical decision task tend to be unreliable
(see Carreiras et al., 2009; Gutiérrez-Sigut et al., 2019)8.

Statistical analyses were performed on the mean amplitude of three
contiguous time windows (100-150 ms; 175-300 ms; 300-450 ms). This was done
for the six experimental conditions defined by the combination of the factors
Prime-Target Relation (identity, unrelated) and Rotation angle (0°, 45°, 90°). The
selection of these epochs was motivated by our aim to track the time course of
the potential differences between experimental conditions and was based on
previous studies (Carreiras et al., 2007; Holcomb & Grainger, 2006; Grainger &
Holcomb, 2009; Vergara-Martinez et al., 2015). Following a similar strategy in the
related literature (e.g., Vergara-Martinez et al., 2020), we analyzed the
topographical distribution of the ERP results by including the averaged amplitude
values across three electrodes of nine representative scalp areas that result from
the factorial combination of the Laterality (left, central, right) and Distribution
(anterior, medial, posterior): left-anterior (FP1, F7, F3), left-medial (FC5, T7, C3),
left-posterior (CP3, P7, P3), central-anterior (FZ, FC1, FC2), central-medial (CZ,
CP1, CP2), central-posterior (PZ, O1, O2), right-anterior (FP2, F8, F4), right-
medial (FC6, T8, C4); and right-posterior (CP6, P8, P4; Figure 2). For each time
window, a separate repeated-measures analysis of variance (ANOVA) was
performed, including the factors Laterality, Distribution, Rotation angle, and
prime-target Relation. In all analyses, List (List 1, List 2, List 3, List 4, List 5, and
List 6) was included as a between-subjects factor to extract the variance due to
the counterbalanced lists (Pollatsek & Well, 1995). Critical values were adjusted
using the Greenhouse and Geisser (1959) correction for violation of the
assumption of sphericity. The effects of Laterality or Distribution are reported
when they interact with the experimental manipulations. Interactions between

factors were followed up with simple-effect tests.

18 Indeed, as shown in Table 1, the size of the behavioral priming effect was minimal (e.g., 6 ms
for 0° and 90° primes and 1 ms for 45° primes).
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Figure 2

Schematic representation of the electrode montage and the channels included in
statistical analyses.

Results

Behavioral Results

For the inferential analyses, we employed linear mixed-effects (LME)
models in R (R Core Team, 2021) using the Ime4 (Bates et al., 2015, 2019)
ImerTest (Kuznetsova et al., 2016) and car (Fox & Weisberg, 2019) packages.
The models included two fixed factors: (1) prime-target relation (identity,
unrelated) and (2) prime rotation angle (0°, 45°, and 90°). Error responses and
very short RTs (less than 250 ms: 2 responses) were excluded from the RT
analyses. The mean correct RTs and the accuracy in each condition are
presented in Table 1. There were 11,762 observations. Because of the normality
assumption required by LME analyses, the raw RTs were inverse-transformed
(-1000/RT). For the accuracy analyses, the responses were coded as binary
values (1 = correct, 0 = incorrect), and we used the glmer function in the Ime4
package. There were 12,480 observations. For both latency and accuracy

analyses, we chose the maximal random effects model whose structure
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converged'®. The p-values for each main factor and the interactions were
calculated using Wald x?tests. In case of a significant interaction, we computed
the effect of prime-target relation for each rotation angle with the emmeans
package (Lenth et al., 2020).

Table 1

Mean correct response times (in ms) and accuracy (in brackets) for words

Prime rotation

0° 45° 90°
Identity 578 (97.8) 597 (96.2) 605 (96.2)
Prime-target
relation Unrelated 618 (96.9) 624 (96.4) 613 (96.4)
Priming effect
40 (0.9) 27 (0.2) 8(0.2)

(Unrelated — Identity)

Note: Priming effects for pseudowords were negligible (-6, 1, and 6 ms, for the 0°, 45°, and 90° primes,
respectively).

Latency analyses. We found main effects of prime-target relation [x2(1) = 37.734,
p < .001] and angle [x3(1) = 26.345, p < .001]. More importantly, the two factors
interacted significantly [x3(2) = 31.537, p < .001]. This interaction reflected that
identity priming was significant for 0° primes (40 ms; 578 vs. 618 ms for identity
and unrelated conditions, respectively; t = -7.357, p <.001) and 45° primes (27
ms; 597 vs. 624 ms for identity and unrelated conditions, respectively; t =-4.977,
p<.001). In contrast, when the primes were rotated in 90°, there was only a non-
significant 8-ms priming effect (8 ms; 605 vs. 613 ms, respectively; Il < 1, p =
64).

Accuracy analyses. None of the factors or interactions approached significance
(all ps > .2083).

19 The maximal random effects models that converged were 1mer(-1000/RT ~ angle*relation +
(1+relationlsubject) + (1+relationlitem) and glmer(accuracy ~ angle*relation + (1llsubject)
+ (1litem)
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In sum, the latency data revealed that responses were faster for identity
primes than for unrelated primes and, crucially, this difference was modulated by
the rotation angle of the prime letters: it decreased as a function of rotations (0°
[40 ms] > 45° [27 ms] > 90° [8 ms]).

ERP results

Figure 3

Grand average event-related potentials to words in the masked priming identity and
unrelated conditions, for each word-letter rotation condition, in six representative
electrodes of the areas of interest

F3 Y% F4 [\

P3 uv P4 uv

A

— [dentity 0° ~ mmmas Unrelated 0°
= [dentity 45° ~ ===== Unrelated 45°
e [dentity 90° ===== Unrelated 90°

Note. Electrodes O1 and O2 show the negative counterpart of the N/P150. Color bars indicate the three
time epochs under analysis.

Figure 3 shows the ERP waves for related and unrelated prime-target word pairs
in six representative electrodes. Around 100 ms post-stimuli and over frontal
electrodes, larger positive values are elicited by the 0° primes than for the 45°

and 90° primes—this effect is inverted in the occipital electrodes (N/P150). For
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the 0° primes, differences in amplitude between the identity and unrelated pairs
start around 100 ms. This difference increases and peaks maximum of around
400 ms. For the condition with 45° rotation primes, the difference between identity
and unrelated primes emerges later, around 200 ms of processing, and reaches
its peak around 400 ms. Finally, for the 90° condition, there is no difference in
amplitude between the identity and unrelated pairs. The evolution of the masked
identity prime for each prime rotation is deployed in Figure 4. Below, we describe

the results of the ANOVA for each time epoch.

Figure 4

Topographic distribution of the masked identity priming effect in the three time windows
of the analysis.

100-150 ms 175-300 ms 300-450 ms

0° of rotation

I 1.80pv
|

45° of rotation

I-1.80 W

90° of rotation

Identity priming effect across letter rotation
Note. The priming effect was calculated as the difference in voltage amplitude between the event-related

potential responses to identity vs. unrelated priming, for word targets preceded by each type of prime (0°
rotation, 45° rotation, 90° rotation)

100- to 150 ms epoch. The ANOVA showed a main effect of rotation angle (F[2,
40] = 4.37, p = .020) that was modulated by the interaction with distribution (F4,

80] = 10.892, p <.001). In frontal areas, larger positive values were observed for
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the 0° primes compared to 45° primes (Ao — Asse = 1.246; F[1, 20] = 19.94, p
< .001) and 90° primes (Ao°— Ago= 1.009; F[1, 20] = 9.76, p = .005). In medial
areas, we found the same pattern of data: larger positive values were observed
for the 0° primes compared to 45° primes (Ao- — As4se = 0.902; F[1, 20] = 16.25, p
=.001) and 90° primes (Ao-— Ago>= 0.725; F[1, 20] = 9, p = .007); in both cases,
there were no differences between 45° and 90° primes (both Fs < 1). The
interaction between rotation, angle and relation reached significance in frontal
and medial regions of the scalp (F[4, 80]= 3.301, p = .050): we found differences
between identity and unrelated pairs that were restricted to 0° primes (Aipoc —
Aunoe = 1.045 in anterior areas; F[1, 20]= 8.06, p = .010; Aipoc — Aunoe = 0.752 in
medial areas ; F[1, 20]= 5.17, p = .028).

175- to 300 ms epoch. The ANOVA showed an effect of rotation angle that was
modulated by laterality and distribution (F[8, 160] = 4.62, p = .001), a main effect
of relation [F(1, 20) = 4.90, p = .039] and, more importantly, an interaction
between rotation angle and relation (F[2, 40] =5.29, p=.011). Regarding rotation,
we found differences in amplitude between 0° and 45° primes in right-posterior
regions (F[1, 20] = 5.95, p = .024) and between 45° and 90° primes in medial-
anterior regions (F[1, 20] = 5.49, p = .029). Regarding the interaction between
rotation angle and relation, for the 0° primes, we found larger positive values for
identity than for unrelated pairs (Aibos — Aunos = 1.142; F[1, 20] = 12.90, p = .002).
The difference between identity and unrelated pairs decreased for 45° primes
(Aipas> — Aunase = 0.768; F[1, 20] = 5.03, p = .036) and was absent for 90° primes
(Aipgo° — Aungoe = -0.354; F< 1).

300- to 450-ms epoch. The ANOVA showed a main effect of rotation angle (F[2,
40]=7.91, p=.002), a main effect of relation (F[1, 20] = 11.74, p=.003), and an
interaction between relation and rotation angle (F[2, 40] = 5.337, p = .010).
Regarding rotation angle, follow-up analyses showed significant differences,
restricted to identity pairs between 0° and 90° primes (F[1, 20] =21.61, p<.001),
and between 45° and 90° primes (F[1, 20] = 26.69, p < .001)—we did not find any
differences between 0° and 45° primes (F < 1). Regarding relation, the largest

difference in amplitude between identity and unrelated pairs was obtained for the
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0° primes (Aiboc — Aunoe = 1.345; A1, 20] = 17.672, p <.001). This difference was
attenuated for the 45° primes (Aipase — Aunase = 0.920; F[1, 20] = 7.343, p =.013),
and absent for 90° primes (Aipgo-— Aungoe = 0.202; F < 1]).

The time-course and size of the effects under study can be summarized
as follows. First, the largest impact of rotation angle was observed in the N/P150,
with the standard 0° prime orientation diverging from each two consecutive
rotation angles. However, by 400 ms of target processing, brain responses for
90° rotated primes were the only ones that diverged from the canonical 0° and
the 45° conditions. The effect of prime-target relation emerged by 150 ms for the
standard prime orientation (0°). Importantly, the identity priming for 0° primes
followed the natural course (i.e., it began around 100-150 ms and strengthened
in the following processing stages). In contrast, the emergence of the priming
effect for 45° primes was delayed, with its size also being reduced (i.e., it
emerged around 170-300 ms and it was weaker than for the 0° primes). For 90°

primes, the identity priming effect was absent in all components.

To sum up, the behavioral data showed that the masked identity priming
effects were modulated by the rotation angle of the individual letters of the prime:
it was strongest at 0° rotation angle (40 ms), decreased at the 45° rotation angle
(27 ms), and vanished at the 90° rotation angle (8 ms). The ERP data showed an
overall effect of rotation angle in the component associated with visual coarse
feature encoding (N/P150): the amplitude was larger for the 0° primes than for
the rotated primes (45° and 90°). Regarding masked identity priming, for the 0°
primes, we already found effects in the N/P150 that substantially increased in the
N250 and N400. For the 45° primes, the priming effect emerged later, in the
N250, and increased in the N400—its size was weaker than for the 0° primes.
Finally, the 90° primes did not produce identity priming in any ERP components.
Thus, the present experiment revealed consistent and complementary findings
on how letter-rotation affects masked identity priming in behavioral and

electrophysiological measures.
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Discussion

In the present ERP masked priming study, we examined the resilience of letter
detectors to visual distortion via letter rotation. The LCD model (Dehaene et al.,
2005), one of the leading neurally-inspired models of word recognition, posits that
the letter detectors that convert the perceptual input into the abstract
representation of letters would be severely hindered by letter rotations by around
40-45°. However, recent research using whole word rotations has questioned this
claim. To shed light on this prediction with a more stringent scenario, we
examined the temporal course of the effect of rotation of the words’ constituent
letters—instead of the whole words— in a masked identity priming paradigm (i.e.,
identity vs. unrelated primes; see Figure 1). The behavioral data showed that
masked identity priming was modulated by letter rotation: it was strongest for the
0° primes (40 ms), decreased for the 45° primes (27 ms), and it was negligible

for the 90° primes (8 ms).

More importantly, the ERP data revealed more fine-grained evidence of
this pattern. First, in the N/P150, we found an overall effect of rotation consistency
between prime and target, a result in line with previous findings (Vergara-
Martinez et al., 2015; Gutierrez-Sigut et al., 2019; Petit et al., 2007) —note that
neural activity at this stage of processing mainly deals with coarse physical
features for the stimuli. Importantly, we also obtained a prime-target relation
effect, but only when prime and target shared orientation (i.e., 0°). This pattern
suggests that: (i) letter-form feature detectors are engaged very quickly during
word processing, and (ii) the cost of letter rotation occurs very early, in a visual

feature encoding stage.

In the N250 time window, we found differences between 0° and 45°
primes, and 45° and 90° primes. More importantly, identity priming interacted
significantly with prime rotation: The impact of primes on target processing was
substantial for 0° primes. Moreover, identity priming effects were significant
(although weaker) for 45° primes, whereas they were absent for 90° primes.
Thus, at this point of processing, the ERP results were parallel to the behavioral

data: identity priming was greatest for the 0° primes, reduced for 45° primes, and
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null for 90° primes. Importantly, this pattern of ERPs data is consistent with the
idea that, at this processing stage, letter size and shape invariance has already
been achieved (Chauncey et al., 2008; Grainger & Holcomb, 2009).
Nevertheless, the small identity priming effects for the 45° rotated primes (and
the absence of priming for the 90° primes) in this time window offer evidence of
the limited tolerance of letter detectors to rotation angle. In the first stages of
visual-word recognition, the abstract orthographic representations of the primes
are integrated with target processing, preferably if a coarse visual feature such
as letter orientation is preserved. When the prime stimuli are presented in 0° (i.e.,
canonical orientation), the letter detectors of the following—identical—target are
pre-activated, thus facilitating its processing. However, when the primes are
presented in 45° or 90°, and the target in 0°, the pre-activation of the letter
detectors decreases as a function of the orientation inconsistency between the
prime and target letters. Thus, in this scenario, the processing of the identical

target would be hindered.

Notably, the picture changes by 300-400 ms post-stimuli. We found no
overall differences between 0° and 45° primes, but we found differences between
0° vs. 90° and 45° vs. 90°. More importantly, in the N400 window, larger identity
priming occurred not only when the letters of the prime were presented at 0° but
also—although to a lesser degree—when they were rotated 45°. This pattern
suggests that the processing of the stimuli when the primes were presented at 0°
followed the typical course (e.g., Vergara-Martinez et al., 2015). In contrast, the
integration of orthographic information with 45° primes emerges later in
processing. Thus, = 45° rotated letters may need additional processing
resources, such as top-down lexical mechanisms to help integrate the
representations of primes and targets (see Benyhe & Csibri, 2020; Kim &
Strakova, 2012; Vergara-Martinez et al., 2021)20.

20 Parallel ANOVAs run on the ERPs for pseudoword targets revealed similar N/P150 effects of
letter rotation to word targets (F[2, 50] = 4.78, p = .018; Distribution x Rotation: F[2, 50] =
14.6317.83, p < .001). Simple comparisons revealed significant differences between 0° and 45°
over frontal (F[2, 40] = 12.35, p=.002) and central scalp areas (F2, 40] = 6.12, p=.022). However,
no effects of identity priming were observed in the time-epochs under study.
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These findings are consistent with the findings reported by Kim and
Strakova (2012) in an unprimed lexical decision experiment. They obtained
increased amplitudes in early time windows (P1 and N170) for 45° words relative
to the canonical 0°, thus suggesting a cost in the initial moments of word-form
analyses. Moreover, the present findings extend the results from the study
conducted by Fernandez-Lopez et al. (2020) with parafoveal primes during
sentence reading. They showed that skilled readers can efficiently convert
parafoveal words composed of rotated letters to a stable orthographic code only
when the rotation is < 45°. Altogether, this pattern of results offers empirical
support to the assumption of the LCD model (Dehaene et al., 2005) that letter
detectors are hindered by letter rotation during the initial moments of processing
for angles around 45°. Importantly, although it is beyond the scope of the present
study, further work should directly examine the apparent discrepancies between
the effects from the rotations of words as a whole (e.g., see Benyhe & Csibri,

2020) and the rotations of the individual letters within words.

In sum, the present masked priming study is the first to assess the
electrophysiological brain signature of distortion in one single parameter, namely,
letter orientation, during the early stages of word processing. Our results suggest
that, during visual word recognition, participants can integrate the information
from the primes composed of rotated letters up to 45°. However, this comes with
a cost: the magnitude of the masked identity priming effects with 45° primes was
noticeably smaller than with 0° primes in behavioral and ERP measures.
Moreover, the fact that identity priming for 45° primes was weak in the N250
component suggests that rotations hampered the initial letter encoding and
access to abstract representations (i.e., letter rotation impeded the automatic
integration of the orthographic representation of the masked primes with the
targets). Hence, our findings strongly suggest that the word processing system
cannot easily handle letter rotations at around 45° or above, thus providing
evidence supporting the predictions of the LCD model of word recognition
(Dehaene et al., 2005).
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Letter rotations: Through the Magnitying Glass
and What Evidence Found There

Abstract

Expert readers have a wide tolerance for distortions of the letters that make up a
word. Nevertheless, the limits of this invariance are still under debate. To
scrutinize this issue, we focused on a single parameter, letter rotation, as it serves
to disentangle the predictions from neural-inspired models of word recognition.
Whereas the Local-Combination-Detector (LCD) model predicts invariance up to
45°, the SERIOL model predicts a linear cost until 60°. To test these predictions,
Experiments 1 and 2 employed four rotation angles (0°, 22.5°, 45°, 67.5°) in
lexical decision and semantic categorization. The cost was minimal at 22.5°,
sizeable at 45°, and considerably large at 67.5°. In Experiment 3, we focused on
four moderate rotation angles (<45°). We found a gradual reading cost that
increased at 45°. Thus, while there is a resilience limit around 45° favouring LCD,

less steep angles also produce a reading cost, backing the SERIOL model.

Key words: letter rotation; word frequency; lexical decision; semantic

categorization
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Introduction

One of the most remarkable skills of expert readers is their ability to quickly
identify words despite their multiple variations in physical appearance. Indeed,
heavily distorted words are used to differentiate between human and computer-
based character extraction (e.g., W“ see Hannagan et al., 2012, for
evidence). Thus, it is not surprising that all leading models of visual-word
recognition in alphabetical languages assume that the variations from the

perceptual signal (e.g., rabbit, rabbift; rabbit, rabsit, RABBIT) are distilled into

an abstract representation during the earliest moments of processing. In these
models, the elements responsible for accessing lexical memory are layers of

abstract letter detectors (e.g., rabbit and rabbit would activate the same

abstract letter units; see Grainger, 2018, for review).

The main goal of this paper is to examine to what degree the letter
detectors in the word recognition system tolerate the degradation of the sensory
input during lexical access. Given that the distortion of the physical signal of
written text occurs along many different dimensions (i.e., all forms of lbQd
penmanship can be bad in their own way), in this article, we focused on a single
parameter of distortion: letter rotation. This decision has an added advantage:
several neurally-inspired models of visual-word recognition (e.g., Local
Combination Detector [LCD] model; Dehaene et al., 2005; Serial Encoding
Regulated by Inputs to Oscillations within Letter units [SERIOL] model, Whitney,
2001) make precise claims on the impact of rotation angle on the resilience of
letter detectors during word processing. In the following paragraphs, we offer a
short overview of these two models, then we review the existing literature, and

finally, we present a rationale for the three experiments reported in the paper.

The LCD model, postulated by Dehaene et al. (2005), is a hierarchical
neurally-inspired model that explains word recognition via a series of local
combinations of detectors that are sensitive to increasingly larger fragments of

words, from shape fragments to complete words (see Figure 1 in Dehaene et al.,
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2005). Crucially, at the level in which abstract representations of letters are
recognized, the detectors are invariant to changes in size or format (i.e.,aAa A
and a share the same abstract units). Nevertheless, the model postulated that
letter rotation hinders the normal mapping of the letter features: “letter detectors
should be disrupted by rotation (> 40°)” (Dehaene et al.,, 2005, p. 340).
Specifically, the LCD model assumes that the visual word recognition system
moves from the parallel encoding of letters to an effortful serial processing
strategy for rotation angles above 40°-45°. Notably, it is assumed that rotation
angles below that boundary would induce “no measurable cost” (Vinckier et al.,
2006, p. 2006; see also Cohen et al., 2008).

The SERIOL model (Whitney, 2001) is a theoretical framework that
describes how word recognition is achieved via a series of processing layers.
Specifically, the process of abstract letter identification depends on the activation
of the nodes representing each letter, and this activation depends on the input
provided by the letter feature level. The SERIOL model assumes that when the
letters are rotated, the sensory input activates less the letter nodes, thus
producing a reading cost as a function of rotation angles (i.e., degradation
increases and the input decreases). Importantly, whereas this cost would be
relatively small for moderate rotation angles, Whitney (2002) assumed that there
would be a threshold at around 60° of rotation above which the input levels would
not be sufficient to encode the word constituent letters automatically. Specifically,
rotation angles above 60° would require extra top-down attentional processing
(e.g., via activation in parietal areas in the brain) to guide a more letter-by-letter
encoding. In this latter scenario, there would be a substantial delay in lexical

access.

Although the LCD and SERIOL models share several principles
concerning the role of rotation angle during word recognition, they vary in two
crucial aspects. First, the boundary for the resilience of abstract letter detectors
is lower in the LCD model than in the SERIOL model (around 45° vs. 60°,
respectively). Second, in the LCD model, abstract letter detectors are assumed
to be unaffected by moderate rotation angles (less than 40°-45°; an “invariance-

with-limits perspective”, Kim & Strakova, 2012). In contrast, the SERIOL model
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predicts a gradual, increased cost as a function of rotation angle up to the

boundary level of 60°.

In the present experiments, we aimed to disentangle the predictions of
these models. Importantly, our interest is in the rotation of individual letters within
words rather than the rotation of the whole word. The reason is that when a word
is rotated as a whole, readers could rotate the entire stimulus to the canonical
position and then process it as usual (i.e., one movement of mental rotation; see
Whitney, 2002; Gémez & Perea, 2014, for discussion). Indeed, recent research
has repeatedly shown that the rotation of the whole word produces sizable
masked identity priming even at angles of 90° or greater (see Benyhe & Csibri,
2021; Perea et al., 2018; Yang & Lupker, 2019). By contrast, the rotation of the
individual letters within a word involves the disruption of trans-letter features (i.e.,
features that are larger than letters but smaller than words; Mayall & Humphreys,
1996). Thus, the effect letter-by-letter word rotation represents a more stringent
test of the LCD and SERIOL models than whole-word rotation.

Somewhat surprisingly, only a few studies have directly examined the
claims of the LCD and SERIOL models concerning the resilience of letter
detectors to the rotation of individual letters. One of the exceptions is the study
conducted by Kim and Strakova (2012). They recorded the event-related
potentials (ERP) during a lexical decision task (i.e., a word vs. nonword
discrimination task). The items’ letters were presented in 0°, 22.5°, 45°, 67.5°, or
90°, and each word/nonword was presented for 200 ms. Kim and Strakova
focused on two early time windows (P1 [95-125 ms] and N170 [160-225 ms]).
When considering the peak latencies, they found that angle rotation produced a
linear increase on both P1 and N170 components. When considering amplitudes,
they found a quadratic component of angle rotation for the P1 component: a rise
between 0° and 22.5°, which remained stable until 67.5°, and then a decrease in
amplitude at the 90° rotation. For the N170 component, they considered sub-
windows. In the 160—190 ms interval, they found both an increase in linear and
quadratic components from 0°-22.5° and 22.5°-45°, stable from 45°-67.5°, and a
decrease from 67.5°-90°. In the 195-225 ms interval, they found a linear increase

in all consecutive rotation angles.
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Kim and Strakova (2013) concluded that the increased amplitudes and
delayed peaks with relatively moderate rotation angles (i.e., well below 45°)
posed problems for the LCD model. However, a potential interpretive issue from
the Kim and Strakova (2013) experiment is that, to reduce the motor artifacts in
the ERP signal, lexical decision responses had to be made after a cue presented
850 ms after the disappearance of the target. Therefore, they did not record a
direct measure of the impact of letter rotation on the speed of lexical access; in
other words, we cannot know whether the rotation effects are encapsulated in the
encoding process, or instead, they cascade into the lexical processes. Indeed,
they found remarkably similar word response times for 0° and 67.5° rotations.
Thus, the effect of letter rotations in the ERPs at moderate angles (e.g., 22.5°)
might be accounted for by changes in the visual appearance rather than a delay

in lexical access (see Perea et al., 2015, for discussion).

In a more recent study, Blythe et al. (2019) measured participants’ eye
movements when reading sentences in which the individual letters within words
were rotated (30°, 60°) or not. They found an overall reading cost on sentence
reading for the words with 30° letters and an even larger one for the words with
60° letters. They also examined whether rotation angle interacted with word
frequency by embedding a high- vs. low-frequency target word in each sentence.
Their logic was that if rotation angle affected lexical processing, one would expect
an interaction (i.e., greater word-frequency effects for the more degraded, 60°
words). Results showed additive effects of rotation angle and word-frequency in
the first-fixation duration on the target word (30° < 60°; high-frequency < low-
frequency; i.e., the magnitude of word frequency effects was relatively consistent
across all manipulations on these duration measures). Instead, gaze durations
(i.e., the sum of fixation durations before leaving the target word) and total fixation
durations (i.e., the sum of all fixations in the target word) showed an interaction
between the two factors. Compared to the canonical 0° condition, the difference
between high- and low-frequency target words increased in the 30° condition and

even more in the 60° condition.

As reading was impaired even by relatively small rotations (i.e., 30°),

Blythe et al. (2019) concluded that rotations hamper letter detectors at angles
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below 45° during sentence reading and, as a result, the LCD predictions
concerning letter rotations should be revised. Indeed, the gradual cost of letter
rotation fits better with the SERIOL model. Nevertheless, the experiment
conducted by Blythe et al. (2019) does not inform us as to whether the effect of
letter rotation occurs in the first moments of processing (i.e., as posited by the
LCD and SERIOL models) or at a later point during the integration processes—
note that participants could have adjusted their eye movement pattern to the

rotation angle of the sentences.

To shed light on this latter issue, Fernandez-Lopez et al. (2021) conducted
a parafoveal preview experiment using Rayner’s (1975) gaze-contingent
boundary change paradigm during sentence reading. Crucially, the letters of the
fixated target word and the rest of the sentence were in the upright orientation.
The parafoveal preview was either identical or unrelated to the target word, and
its letters were rotated 15°, 30°, 45°, or 60°. Results showed that the advantage
of the identity preview condition in eye fixation times on the target word decreased
progressively as a function of the rotation angle: the identity advantage was
sizeable for 15° and 30°, weak for 45°, and absent for 60° (e.g., the benefit in
single fixation durations was 26 ms, 13 ms, 7 ms, and 3 ms, respectively). Thus,
the cost of letter rotation of parafoveal previews during sentence reading
increased as a function of rotation angle, being substantial after 45°, providing
empirical support to the LCD model. However, Fernandez-Lopez et al. (2021)
measured the effects of the preview-on-target integration rather than directly
measuring the impact of the rotation angle on eye movement measures.
Furthermore, the previews were presented in the parafovea, where the quality of
the spatial information is lower than in the fovea. As a result, it is difficult to
completely ascertain whether the cost of letter rotations at 45° or above reflects
the system bounds on early orthographic processing in a standard foveal

scenario or whether it reflects structural limitations of parafoveal processing.

Taken together, previous research has shown that although there is a
boundary beyond which processing words with rotated letters becomes effortful,
relatively small rotation angles may also produce some reading cost. Although

some of these findings favor the SERIOL model (e.g., a gradual cost of the
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transpositions at rotation angles less than 40-45°), the evidence is scarce and
subject to alternative interpretations (e.g., a modulation in early ERPs does not
imply a cost in lexical access; see Vergara-Martinez et al., 2015, for discussion).
Furthermore, the evidence on the existence of a specific boundary that critically
hampers the workings of letter detectors and consequent word recognition is not
conclusive either. Crucially, a limiting issue in most of the previous experiments
on this issue was the lack of a lexical factor in their design—the exception was
Blythe et al. (2019). As a result, it is complicated to ascertain whether the impact
of letter rotation is perceptual (visually) or linguistically mediated. To infer the
effect of letter rotation on lexical processing, we did include word frequency as a

factor in the experiments.

In the present study, we conducted three experiments that examined in
detail the cost of one type of perceptual degradation (letter rotation) on lexical
access. In Experiment 1, we conducted a lexical decision experiment with high-
and low-frequency words using rotation angles of 0°, 22.5°, 45°, and 67.5°. The
manipulation of word-frequency allowed us to examine whether the impact of
letter rotation is on an early encoding phase (i.e., additive effects of rotation angle
and word-frequency), or whether its impact also carries on to subsequent lexical
processing (i.e., more frequent words would be less affected by steeper rotations
because of top-down lexical feedback). Experiment 2 was parallel to Experiment
1, except that we used a task that directly taps onto the access to lexical-semantic
memory: semantic categorization (i.e., asking participants whether the presented
item referred to an animal name or not). Notably, the use of different tasks in
Experiment 1 (lexical decision) and Experiment 2 (semantic categorization)
allowed us to explore whether the effect of angle rotation varies across tasks that
tap into different processes. Finally, Experiment 3 was designed to examine in
detail the effect of rotation angle in the region of 45° and below (i.e., 22.5°, 30°,
37.5°, and 45°), as this is the threshold boundary proposed by the LCD model.

We can envision three scenarios concerning Experiment 1 (lexical
decision task). First, if there is a gradual, purely linear increment in the word
response times across the various rotation angles (0°, 22.5°, 45°, and 67.5°), it

would pose problems for both LCD and SERIOL models. Second, if word

177



response times are similar for the 0° and 22.5° rotation angles and then there is
a dramatic increase at the 45° and 67.5° rotation angles, this outcome would
favor the predictions of the LCD model. Third, a linear increase in word
recognition times at the 0°, 22.5°, and 45° angles, and then a dramatic increase
at the 67.5° angle, would favor the predictions of the SERIOL model. In addition,
an interaction between rotation angle and word frequency would suggest that the
effect of rotation angle spilled over lexical processes. In this latter scenario, top-
down processes from the lexical level from high-frequency words may outweigh
the harmful effects of perceptual degradation (see Vergara-Martinez et al., 2021,

for evidence with handwritten words).

Experiment 1: Lexical Decision Task

Method

Participants

Sixty individuals took part in the experiment (mean age = 29 years-old; SD =5.57;
39 women). With this sample size, we had 1,800 observations per condition,
which is in line with the suggestion from Brysbaert and Stevens (2018) for small
effects. Participants were recruited with Prolific Academic, a UK-based online

crowd working platform (http://prolific.ac). Only English native speakers with no

reading problems and normal/corrected vision could participate. All participants
gave informed consent before the experiment and received monetary
compensation. This and the following experiments obtained ethical approval from
the Research Ethics Committee of the University of Valencia and followed the

requirements of the Helsinki Convention.

Materials

We employed the 120 high-frequency and 120 low-frequency English words used
by Aschenbrenner and Yap (2019). These two sets of words had been matched
on a number of relevant psycholinguistic variables (e.g., number of letters,

number of syllables, number of morphemes, OLD20, number of orthographic
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neighbors, number of phonological neighbors, and PLD20), while differing (see
Table 1 of Aschenbrenner & Yap, 2019) in SUBTLEX word frequency (Brysbaert
& New, 2009). We also employed the 240 orthographically legal pseudowords
selected by Aschenbrenner and Yap (2019) —these stimuli had been created with
Wuggy (Keuleers & Brysbaert, 2010). The letters of each item (either words o
pseudoword) could be presented in four different rotation angles (see Figure 1):

0° (i.e., canonical presentation), 22.5°, 45°, or 67.5°.

Figure 1

Rotation angles employed in the experiments.

CURIOUS -«
CUORIOUS =~

CORIOUS
CORLODSE us

COPLOCE o
OCPAOCY as

Note. Letters in Experiment 1 and 2 were rotated 0°, 22.5°, 45°, and
67.5°. Letters in Experiment 3 were rotated 22.5°, 30°, 37.5°, and
45°,

Procedure

The script was written in Psychopy 3 software (Peirce & MacAskill, 2018) and
was conducted online using Pavlovia (www.pavlovia.org). Before the experiment,
all participants filled out a questionnaire with demographic data (age, gender,
education level) via LimeSurvey (www.limesurvey.org). Participants were

advised to do the experiment in a quiet room without distractions. Their task was
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to decide whether the presented item was a word or not by pressing the “yes” (M)
and “no” (Z) keys on the keyboard as quickly and accurately as possible. Within
a given trial, a fixation cross was presented in the center of the screen for 500ms.
Then, the target item was presented until a response was made or 2 sec had
passed. We included 16 practice trials before the 480 experimental trials. There
were brief breaks after every 100 trials. Altogether, the experiment took 18-20

minutes to complete.

Results and Discussion

For the analyses of the response times (RTs), we excluded the error responses
(4.4% for words; 7.2% for pseudowords) and the very brief responses (less than
250 ms; 1 observation [less than 0.004%]). Time-outs after 2000 ms (0.17% for
words, 0.55% for pseudowords) were coded as errors. Table 1 presents the mean

correct RTs and error percentage in each experimental condition.

Table 1

Mean Response Times (in ms) and percent errors (in %) in each of the conditions in
Experiment 1 (Lexical Decision Task)

Rotation angle

0° 22.5° 45° 67.5°

HighFreq 608 (1.7) 608 (1.7)  657(3.7)  781(7.6)

Words

Low Freq 638 (4.0) 647 (3.4) 696 (4.7) 830 (8.7)
Frequency effect 30 (2.3) 39 (1.7) 39 (1) 49 (1.1)
Nonwords 719 (5.6) 748 (6.9) 819 (6.6) 985 (9.7)

The latency and the accuracy data were fitted with Bayesian linear-mixed
effects models, using the brms package (Burkner, 2017) in R (R Core Team,
2021). For the fits, we employed the exgaussian distribution for the latency data,

thus capturing the skew of the RT data, and the Bernoulli distribution for the
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binary accuracy data. We conducted separate analyses for word and nonword
trials. The fixed effect factors for the word trials were Rotation angle of the items’
letters (0°, 22.5°, 45°, and 67.5°, where the canonical 0° was the reference level)
and Word-frequency (high vs. low; encoded as -0.5 and 0.5). For the nonword
trials, the only fixed factor was Angle, but the general procedure was the same
as that for the word trials. To examine the nature of the function of the reading
cost due to rotation angle (i.e., linear, quadratic, cubic) in the latency data, we
also conducted an analysis in which Rotation Angle was coded using polynomial
contrasts. In all statistical analyses, we employed the maximal random-effect

structure allowed in the design:

DV ~ Rotation Angle * Word Frequency + (1 + Rotation Angle * Word
Frequency | subject) + (1 + Rotation Angle | item).

We carried out 5,000 iterations for each model—1,000 were for warmup—using
four chains. All models fit adequately (R = 1.00 in all cases). For the fixed effects,
we report an estimate of the mean of the posterior distribution for each parameter
(b parameter), together with its standard error (SE) and 95% credible interval
(95% Crl) based on the quantiles of the distribution of the posterior estimates.
We considered evidence for an effect when the 95% credible interval of its

estimate did not cross zero.
Word stimuli

Response Times. We found evidence of an effect of word-frequency, b = 24.13,
SE = 4.08, 95%Crl [16.03, 32.09]: responses were 39 ms faster for high-

frequency words than for low-frequency words. Regarding the effect of rotation
angle, words with 22.5° letters were responded to only minimally slower (5 ms)
than those with 0° letters, b = 4.95, SE = 2.85, 95%Crl [-0.56, 10.48]. Words with
45° |etters were responded 54 ms slower than those with 0°, b = 41.32, SE =
3.55, 95%Crl [34.35, 48.30]. Finally, words with 67.5° letters were responded to
183 ms slower than those with 0°, b = 116.80, SE = 6.51, 95%Crl [103.84,
129.60]. None of the rotation angle effects interacted with word-frequency (all bs

< 7.71; all 95%Crls crossed zero).
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The trend analyses showed clear evidence of linear and quadratic
components of rotation angle (linear: b=86.26, SE =4.81, 95%Crl [76.95, 95.81],
quadratic: b = 35.25, SE = 3.05, 95%Crl [29.33, 41.27]). These effects did not
interact with word-frequency (all b values of the interaction were less than 5 ms

and their 95%Crls crossed zero).

Accuracy. We found a main effect of word-frequency, b = -0.94, SE = 0.27,
95%Crl [-1.49, -0.40]: responses were 2% less error prone for high-frequency
than for low-frequency words. Concerning the effect of rotation angle, we did not
find differences between the accuracy on responses to 0° and 22.5° words, b =
0.34, SE = 0.37, 95%Crl [-0.36, 1.13]—this effect did not interact with word-
frequency, b = 0.15, SE = 0.36, 95%Crl [-0.55, 0.84]. Moreover, words with 45°
letters were responded a 7% less accurately than those with 0°, b = -0.74, SE =
0.29, 95%Crl [-1.31, -0.16]—this effect interacted with word-frequency, b = 0.74,
SE = 0.32, 95%Crl [0.11, 1.38], showing that the word-frequency effect was
smaller with 45° letters. Finally, words composed of 67.5° letters were responded
a 4.7% less accurately than those with 0°, b =-1.67, SE = 0.27, 95%Crl [-2.20, -
1.16]—this effect also interacted with word-frequency, b = 0.78, SE = 0.31,
95%Crl [0.18, 1.39], showing that the word-frequency effect was smaller with
67.5° letters.

Nonword stimuli

Response Time analysis. Pseudowords composed of 22.5° letters were
responded 29 ms more slowly than those with 0°, b = 16.33, SE = 2.81, 95%Crl

[10.84, 21.88]. The latency cost increased to 100 ms for the pseudowords with
45° letters, b=56.38, SE =4.26, 95%Crl [48.04, 64.74], and even more, 266 ms,
for the pseudowords with 67.5° letters, b = 143.49, SE = 9.85, 95%Crl [123.89,
163.11].

The trend analyses showed clear evidence of linear and quadratic
components of rotation angle (linear: b = 105.30, SE = 6.97, 95%Crl [91.77,
119.02], quadratic: b = 35.31, SE = 3.77, 95%Crl [27.85, 42.66]. We also found
some evidence of a small cubic component, b = 5.38, SE = 2.34, 95%Crl [0.83,
9.90].
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Accuracy analysis. We did not find evidence of differences in accuracies between
0° and 22.5°, b =-0.17, SE = 0.15, 95%Crl [-0.46, 0.12], and 0° and 45°, b = -
0.21, SE=0.15, 95%Crl [-0.49, 0.09]. Nevertheless, responses to pseudowords

with 67.5° letters were 3.1% more error prone than responses to pseudowords
with 0°, b =-0.63, SE = 0.14, 95%Crl [-0.90, -0.34].

The present experiment revealed that word identification times increased
nonlinearly at the steeper rotation angles: when compared to the canonical 0°
format, the reading cost was minimal for the words with 22.5° letters (4 ms), it
increased to 54 ms for the words with 45° letters, and considerably more, to 183
ms, for the words with 67.5° letters. This reading cost was not accompanied by a
substantially larger word-frequency effect (e.g., the word-frequency went from 30
ms at the canonical 0° format to 49 ms at the 67.5° angle) (see Gomez & Perea,
2014, for a similar pattern when rotating whole words in a lexical decision task).
Overall, these increases can be modeled by a combination of linear and quadratic
components (see Figure 2). The analyses of the error rates showed a similar
pattern: the percentage of errors was similar for the 0° (2.9%) and 22.5° (2.6%)
angles, and then increased for the 45° angle (4.2%) and even more for the 67.5°
angle (8.2%).
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Figure 2

Response times (in ms) for high- and low-frequency words across the different rotation
angles in Experiment 1 (Lexical Decision Task) and Experiment 2 (Semantic
Categorization
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The pseudoword data revealed an analogous pattern, except that the
effects of rotation angle were steeper than those for words. We found a sizeable
cost (29 ms) for the pseudowords with 22.5° letters compared to those with 0°
letters. Relative to this canonical 0° format, the cost increased to a much larger
degree for the 45° (100 ms) and the 67.5° (266 ms). Thus, rotation angle hinders
pseudowords to a greater degree than words. To obtain statistical support of this
dissociation, we conducted an analysis with Lexicality (word vs. pseudoword) and
Rotation angle as polynomial contrasts. We found evidence of a greater cost for
pseudowords than for words in the linear component (interaction Angle x

Lexicality) b = 12.53, SE = 6.22, 95%Crl [0.38, 24.71]).

In sum, the present experiment showed a sizable reading cost of rotation

angle for words at the 45° angle (54 ms; 1.4% errors) and, much more
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dramatically, at the 67.5° angle (183 ms; 5.3% errors), but not at the 22.5° angle
(5 ms; -0.3% errors). This pattern in word responses favors the predictions of the
LCD model. However, pseudowords showed greater reading costs than words,
including the 22.5° rotation angle (29 ms; 1.3% errors). One explanation for this
dissociation is that top-down feedback from the lexical level could have partly

overridden the cost of letter rotation at moderate angles.

The question now is whether rotation angle also affects a recognition task
that requires word identification at a semantic level. Experiment 2 was designed
to examine the resilience of word recognition to letter rotation using a task that is
less sensitive to purely visual elements and more on access to meaning in lexical

memory (semantic categorization task) (see Perea et al., 2020, for discussion).

Experiment 2: Semantic Categorization Task

Method

Participants

The number of participants, sampled from the same population as Experiment 1,
was increased to 80 (mean age = 29 years old; SD = 5.41; 60 women) so that
the number of observations per condition was comparable to that of Experiment
1 —note that the number of trials per condition was smaller than in Experiment 1

(see the Materials subsection below).

Materials

For the non-animal words, we used a subset of 184 words from the set of high-
and low-frequency words from Experiment 1 (92 high-frequency words and 92
low-frequency words). The reason is that we excluded those words which

referred to animal names or were closely related to animals (e.g., mother,
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mountain, food). We also selected a set of 92 words for the animal words, thus

keeping the 2:1 ratio used in previous experiments (e.g., Perea et al., 2020).

Procedure

It was parallel to Experiment 1, except that the participants were asked to decide

whether the item referred to an animal name (press “M”) or not (press “Z”).

Results and Discussion

Table 2

Mean Response Times (in ms) and percent errors (in %) in each of the conditions in
Experiment 2 (Semantic Categorization Task)

Rotation angle

0° 22.5° 45° 67.5°

High Freq 579 (1.6) 580 (1.0) 611 (1.4) 711 (2.7)
Non-Animal

Low Freq 605 (1.8) 608 (1.8) 650 (2.6) 776 (4.0)
Frequency effect 26 (0.2) 28 (0.8) 39(1.2) 65 (1.3)

Animal 618(9.7) 629 (11.1)  652(9.4) 709 (11.0)

The analyses plan was the same as in Experiment 1. Although the main focus
was on non-animal words (i.e., the set of high vs. low-frequency words from
Experiment 1), we also analyzed the data from the animal words for
completeness. For the non-animal words, the fixed factors were Angle and Word-
frequency; for the animal words, the fixed factor was Angle. Table 2 displays the

mean RT and error rate in each experimental condition.
Non-animal words

Response Time analysis. We found that responses were 40 ms faster for high-
than for low-frequency words., b = 19.44, SE = 3.86, 95%Crl [11.94, 26.96]:

Regarding rotation, words with 22.5° letters were responded only 2 ms slower
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than those with 0°, b = 2.18, SE = 2.98, 95%Crl [-3.71, 8.07]—this effect did not
interact with word-frequency, b = -0.17, SE = 4.25, 95%Crl [-8.46, 8.11]. Words
with 45° letters were responded 39 ms more slowly than those with 0°, b =41.32,
SE = 3.54, 95%Crl [17.52, 31.40]—this effect did not interact with word-
frequency, b = 8.03, SE = 4.88, 95%Crl [-1.52, 17.56]. Finally, words with 67.5°
letters were responded to152 ms slower than those with 0°, b=85.19, SE = 6.61,
95%Crl [72.07, 98.24]—this effect did interact with word frequency, b = 24.83,
SE = 8.40, 95%Crl [8.22, 41.27]: the difference between responses to high and
low frequency words was 39 ms greater when the letters were rotated 67.5° than

when presented at 0°.

The trend analyses showed evidence of both linear a quadratic
components of rotation angle (linear: b=61.71, SE=4.68, 95%Crl [52.43, 70.89],
quadratic: linear: b=29.15, SE = 3.22, 95%Crl [22.85, 35.46]). In addition, word-
frequency interacted with the linear component of rotation angle, b=17.93, SE =
5.68, 95%Crl [6.80, 29.02]—the evidence of a quadratic component was weak
(i.e., 95%Crl crossed zero), b =8.02, SE = 4.39, 95%Crl [-0.50, 16.74].

Accuracy analysis. We did not find evidence of an effect of word-frequency, b = -
0.06, SE=0.33, 95%Crl [-0.70, 0.59]. Regarding rotation, words with 22.5° letters
and words with 45° letters, were responded as accurately as those with 0°, (0° vs
22.5°, b =0.71, SE = 0.40, 95%Crl [-0.02, 1.55]; 0° vs 45° b = 0.34, SE = 0.36,
95%Crl [-0.33, 1.10]). However, responses to words with 67.5° letters were 2.2%
more error prone than responses to words with 0°, b =-0.61, SE = 0.30, 95%Crl
[-1.21, -0.02]. None of the rotation angle effects interacted with word-frequency

(all bs <0.54; all 95%Crls crossed zero).
Animal words

Response Time analysis. Relative to the words with 0° letters, we found a cost
that increased with rotation angle: 11 ms for 22.5°, b= 11.48, SE = 2.65, 95%Crl
[6.31, 16.66]; 34 ms for 45°, b= 27.41, SE = 3.09, 95%Crl [21.36, 33.48]; and 91
ms for 67.5°, b=64.76, SE = 4.11, 95%Crl [56.75, 72.84].

187



The trend analyses revealed evidence of both linear a quadratic
components of rotation angle (linear: b=46.87, SE = 3.22, 95%Crl [40.70, 53.27],
quadratic: b=12.78, SE = 2.12, 95%Crl [8.59, 17.00]).

Accuracy analysis. We did not find evidence of differences in accuracy relative to

the words with 0° in any of the three angles (all bs < 0.23; all 95%Crls crossed

zero).

The pattern of word recognition times for the non-animal words in the
semantic categorization task mimicked that of the word recognition times in the
lexical decision task. There was a minimal cost from 0° to 22.5° rotation angles
(2 ms) that increased at the 45° rotation angle (39 ms) and was even more
dramatic at the 67.5° rotation angle (152 ms). The effect of word-frequency only
increased at the 67.5° angle relative to the canonical 0° format (65 vs. 26 ms,
respectively). Error rates on non-animal names were very low (2.1%) and only
showed a small disadvantage in the 67.5° angle relative to the 0° angle (3.4% vs.

1.7%, respectively).

The pattern of data for animal words was similar to that for non-animal
words except that there was a small reading cost for the words composed of 22.5°
letters relative to the canonical format (11 ms); this cost increased for the 45°
angle (34 ms) and even more for the 27.5° angle (91 ms). The error rates did not

show differences across rotation angles.

In sum, the effect of rotation angle in the range between 0° and 67.5° is
remarkably similar in lexical decision and semantic categorization tasks,
reflecting both linear and quadratic components. The reading cost from 0° to
22.5° rotation angle was minimal, sizeable for the words with 45° letters, and
substantial for the 67.5° angle (see Figure 2 for a comparison of the two

experiments).

While the overall pattern in Experiments 1 and 2 is generally consistent
with the claims of Dehaene et al.’s LCD model, we found some gradual increases
as a result of rotation angle in some conditions, even for moderate rotations that
deserve further scrutiny. To further study this issue, we designed Experiment 3.

The goal was to zoom in on the effects of letter rotation in angles up to 45° in a
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semantic categorization task. For this purpose, in Experiment 3, we chose four
angles of rotation whose difference was almost indiscernible (i.e., 7.5°): 22.5°,
30°, 37.5°, and 45°.

The key question in Experiment 3 was whether there is an “abrupt”
boundary at around 45° in which rotation angle makes word recognition
substantially less automatic, or whether there is a gradual linear cost as a function
of rotation angle at moderate angles. If there is a critical boundary level at around
40-45° at which letter detectors cannot efficiently deal the sensory input—as
predicted by the LCD model, we would expect negligible increases from the 22.5°
up to 37.5° rotation angle and then a large increase at the 45° angle (i.e., a
quadratic component). Alternatively, rotation angles below 45° could produce a
small but steady accumulative reading cost in each step—as predicted by the
SERIOL model. We would expect a linear (but not quadratic) component of the

rotation angle in this latter case.

Experiment 3: Semantic Categorization Task

Method

Participants
We recruited 80 new participants (mean age = 29 years old; SD = 5.42; 66
women) from the same population as in the previous experiments —note that the

sample size was the same as in Experiment 2.

Materials

They were the same as in Experiment 2, except that the rotation angles were
22.5°, 30°, 37.5°, and 45°.

Procedure

It was the same as in Experiment 2.
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Results and Discussion

The analysis plan was the same as in Experiment 2. Table 3 presents the

averages per condition in the latency and error data.

Table 3

Mean Response Times (in ms) and percent errors (in %) in each of the conditions in
Experiment 3 (Semantic Categorization Task)

Rotation angle

22.5° 30° 37.5° 45°

High Freq 588 (0.9) 583 (1.3) 590 (0.7) 606 (1.2)
Non-Animal

Low Freq 600 (1.4) 615 (1.1) 614 (1.5) 639 (2.0)
Frequency effect 12 (0.5) 32 (-0.2) 24 (0.8) 33 (0.8)

Animal 620 (10.0)  625(9.1)  628(9.3) 643 (8.6)

Non-animal words

Response Time analysis. We found evidence of an overall effect of word-
frequency, b = 17.13, SE = 3.91, 95%Crl [9.56, 24.90]: responses to low-

frequency words were 25 ms slower than responses to high-frequency words.
Regarding the rotation angle effect, when comparing to responses with 22.5°
rotated letters, words with 30° letters produced a minimal cost (5 ms), b = 2.26,
SE = 2.98, 95%Crl [-3.13, 7.58], that slightly grew for words with 37.5° rotated
letters (8 ms), b=8.41, SE = 2.81, 95%Crl [2.95, 13.98]. Importantly, for words
with 45° rotated letters, the cost increased sharply (29 ms), b =20.08, SE = 3.08,
95%Crl [14.04, 26.21]. None of these effects interacted with word-frequency (all

bs < 4, all 95%Crl crossed zero).

This pattern was confirmed by the trend analyses, which showed evidence

of linear and quadratic components of rotation angle (linear: b=14.75, SE=2.27,
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95%Crl[10.29, 19.22], quadratic: b=4.72, SE=2.01, 95%Crl [0.76, 8.67]). There
were no signs of an interaction of rotation angle with word-frequency (all b’'s <
2.27).

Accuracy analysis. We did not find evidence of an effect of word-frequency, b = -
0.38, SE = 0.41, 95%Crl [-1.19, 0.42]. We did not find evidence of an effect of

rotation relative to 22.5° letters in any of the three angles (all bs <0.39, all 95%Crl
crossed zero) or an interaction between word-frequency and rotation angle (all

bs < 0.83, all 95%Crl crossed zero).
Animal words

Response Time analysis. Relative to the words with 22.5° letters, there were no
differences when the letters were rotated at 30° (5 ms), b = 2.55, SE = 2.65,
95%Crl [-1.38, 8.63]. We found some cost of rotation at 37.5° (8 ms), b = 6.97,
SE=2.77,95%Crl [1.54, 12.41], which abruptly increased at the angle of 45° (23
ms), b = 18.60, SE = 2.56, 95%Crl [13.62, 23.65].

The trend analyses again revealed evidence of both linear and quadratic
components (linear: b=13.16, SE =2.09, 95%Crl [9.01, 17.34], quadratic: linear:
b=4.18, SE =2.10, 95%Crl [0.11, 8.33]), but not a cubic component (b = .91,
SE =1.78, 95%Crl [-1.59, 5.42]).

Accuracy analysis. There were no differences in accuracy of the various angle

conditions relative to the 22.5° words (all bs < 0.30, all 95%Crl crossed zero).

The present experiment showed small increases in the word response
times across rotation angles, except for the more abrupt change at the 45°
rotation angles. Compared to the 22.5° baseline, the recognition times for non-
animal words increased 5, 8, and 29 ms when the letters were rotated 30°, 37.5°,
and 45°. We found a parallel pattern for animal words: recognition times
increased in 5, 8, and 23 ms. This pattern reveals a combination of linear and
quadratic components, suggesting that (1) there is something special at a rotation
angle of around 45° (i.e., the quadratic component predicted by the LCD model)
and (2) there is a gradual cost in lower rotation angles (i.e., the linear component
posited by the SERIOL model).
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General Discussion

In the present study, we designed three experiments to test the predictions of the
LCD and SERIOL models concerning the resilience of letter detectors to rotation
at relatively moderate angles. The LCD model (Dehaene et al., 2005) assumes
invariance up to around rotation angles around 40°-45° after which the resilience
of letter detectors drops abruptly, whereas the SERIOL model (Whitney, 2002)
postulates a gradual increase of word processing cost with rotation angle (at least

until an abrupt shift at around 60°).

When using a relatively large range of rotation angles (0°, 22.5°, 45°, and
67.5°; i.e., a difference of 22.5° in each step), we found a linear cost accompanied
by a quadratic cost in the word response times in lexical decision (Experiment 1)
and semantic categorization (Experiment 2). Relative to the canonical format (0°),
the cost was minimal for the 22.5° words, substantial for the 45° words, and
dramatically large for the 67.5° words (see Figure 2). Notably, in the lexical
decision task (Experiment 1), we found that the effect of letter rotation was larger
for pseudowords (0° vs. 22.5°: 29 ms; 22.5° vs. 45°: 100 ms; 45° vs. 67.5°: 266
ms) than for words (0° vs. 22.5°: 5 ms; 22.5° vs. 45°: 54 ms; 45° vs. 67.5°: 183
ms). This pattern suggests that lexicality helps to cope with degraded stimuli. To
further examine the complexities of rotation angles close to the critical threshold
proposed by the LCD model (i.e., 45°), we conducted a third experiment using
rotation angles at or below that threshold (i.e., 22.5°, 30°, 37.5°, and 45°; a
difference of 7.5° in each step) with a semantic categorization task. Results
showed both a gradual linear increase—favoring the SERIOL model, and an

extra bump for the 45°—as predicted by the LCD model.

Taken together, the present findings are consistent with different aspects
of both the LCD and SERIOL models. There is a gradual cost of rotation angle
that increases at 45°, and this cost is dramatically amplified at 67.5° (see Figure
2). Thus, on the one hand, as predicted by the LCD model, there is an abrupt
cost in word recognition times when the letters are rotated at 45° relative to more
moderate values (i.e., 22.5°, 30°, or 37.5°). On the other hand, as predicted by

the SERIOL model, an angler of rotation of 45° is not an all-or-none edge, and
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moderate angles also generate a cost. Of note, we also found a dramatic increase
in word recognition times in Experiments 1-2 at the 67.5° angle. Indeed, the word-
frequency effect in the semantic categorization task of Experiment 2 was
substantially greater at a 67.5° angle relative to the canonical format (65 vs. 26
ms, respectively). In contrast, the word-frequency effect only slightly increased
for moderate angles (i.e., the effect was 28 and 38 ms at the 30° and 45° angles,
respectively)— the pattern was similar (but weaker) in the lexical decision task
(Experiment 1). Thus, at a steep angle, like 67.5°, participants might have
engaged in extra top-down processing to help access lexical-semantic
information—as predicted by both LCD and SERIOL models. Thus, the claims of

these models may complement rather than negate each other.

The present data fit well with previous research across various paradigms.
In a lexical decision experiment, Kim and Strakova (2013) found that increasing
letter-rotation led to monotonic increases in the P1 and N170 (i.e., ERPs that
mark the beginning of word-form analysis) amplitudes up to 45°-67.5°. Notably,
they found an effect of letter rotation relative to the canonical format for 22.5°
words (i.e., well below 45°), and suggested that moderate deviation from
preferred stimulus properties (<45°-67.5°) could recruit additional processing
resources to cope with distorted stimuli. Likewise, during sentence reading,
Blythe et al. (2019) found a reading cost in fixation durations when letters were
rotated 30° relative to the canonical 0° format—this effect was dramatically larger
when for 60° words. Similarly, in a parafoveal preview paradigm during sentence
reading, Fernandez-Lépez et al. (2021) found that the benefit of parafoveal
previews was sizeable at rotation angles of 15°. This parafoveal benefit

decreased at 30°, even more so at 45°, and was absent at 60°.

Thus, considering the previous and present empirical evidence across a
variety of paradigms on the processing of rotated letters, we propose that (i) even
moderate letter rotations produce a (small) cost in word processing; (ii) this cost
increases nonlinearly, while being manageable, at around 45°, and (iii) this cost
increases dramatically around 60° or larger. In the latter context, individuals are

likely to use more serial processing of stimuli, through increased parietal
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activation, to cope with the visual distortion caused by the rotation angle (see
Cohen et al., 2008; Whitney, 2010).

To sum up, we conducted three experiments to shed light on the processing of
letter rotation and discerning between the predictions of two neurally-inspired
models of word recognition (LCD model, SERIOL model). We found that the cost
elicited by rotation angle increases smoothly at angles below 45°, as proposed
by the SERIOL model. The letter detectors reach a resilience limit at around 45°
(consistent with the LCD model), and the cost becomes dramatic at steeper
angles (e.g., 67.5°). We also found that lexical factors could partly outweigh the
harmful effects of letter rotation. We propose combining the assumptions from
models to build a more comprehensive explanation of how rotation angle, and

more generally, visual distortion, hampers word recognition.
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Conclusions

The literate brain contains specialized mechanisms that are exquisitely tuned to
recognize written words. An example is that we can read words and texts
distorted in different dimensions. The present section included the studies that
aimed to test the tolerance of the word recognition system to letter rotations with
three different methodological approaches. As indicated in the Introduction, the
added value of examining the impact of letter rotations is that leading neural
models of word recognitions have explicit predictions about how the system
copes with them. While the Local Combination Detectors (LCD) model (Dehaene
et al., 2005) predicts invariance up to 45°, the SERIOL model (Whitney, 2001,

2002) predicts a linear cost until a threshold around 60°.

In the first study, How resilient is reading to letter rotations? A parafoveal
preview investigation (Fernandez-Lopez et al., 2021), we aimed to examine the
predictions of the LCD and SERIOL models in a normal reading scenario. We
conducted a reading experiment with sentences in uppercase using Rayner’s
(1975) gaze-contingent boundary change paradigm in which we examined
whether identity parafoveal previews were more effective than unrelated
parafoveal previews when the previews were rotated at 15°, 30°, 45°, or 60°.
Importantly, apart from the parafoveal previews, all text, including target words,
was presented with letters in their canonical upright orientation. We found a
remarkably similar pattern of findings for all the fixation measures that we
assessed on the target word (i.e., first-fixation duration, single fixation duration,
and gaze duration). The advantage of the identity condition was greatest when
the preview letters were rotated 15°, and it was numerically smaller but still
robust, at 30°. For the 45° rotations, the advantage of the identity preview
condition was only marginal. Finally, for the 60° rotations, there were no signs of
a benefit of the identity preview condition. This pattern of results suggested that,
although letter detectors appear to be severely disrupted at rotation angles of 45°

or larger in the very early moments of processing, as posited by the LCD model,
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there was also a gradual cost for letter rotations below that boundary, as
postulated by the SERIOL model.

In the second study, On the time course of the resilience of letter detectors
to rotations: A masked priming ERP investigation, we examined the temporal
course of the effect of rotation of the words’ constituent letters in a masked
identity priming paradigm. We focused on testing the prediction of the LCD model:
“letter detectors should be disrupted by rotation (> 40°)” (Dehaene et al., 2005,
p. 340). Specifically, the target was presented in the canonical orientation, and
the primes’ letters were presented in angles of 0°, 45°, or 90°. The behavioral
data showed that masked identity priming was modulated by letter rotation: it was
strongest for the 0° primes, decreased for the 45° primes, and it was negligible
for the 90° primes. The Event-Related Potentials (ERP) data allowed us to
examine in detail the time course of processing of words with rotated letters.
Amplitude comparisons showed that the effect of prime-target relation emerged
by 150 ms for the standard prime orientation (0°). Importantly, the identity priming
for 0° primes followed the natural course (i.e., it began around 100-150 ms and
strengthened in the following processing stages). In contrast, the emergence of
the priming effect for 45° primes was delayed, with its size also being reduced
(i.e., it emerged around 170-300 ms and it was weaker than for the 0° primes).
For 90° primes, the identity priming effect was absent in all components. This
pattern strongly suggested that letter rotations at around 45° impeded the
automatic integration of the orthographic representation of the masked primes
with the targets, thus providing evidence supporting the predictions of the LCD

model of word recognition.

In the third study, Letter rotations: Through the Magnifying Glass and What
Evidence Found There, we conducted three experiments that scrutinized the cost
of letter rotation on lexical access and tested the predictions of the LCD and
SERIOL models concerning the resilience of letter detectors to relatively
moderate angles of letter rotation. In Experiment 1, we conducted a lexical
decision task with letter stimuli rotated 0°, 22.5°, 45°, and 67.5°. In Experiments

2 and 3, we conducted a semantic categorization task with letters rotated 0°,
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22.5°, 45°, and 67.5° (Experiment 2) and 22.5°, 30°, 37.5°, 45° (Experiment 3).
Results in Experiments 1 and 2 showed that, relative to the canonical format (0°),
the cost was minimal for the 22.5° words, substantial for the 45° words, and
dramatically large for the 67.5° words. Importantly, in the lexical decision task
(Experiment 1), we found that the effect of letter rotation was larger for
pseudowords than for words. Moreover, in Experiment 2, we found that letter
rotation interacted with word frequency but only for words with 67.5° words—a
similar (but numerically smaller) trend occurred in the lexical decision task. This
pattern suggested that individuals might have recruited top-down lexical
processes to cope with rotations. Finally, Experiment 3 found a gradual reading
cost that increased at the 45° angle. Taken together, these results show that the
cost elicited by rotation angle increases smoothly at angles below 45°, as
proposed by the SERIOL model. The letter detectors reach a resilience limit at
around 45° (consistent with the LCD model), and the cost becomes dramatic at

steeper angles (e.g., 67.5°).

Thus, the three studies of this section aimed to test the tolerance of the
word recognition system to visual distortion via the examination of letter rotation.
The added value of examining letter rotations is that two leading models of word
recognition have different predictions about how the brain copes with them.
Considering the outcomes of the three studies and building up a comprehensive
picture, the main ideas that can be drawn are summarized as follows: (i) the cost
of letter rotation originates very early, in the first stages of word recognition.
Importantly, (ii) even moderate rotations lead to a cost. Nevertheless, (iii) this cost
is easily overcome, and the system can handle rotations up to 45° in the initial
moments of processing. Importantly, (iv) to cope with stepper rotations,
individuals seem to engage extra top-down (lexical) feedback. In sum (v), we
found that the cost elicited by rotation angle increases smoothly at angles below
45°, as proposed by the SERIOL model. The letter detectors reach a resilience
limit at around 45° (consistent with the LCD model), and the cost becomes
dramatic at steeper angles. Therefore, (vi) the most suitable option is combining

the assumptions from SERIOL and LCD models to build a more comprehensive
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explanation of how rotation angle, and more generally, visual distortion, hampers

word recognition.
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Methodological contributions to the
visual word recognition research
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The more significant breakthrough in studying the reading process started around
the late 1950s, coinciding with what is often called the cognitive revolution (see
Pollatsek & Treiman, 2015, for review). This revolution broke with the behaviorist
approach and led to many ingenious new techniques for studying reading and
word identification processes, including the lexical decision task (Rubinstein et
al., 1970, 1971a, 1971b) and the masked priming procedure (Forster & Davis,
1984). In the lexical decision task, participants are asked to distinguish as fast as
possible words from nonwords. The time to determine that a letter string like dog
is a real word provides researchers an index of how long it takes to contact the
neural representation of that word in the reader’s internal dictionary. If we want
to tap on the early stages of word processing, we should use the priming
technique, considered “the major methodological innovation of the last two
decades” (Grainger, 2008). In this technique, a mask is presented for 500 ms,
then replaced by a prime for 50 ms, so participants cannot see it, which is
replaced by the target stimulus. Importantly, researchers usually manipulate the
prime-target relationship, which can be related or unrelated. Participants’
responses are often assessed with behavioral measures, like reaction time and
accuracy, but also with more direct measures of brain activity, such as that
obtained with functional magnetic resonance imaging (fMRI) and

electroencephalogram (EEG).
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Notably, the combination of the lexical decision and the masked priming
has led to much empirical work investigating letter and word processing.
Nevertheless, the technique requires further examination to build firm
conclusions on the outcomes obtained with masked priming. Here, | present two
studies that attempted to understand the cognitive underpinnings of masked
priming and one of its variants, the sandwich priming. In the first study, entitled
Can response congruency effects be obtained in masked priming lexical
decision? (Fernandez-Lépez et al., 2019), we aimed to test whether participants
apply the same instructions to the primes and targets in the masked priming
lexical decision task by examining the response congruency effect with unrelated
primes. The response congruency effect in lexical decision can be defined as the
difference in response times between a congruent trial (i.e., when the prime elicits
the same response as the target; e.g., bright-WINDOW Or geuzel-POLCIR)
and an incongruent trial (e.g., geuzel-WINDOW Or bright-POLCIR).
Importantly, the examination of this effect allows us to scrutinize “the state of the
lexicon after the prime stimulus has been processed up to an early stage” (Loth
& Davis, 2010b, p. 174). Specifically, we examined whether there were
differences in the influence of a masked unrelated wordlike vs. nonwordlike
primes (e.g., geuzu vs. xdfpk) on the processing of the target stimuli. An added
value of this comparison is that it allowed us to test the predictions of leading
models of word identification, the Bayesian Reader model (Norris & Kinoshita,
2008) and the family of interactive activation models (i.e., the Interactive
Activation model from McClelland & Rumelhart [1981] and its successors
[Multiple Read-Out Model, Grainger & Jacobs, 1996; Dual Route Cascade Model,
Coltheart et al., 2001; Spatial Coding Model, Davis, 2010]).

Despite the numerous advantages of the masked priming technique, it is
not sensitive enough to detect subtle manipulations (e.g., 1ght-LIGHT vs.
1iht-LIGHT; Grainger, 2008) or examine the letter and word recognition
processes in special populations, such as developing readers or readers with
dyslexia. The reason is that, because of the short stimulus-onset asynchrony
between prime and target, the magnitude of masked priming effects is small, in

the range of 10-50 ms in behavioral studies. To overcome this limitation, Lupker
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and Davis introduced the sandwich technique in 2009. This technique is a variant
of the standard masked priming in which the addition of a pre-prime, identical to
the target, magnifies the size of priming effects (see Campos et al., 2020;
Colombo, et a., 2020; Gutiérrez-Sigut et al., 2017; Ktori et al., 2014; Lupker et al.,
2020a, 2020b; Lupker et al., 2015; Meade et al., 2020; Ziegler et al., 2014; Taikh
& Lupker, 2020). Nevertheless, the specific mechanisms at play and how they
differ from the standard technique, have not been fully elucidated (Lupker &
Davis, 2009 vs. Trifonova & Adelman, 2018). In the second study of this section,
Unveiling the boost in the sandwich priming technique (Fernandez-Lopez et al.,
2021), we examined whether the priming effects in the sandwich technique are

simply magnified or, instead, the underlying processes are fundamentally altered.
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Can response congruency effects be obtained in
masked priming lexical decision?

Abstract

In the past decades, researchers have conducted a myriad of masked priming
lexical decision experiments aimed at unveiling the early processes underlying
lexical access. A relatively overlooked question is whether a masked unrelated
wordlike/unwordlike prime influences the processing of the target stimuli. If
participants apply to the primes the same instructions as to the targets, one would
predict a response congruency effect (e.g., book-TRUE faster than £iok-TRUE).
Critically, the Bayesian Reader model predicts that there should be no effects of
response congruency in masked priming lexical decision, whereas interactive-
activation models offer more flexible predictions. We conducted three masked
priming lexical decision experiments with four unrelated priming conditions
differing in lexical status and wordlikeness (high-frequency word; low-frequency
word; orthographically legal pseudoword; consonant string). Experiment 1 used
wordlike nonwords as foils, Experiment 2 used illegal nonwords as foils, and
Experiment 3 used orthographically legal hermit nonwords as foils. When the foils
were orthographically legal (Experiments 1 and 3; i.e., a standard lexical decision
scenario), lexical decision responses were not affected by the lexical status or
wordlikeness of the unrelated primes, as predicted by the Bayesian Reader
model and the selective inhibition hypothesis in interactive-activation models.
When the foils were illegal (Experiment 2), consonant-string primes produced the
slowest responses for word targets and the fastest responses for nonword
targets. The Bayesian Reader model can capture this pattern assuming that
participants in Experiment 2 were making an orthographic legality decision (i.e.,

anything legal must be a word) rather than a lexical decision.

Key words: lexical decision; masked priming; word recognition
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Introduction

Since its inception in 1984, Forster and Davis’ masked priming technique has
become a fundamental tool to examine the initial moments of letter and word
recognition in cognitive psychology (see Forster, 2013; Grainger, 2008) and
cognitive neuroscience (e.g., ERPs: Grainger & Holcomb, 2009; MEG: Lehtonen
et al., 2011; fMRI: Dehaene et al., 2001). In the standard setup, a briefly
presented lowercase prime is preceded by a pattern mask and followed by an
uppercase target stimulus until the participant’s response, so that readers are not
usually aware of the prime. This allows researchers to examine various types of
prime-target relationships (e.g., identity priming: steal-STEAL vS. horse-
STEAL; orthographic priming: steam-STEAL VS. green-STEAL; phonological
priming: steel-STEAL VS. shell-STEAL; morphological priming: stole-
STEAL vs. brink-STEAL; associative/semantic priming: thief-STEAL vs.
nurse-STEAL; translation priming: robar-STEAL VS. venir-STEAL).
Importantly, this technique minimizes the strategic processes that may occur with
visible, unmasked primes (see Dehaene et al., 2001, for fMRI evidence; see

Gomez et al., 2013, for modeling evidence).

Whilst the masked priming paradigm has been employed with a number of
laboratory word identification tasks (e.g., lexical decision, naming, semantic
categorization, same-different), most masked priming experiments have used the
lexical decision task. Indeed, researchers have compiled large masked priming
datasets with this task (see Adelman et al., 2014, for a mega-study of masked
priming lexical decision using 27 form-related priming conditions) and most
contemporary models of visual word recognition offer quantitative predictions at
the behavioral level (i.e., response times [RTs] and accuracy) of masked priming
effects in the lexical decision task (e.g., Dual-Route Cascaded model: Coltheart
et al.,, 2001; Spatial Coding Model: Davis, 2010; Multiple Read-Out Model:
Grainger & Jacobs, 1996; Bayesian Reader model: Norris & Kinoshita, 2008).

In the present paper, we focus on a relatively neglected phenomenon in
masked priming lexical decision that may allow us to test the predictions of

leading models of visual word recognition: the response congruency effect with
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unrelated primes. The response congruency effect in lexical decision can be
defined as the difference in response times between a congruent trial (i.e., when
the prime elicits the same response as the target; e.g., bright-WINDOW or
geuzel-POLCIR) and an incongruent trial (e.g., geuzel -WINDOW Or bright-
POLCIR). The idea is that participants may apply the task instructions (e.g., an
implicit categorization of the “yes” vs. “no” decision) not just to the targets but also
to the masked primes. As Loth and Davis (2010b) indicated, the examination of
response congruency effects in masked priming lexical decision allows us to
scrutinize “the state of the lexicon after the prime stimulus has been processed
up to an early stage” (p. 174). Thus, this effect may allow us to elucidate the

processes underlying masked priming lexical decision.

Response congruency effects have been reported in other masked priming
tasks. For instance, Naccache and Dehaene (2001; see also Dehaene et al.,
1998) found faster responses in a numerical categorization task (“is the number
higher than 5?”) when the masked prime is from the same category as the target
(e.g., prime: 7; target: 9) than when it is not (e.g., prime: 2; target: 9). Importantly,
Dehaene et al. (1998) found evidence of a differential effect on motor preparation
for congruent and incongruent trials using the lateralized readiness potential as
a marker, thus favoring the idea that participants make implicit decisions to the
prime stimuli. Similarly, Forster (2004) found a response congruency effect in a
masked semantic categorization task for narrow categories (e.g., answer—
WINDOW faster than collie-WINDOW for the category “type of dog”). To explain
this response congruency effect, Forster (2004) stated: “an implicit decision about
the category membership of the prime is reached before an explicit decision
about the target is reached” (p. 283). If this implicit decision also takes place in
masked priming lexical decision, one would expect faster “yes” responses to
words after an unrelated word prime than after an unrelated nonword prime —and
conversely, one would expect faster “no” responses to nonwords after an
unrelated nonword prime than after an unrelated word prime. Critically, a leading
computational model of visual word recognition, namely, the Bayesian Reader
model (Norris, 2006; see also Norris & Kinoshita, 2008) makes a straight

prediction: there should be no effects of response congruency in masked priming
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lexical decision. The predictions from interactive activation models are less
straightforward, although the presence/absence of a response congruency effect
may be informative to decide whether there is homogeneous or selective

inhibition at the lexical level.

The Bayesian Reader model (henceforth, BR model; Norris, 2006)
assumes that words are represented in an orthographic/lexical perceptual space.
Lexical decisions are based on the comparison of the evidence that the visual
input is produced—or not—by a word. Information that increases the odds that
the stimulus is a word will decrease the odds that the stimulus is a nonword until
a criterion is achieved and a response is triggered. To simulate masked priming
lexical decision, the BR model assumes that “evidence from both the prime and
targets are integrated in reaching a decision” (Kinoshita & Norris, 2012, p. 3). The
masked prime generates evidence that the target is in a particular area of the
perceptual space, thus predicting faster lexical decision responses to
orthographically related pairs (e.g., trie-TRUE) than to control pairs (fiok-
TRUE). Critically, if prime and target do not share any orthographic features, the
prime will not alter the evidence for the target in lexical decision—note that in
Norris and Kinoshita’s account of masked priming lexical decision, the
information from the prime is not sufficient to provide specific evidence that the
target is a word or not. That is, neither the masked word prime food nor the
masked pseudoword prime fiok would have an effect on the responses to the
target word TRUE because they are far apart in perceptual space. As Norris and
Kinoshita (2008) claimed, “there should be no response-congruence effects in
lexical decision” (p. 442). What we should also note, however, is that the
Bayesian Reader model assumes that priming effects depend on the decision
required by the task, thus not precluding an effect of response congruence in
other tasks. For instance, the Bayesian Reader model can capture an effect of
response congruence in masked priming semantic categorization tasks (e.g., “is
the word an animal name?”). In a semantic categorization task, “the evidence
consists of distributed semantic features that are diagnostic of category
membership” (de Wit & Kinoshita, p. 1738). Specifically, semantic features like

<builds nests> in the masked prime eagle would constitute evidence toward a
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“yes” decision, whereas semantic features like <made of metal> in the masked
prime stapler would provide evidence toward a “no” decision, thus producing

a response congruency effect.

Alternatively, the Interactive Activation (henceforth 1A) model (McClelland
& Rumelhart, 1981) and its successors (Multiple Read-Out Model, Grainger &
Jacobs, 1996; Dual Route Cascade Model, Coltheart et al., 2001; Spatial Coding
Model, Davis, 2010) assume that all units at the word level receive activation from
the letter and visual feature levels. When the activation level of a word unit
exceeds its resting level—which is a function of word-frequency—it sends
inhibition to all other word units. In the IA model, a “yes” response in lexical
decision occurs when the activation level of a word unit exceeds some asymptotic
activation threshold (see Jacobs & Grainger, 1992, for the first implementation of
the IA model to lexical decision), whereas a “no” response would be produced
when none of the word units exceeds threshold after a certain processing
duration (see Coltheart er al., 1977). The IA model can easily capture masked
orthographic priming effects: the processing of a prime (e.g., the pseudoword
trie) would partially activate similarly spelled word units (e.g., true, tree, and
trip), thus predicting faster lexical decision times to trie-TRUE than to fiok-
TRUE (see Perea & Rosa, 2000, for simulations). Using the original setting of the
IA model, the activated word units inhibit all other word units, regardless of
whether they are orthographically similar or not (i.e., homogeneous lateral
inhibition). That is, upon presentation of the masked prime food, its
corresponding word unit would send inhibitory signals to other word units (e.g.
TRUE). This inhibition would occur to a lesser degree when the prime is not a
word (e.g., the prime fiok would produce less inhibition on the word unit TRUE
than the prime food). This specification of the IA model predicts slower “yes”
lexical decision times for those target words preceded by an unrelated word prime
than when preceded by an unrelated pseudoword prime (e.g., food-TRUE
slower than fiok-TRUE). More generally, the model predicts that “yes” lexical
decision times for those target words preceded by an unrelated prime should be
a direct function of the lexical activation generated by the prime: high-frequency

word prime (food-TRUE) > low-frequency word prime (glop-TRUE) >
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pseudoword prime (fiok-TRUE) > consonant-string prime (ghdk-TRUE) (see
Bailyss et al., 2009, for simulations showing this exact pattern). Thus, the original
IA model predicts a response congruency effect—or rather an effect of the

wordlikeness of the unrelated primes—for “yes” responses.

Importantly, the predictions in the IA model are dependent on the nature
of the parameter settings. Davis and Lupker (2006) proposed a selective
inhibition mechanism in which the activated word units would only inhibit those
word units that are close in lexical space (i.e., similarly spelled word units; e.g.,
tree, tire, tore, free for the word unit t rue, but not for unrelated word units
like food). In this scenario, neither the presentation of the high-frequency word
prime food nor the presentation of the consonant-string prime ghdk would
modify the activation level of the target word TRUE. Therefore, the selective
inhibition hypothesis in the IA model would predict a null effect of response

congruency for “yes” responses (see Bailyss et al., 2009, for simulations).

Finally, the predictions on “no” responses in lexical decision in the IA model may
depend on how these responses are performed. If the temporal deadline for “no”
responses is adjusted after an unrelated prime, as suggested by Forster (1998),
one would not expect any response congruency effects for nonwords. That is, the
temporal deadline for the pseudoword UFEZ would be the same regardless of

whether the unrelated prime is a word (e.g., true) or not (e.g., tybe).
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Table 1

Summary of masked priming lexical decision experiments with different types of unrelated
primes

Research paper Target type Mean RT (in ms) *)
Prime type
HFW H/LFW LFW PW NW

HF word 621 623
Sereno (1991) LF word 694 702

Pseudoword 689 678
Perea et al. (1998) HF word 676 681 679

Pseudoword 810 811 810

HF word 561 561
Norris &

LF 634 621
Kinoshita (2008, = "°rd
Exp. 1) Pseudoword 672 682
Bailyss et al. HF word 597 600 602 615
(2009, Exp. 1)

LF word 688 669 679 686
Bailyss et al. HF word 581 584
(2009, Exp. 2)

LF word 668 666
Loth & Davis MF word 636 638
(2010a, Exp. 4)

Pseudoword 794 793
Perea et al. (2010) Word 635 641

Pseudoword 697 695
Perea et al. (2014, HF/LF word 678 682
Exp. 1)

Pseudoword 727 726
Jacobs et al. HF word 493 513 *
(1995, Exp. 2)

Pseudoword 515 498 *
(Items  repeated
several times)
Loth & Davis HF word 475 498 *
(2010a, Exp. 1)

Illegal nonword 520 497 *
Loth & Davis HF word 531 539 *
(2010a, Exp. 2)

Pseudoword 586 576 *
Loth & Davis HF word 588 601 *
(2010a, Exp. 3)

Pseudoword 713 721
Perea et al. (2014, HF word 590 601 *
Exp. 2)

Pseudoword 668 665

(Items  repeated
several times)
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Note. (1) * Refers to a reported effect from unrelated primes (2) HFW: high frequency word; H/LFW: high/low frequency word;
LFW: low frequency word; MF: medium frequency; NW: illegal nonword; PW: pseudoword; (3) Wordlikeness of nonwords targets

from Loth and Davis (2010a): Experiment 4 > Experiment 3 > Experiment 2.

The empirical evidence of an effect of response congruency—or more
generally an effect of the wordlikeness of the unrelated prime —in masked priming
lexical decision is scarce and non-conclusive (see Table 1 for a summary). While
most experiments failed to obtain an effect of the unrelated primes (Bailyss et al.,
2009; Loth & Davis, 2010a, Experiment 4; Norris & Kinoshita, 2008; Perea et al.,
1998; 2010; 2014, Experiment 1; Sereno, 1991), several experiments did find an
effect (e.g., Jacobs et al., 1995; Loth & Davis, 2010a, Experiments 1, 2 and 3;
Perea et al., 2014, Experiment 2). There are two procedural differences between
these two types of outcomes. The null findings occurred when the target stimuli
were presented once and the foils were orthographically legal (i.e., the most usual
scenario in word recognition experiments). In contrast, the experiments that
reported an effect from the unrelated primes either repeated the target stimuli
several times (Jacobs et al., 1995; Perea et al., 2014, Experiment 2) or the foils
were orthographically illegal (e.g., SYKDD; Loth & Davis, 2010a). To re-examine
in depth this issue, we focused on the response congruency effect when the
target stimuli are presented only once (i.e., the most common setting in word
recognition experiments) and we varied the wordlikeness of the nonword targets:
orthographically legal nonwords matched in sublexical characteristics with the
words in in Experiment 1, orthographically illegal nonwords in Experiment 2, and

orthographically legal nonwords with no close neighbors in Experiment 3.

The main goal of the present study was to examine in detail under which
conditions the effect of response congruency could occur in masked priming
lexical decision. Unlike previous published experiments, which focused
exclusively on very few types of orthographically legal primes or on a single
comparison of orthographically legal vs. orthographically illegal primes, we chose
four types of unrelated primes that differed in wordlikeness (60 items per
condition): 1) a high-frequency word (e.g., 1inea-JAULA, coche-GAULO [the

English for 1ine-CAGE, car-GAULO]); 2) a low-frequency word (e.g., censo-
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JAULA, boina-GAULO [census-CAGE, beret-GAULO]); 3) an orthographically
legal pseudoword (e.g., bunte-JAULA, vomon-GAULO [bunte-CAGE, vomon-
GAULO]); and 4) a consonant string (e.g., pdtnr-JAULA, lbctr-GAULO
[pdtnr-CAGE, 1bctr-GAULO]). Thus, there were two unrelated word priming
conditions and two unrelated nonword priming conditions. This allows us not only
to examine the overall response congruency effect but also effect of the
frequency of the word primes (high-frequency vs. low-frequency) and the effect
of legality of the nonword primes (orthographically legal pseudowords vs.

consonant strings).

Importantly, we also examined whether the difficulty of the word/nonword
decision could modulate the response congruency effect in masked priming
lexical decision. The rationale here is that the processes underlying lexical
decision move faster toward the “yes” or “no” boundaries (i.e., evidence for one
response or the other is accumulated faster) when words and nonwords are
easily discriminable (e.g., using orthographically illegal nonwords as foils) (see
Ratcliff et al., 2004, for empirical and modeling evidence). This may maximize the
chances to observe an effect due to an implicit decision on the primes. For
instance, the high-frequency prime world might be implicitly categorized as
“yes”, and this would speed up the responses to the target word CHAIR relative
to the consonant-string prime wtsbn. However, this prime-induced congruency
effect may be more difficult to detect when the nonword foils are orthographically
legal (see Loth & Davis, 2010b for a similar reasoning). (One might argue that
the size of effects is usually diminished when response times are faster, but
masked priming effects tend to be similar in magnitude for fast and slow
responses; see Gomez et al.,, 2013). In Experiment 1, the foils were
orthographically legal nonwords matched in subsyllabic elements with the target
words (e.g., RERTA). This is the typical scenario in word recognition experiments.
In Experiment 2, the word/nonword discrimination was made substantially easier
by having orthographically illegal nonwords (DPTME) as foils, and hence
maximizing the chances of a prime-induced congruency effect on target stimuli
from an implicit “yes” or “no” decision to the prime. To anticipate the results, we

found no signs of an effect from the unrelated primes in Experiment 1, whereas
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in Experiment 2 we found an effect of the unrelated primes on target performance,
but only for consonant-string primes. Thus, one could argue that this latter finding
may have been driven by a legality judgment decision (“if the target is
orthographically legal, say yes”) rather than by lexical decision. To examine
whether the effects found in Experiment 2 were due to change in the nature of
the task (i.e., orthographic legality rather than lexical decision) or because the
words and nonwords were easily discriminable, we designed a third experiment.
In Experiment 3, the foils had no close neighbors (e.g., GAZUR) but they were
always orthographically legal. Therefore, while the word/nonword discrimination
in Experiment 3 is easier than in Experiment 1, lexical decisions need to be made

in terms of lexical activation rather than orthographic legality.

According to the BR model (Norris & Kinoshita, 2008), one would expect
no effects of the lexicality/frequency of the unrelated primes in masked priming
lexical decision for word and nonword targets. Therefore, the presence of an
effect from the unrelated primes would pose some problems for Norris and
Kinoshita’s (2008) account of masked priming lexical decision—a similar null
effect is predicted by Forster’ (2004) account of masked priming lexical decision,
in which lexical decisions cannot be generated by masked primes. The
predictions from the original IA model hinge on whether they assume selective
inhibition or not; in former case, the model predicts no effects from the different
types of unrelated primes, whereas in the latter, the model predicts a direct
relation between the lexical decision times and the wordlikeness of the unrelated
primes (see Bailyss et al., 2009, for simulations). We defer a thorough description
of more sophisticated mechanisms for lexical decision responses in other IA
models (i.e., MROM and SCM).
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Experiment 1

Method

Participants

Twenty-four students from the Universitat de Valéncia, all of them native
speakers of Spanish with normal/corrected-to-normal vision and with no history
of reading disorders, took part voluntarily in the experiment. This study was
approved by the Experimental Research Ethics Committee of the Universitat de
Valéncia (Spain). Before starting the experiment, all participants signed an

informed consent form.

Materials

We selected 240 five-letter target words from the Spanish subtitle database
(Duchon et al., 2013). The mean frequency was 16 occurrences per million (range
5-40)—this corresponded to an average Zipf frequency of 4.15 (range 3.74-4.61)
(see van Heuven et al., 2014, for the advantages of using Zipf frequencies when
describing word information). The mean OLD20 (Yarkoni et al., 2008) was 1.41
(range: 1.00-2.65). We also created a set of 240 nonwords to act as foils. These
nonwords were created from the target words using Wuggy (Keuleers &
Brysbaert, 2010). To act as unrelated primes, we selected 120 high-frequency
words (M = 201 occurrences per million, range 49-1304; mean Zipf frequency =
5.14, range 4.69-6.11) and 120 low-frequency words (M = 2 occurrences per
million, range 0-5; mean Zipf frequency = 3.26, range 2.17-3.70)—all of them of
five letters. Each target stimulus, presented in uppercase, was preceded by a
lowercase prime that could be: 1) an unrelated high-frequency word; 2) an
unrelated low-frequency word; 3) a pseudoword (obtained using Wuggy [50%
from high-frequency words and 50% from low-frequency words]); or 4) a five-
letter consonant string. To rotate the four priming conditions across all target
words, we created four counterbalanced lists following a Latin square design. To
familiarize the participants with the task, the 480-trial experimental phase (i.e., 60

items per condition) was preceded by a short practice phase composed of 16
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trials (8 word trials and 8 nonword trials) with the same characteristics as the

experimental trials—these practice trials were not included in the analyses.

Procedure

Each participant was tested alone in a quiet room. DMDX software (Forster &
Forster, 2003) was used to display the sequence of stimuli and to register the
timing/accuracy of the responses. In each trial, a pattern mask (i.e., a series of
five #’s) was displayed for 500 ms in the center of a computer screen. The mask
was replaced by a lowercase prime stimulus for 50 ms, and then the prime was
replaced by an uppercase target stimulus. The target stimulus was displayed on
the screen until the participant responded or 2 seconds had passed. All stimuli
were presented in black (Courier New 14-pt font) on a white background.
Participants were instructed to decide whether the target stimulus was a Spanish
word or not by pressing the “yes” or the “no” key. Both speed and precision were
stressed in the instructions. Instructions did not mention the existence of any
lowercase stimuli. Sixteen practice trials preceded the 480 experimental trials.
Participants did not receive feedback on reaction times or error rates during the

experiment. The session lasted for around 18-22 minutes.

Results and discussion

Error responses and extremely short RTs (less than 250 ms: 4 responses) were
omitted from the latency analyses—note that the deadline to respond was set to
2 sec. The mean RTs for the correct responses and the accuracy in each

experimental condition are presented in Table 2.

To examine the influence of unrelated primes on the processing of word/nonword
targets, we employed linear mixed effects (LME) models in R (R Core Team,
2017) using the Ime4 (Bates et al., 2015) and ImerTest packages (Kuznetsova et
al., 2016) with two fixed factors: target lexicality (word, nonword) and prime type
(high frequency word, low frequency word, pseudoword, consonant string). For
type of prime, we created three orthogonal contrasts following the three research
questions: (a) the effect of prime lexicality (word prime [high frequency word, low
frequency word] vs. nonword [pseudoword, consonant string]); (b) the effect of

prime word-frequency (high frequency word-prime vs. low frequency word-

214



prime); and (c) the effect of the wordlikeness of the nonword primes (pseudoword
vs. consonant string). Because of the normality assumption required by LME
analyses, the raw RTs were inverse-transformed (-1000/RT). There were 10,957
observations in the latency analyses. We chose the maximal random effects
model whose structure converged. (Using untransformed RTs in the LMEs or
using ANOVAs produced exactly the same pattern of results as that reported
here). For the accuracy analyses, the responses were coded as binary values (1

= correct, 0 = incorrect), and we used the glmer function in the Ime4 package.

Latency analyses. Response times were faster for word targets than for nonword
targets (640 vs. 741 ms, respectively; t = 9.128, p < .001). None of the planned
contrasts approached significance: prime lexicality (t = .004, p = .997), word-
prime frequency (t = .454, p = .65), and nonword-prime wordlikeness (t = 1.291,
p = .209)—none of the interactions between target lexicality and prime type

approached significance (all ts < 1.485, ps > .137).

Table 2

Mean correct response times (in ms) and accuracy (in brackets) for words and
pseudowords in Experiment 1

Prime type
High frequency ~ Low frequency Pseudoword Consonant string
word word
Word 635 (96.7) 641 (97.1) 633 (96.9) 637 (95.3)
Pseudoword 734 (94.0) 730 (94.2) 733 (94.2) 735 (92.7)

Accuracy analyses. Accuracy was higher for word targets than for nonword
targets (93.8 vs. 96.5, respectively; z = 6.949, p <. 001). Neither the effect of
prime lexicality (z=1.778, p = .075) nor the effect of prime word-frequency (z =
.634, p = .526) was significant—the interactions with target lexicality were not

significant either (all ps > .524). The effect of nonword-prime wordlikeness was
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significant (z=2.896, p = .003): participants were more accurate when the prime
was a pseudoword than when the prime was a consonant string (95.6 vs. 94.0,
respectively) —this effect occurred similarly for word and nonword targets, as can
be deduced from the lack of interaction between the two factors (z = .808, p =
419).

To further examine whether the LME analyses missed some subtle effects
(e.g., a facilitative effect in the leading edge of the RT distributions that could
have been canceled by an inhibitory effect in the higher quantiles), we computed
the 1, .2, .3, 4, .5, .6, .7, .8, and .9 quantiles for each participant and condition,
and then calculated the values for each quantile across participants (i.e.,
vincentiled averages). As can be seen in the vincentile plots of the RT
distributions shown in Figure 1, all priming conditions behaved similarly, thus

corroborating the LME analyses.
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Figure 1.

Group reaction time (RT) distributions for the four experimental conditions in
Experiment 1 (upper panel: words; lower panel: nonwords) across quantiles (.1 to .9)
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In sum, the present experiment, using orthographically legal nonwords as
foils and a moderately large number of pairs in each condition (60
items/condition), showed that decision times to “yes” and “no” responses were
not modulated by the wordlikeness of the unrelated primes, thus replicating
previous experiments with wordlike nonword foils (Bailyss et al., 2009; Loth &

Davis, 2010a, Experiment 4; Norris & Kinoshita, 2008; Perea et al., 1998, 2010;
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Perea et al., 2014, Experiment 1; Sereno, 1991). The only effect from the
unrelated primes occurred in the accuracy data: accuracy was higher when the
target stimulus was preceded by a pseudoword prime than when preceded by a
prime composed of random consonants —note however that the size of the effect

(while significant) was very small (95.6 vs. 94.0, respectively).

The BR model and IA model—under the selective inhibition hypothesis—
can easily capture this pattern of findings. The question now is whether we could
find an effect of the unrelated primes in masked priming lexical decision in an
extreme scenario where the word/nonword discrimination is very easy.
Experiment 2 was parallel to Experiment 1, except that we employed illegal
nonwords as foils. As the rate of evidence accumulation for a “yes” or “no”
response with illegal nonwords will be substantially higher than with wordlike
nonwords, there is more room for a response congruency effect to appear. The
idea is that participants are more likely to make an implicit decision based on the
prime when the lexical status of prime and target is easily discriminable (e.g., the
prime gktbc would produce evidence toward a “no” decision, whereas a prime
like house would produce evidence toward a “yes” decision). Indeed, in a series
of unpublished experiments, Loth and Davis (2010a) reported a response
congruency effect in masked priming lexical decision when using unwordlike
nonword targets (e.g., faster “yes” responses for order-CATCH than for dgrki-
CATCH; faster “no” responses for dgqrki-SYKDD than for order-SYKDD). A
limitation of Loth and Davis (2010a) experiments, however, is that the two
unrelated priming conditions (i.e., word primes vs. illegal primes) differed not only
on lexical status (i.e., word vs. nonword), but also on their orthographic legality

(legal vs. illegal).
Experiment 2

Method

Participants
Twenty-four new students from the same subject pool as in Experiment 1

participated in the experiment.
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Materials

The set of stimuli was exactly the same as in Experiment 1 except for the nonword
targets. Unlike Experiment 1, in which the foils were orthographically legal
nonwords, in Experiment 2, all foils were illegal nonwords. All the 5-letter nonword
foils contained an illegal trigram and a single vowel (e.g., BEFRM, TCFRO) so that
they were hardly pronounceable—in a few cases (less than 9%), these nonwords
had an orthographic neighbor (e.g., the nonword chpja has the very low-

frequency word chaja [a Uruguayan dessert] as neighbor).

Procedure

The procedure was the same as in Experiment 1.

Results and discussion

As in Experiment 1, error responses and very short RTs (less than 250 ms: 1
response) were excluded from the latency analyses. The mean correct RTs and
the accuracy in each condition are presented in Table 3. The statistical analyses
were parallel to those reported in Experiment 1. There were 11,215 observations

in the RT analyses.

Table 3
Mean correct response times (in ms) and accuracy (in brackets) for words and
nonwords in Experiment 2

Prime type
High frequency  Low frequency Pseudoword Consonant string
word word
Word 542 (98.2) 539 (97.9) 537 (97.5) 565 (95.1)
Nonword 577 (97.5) 583 (97.5) 574 (97.2) 572 (97.5)

Latency analyses
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Response times were faster for word targets than for nonword foils (546 vs. 576

ms, respectively; t=11.513, p <.001).

Prime lexicality. While the effect of prime lexicality was not significant (t=.758, p

= .449), we found a significant interaction of prime lexicality and target lexicality
(t=6.585, p <.001): lexical decision times on the target words were, on average,
10 ms faster when these were preceded by a word prime than when preceded by
a nonword (pseudoword and consonant string) prime (541 vs. 551 ms,
respectively; t = 5.036, p < .001), whereas lexical decision times on target
nonwords were, on average, 7 ms faster when preceded by a nonword prime
than when preceded by a word prime (573 vs. 580 ms, respectively; t=4.175, p
<.001).

Prime word-frequency. Neither the effect of the prime word-frequency (t = .342,

p = .732), nor its interaction with target lexicality was significant (t = 1.482, p =
.138).

Prime nonword-wordlikeness. The effect of prime nonword-wordlikeness was

significant (t = 3.573, p < .001): response times were faster when the prime was
a pseudoword than when the prime was a consonant string (556 vs. 568 ms,
respectively). This effect interacted with target lexicality (f = 8.229, p < .001):
lexical decision times on the target words were, on average, 28 ms faster when
they were preceded by a pseudoword prime than when preceded by a consonant
string (537 vs. 565 ms, respectively; t = 7.704, p < .001). In contrast, lexical
decision times to target nonwords were, on average, 2 ms faster when the prime
was a consonant string in comparison with pseudowords (572 vs. 574 ms,
respectively; t = 3.353, p < .001). This latter difference, which was significant
using inverse-transformed RT data, vanished when the analyses were conducted
on the raw RT data, < 1. As can be seen in the vincentile plot for nonword targets
in Figure 2, there was a substantial advantage of the consonant string condition
over the pseudoword condition in the leading edge of the RT distribution that
vanished in the higher quantiles—note that inverse transformations put more
weight in the short than in the long RTs. To examine this issue in greater depth,

we conducted a 9 (Quantile) x 2 (Prime nonword-wordlikeness: pseudoword vs.
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consonant string) analysis of variance. The main effect of Prime nonword-
wordlikeness did not approach significance, F < 1, but critically, Prime nonword-
wordlikeness interacted with Quantile, F(8, 184) = 17.706, p < .001: there was a
substantial advantage of the consonant-string condition over the pseudoword
condition in the leading edge of the RT distribution (29 ms in the .1 quantile [p <
.001], 23 ms in the .2 quantile [p <.001] and 16 ms in the .3 quantile [p = .009],
whereas the difference was (if anything) in the opposite direction at the highest
quantile (-35 ms in the .9 quantile [p = .108]) —we applied a Bonferroni correction
in these simple effects tests. The nature of this interaction is discussed below.
(Note that the parallel analyses with word targets revealed a prime nonword-
wordlikeness effect [F(1, 23) = 59.83, p <.001] that was approximately the same
size across the quantiles [interaction: F(8, 184) = 1.03, p = .41].)

Accuracy analyses

We did not find any differences in accuracy between the words and nonwords (z
=.09, p =.926).

Prime lexicality. The prime lexicality effect was significant (z = 2.800, p = .005):

participants were more accurate when the prime was a word than when the prime
was a nonword (97.8 vs. 96.8, respectively). This effect interacted with target
lexicality (z = 2.450, p =.014): For word targets, responses were more accurate
when the unrelated prime was a word than when it was not a word (98.1 vs. 96.4;
z =3.678, p <.001), whereas this effect did not occur for nonword targets (z =
236, p = .813).

Prime word-frequency. Neither the effect of prime word-frequency (z = .5, p =

.619) nor its interaction with target lexicality approached significance (z = .34, p
=.735).

Prime nonword-wordlikeness. The effect of prime nonword-wordlikeness

approximated significance (z = 1.95, p = .052). This effect interacted with target
lexicality (z=2.660, p = .007): for word targets, participants were more accurate
when the prime was a pseudoword than when it was consonant string (97.6 vs.
95.1; z = 3.482, p <. 001), but this difference did not approach significance for

nonword targets (z = .508, p = .611). As shown in the vincentile plot displayed in
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Figure 2 (top panel), the RT distributions for the word targets were remarkably
similar when preceded by an unrelated high-frequency word prime, an unrelated
low-frequency word prime, or a pseudoword prime (i.e., the orthographically legal
primes), whereas the RT distribution for the word targets preceded by a
consonant-string prime showed a location shift to the right. Thus, the effect from
consonant-string primes is not a simple response congruency effect (i.e., both
consonant-strings primes and pseudoword primes presumably provide evidence
for “no” responses in lexical decision, but the pseudoword primes behaved
similarly to the word primes). Instead, what this pattern of data suggests is that
participants considered the orthographic characteristics of the primes regardless
of their lexical status. This occurred fast enough so that an orthographically illegal
prime produced evidence toward a “no” decision, whereas an orthographically
legal prime produced evidence toward a “yes” decision?'. This reinforces the view
that the participants in the experiment 2 could have evaluated the legality of the
stimuli rather than accessing the mental lexicon (i.e., a judgment legality task).
Indeed, Forster, Mohan, and Hector (2003) showed that word-frequency effects
(i.e., a marker of lexical access) are dramatically diminished in lexical decision
experiments with illegal nonword foils—consistent with this view, the lexicality
effect in the current experiment was dramatically smaller than in Experiment 1

(31 vs. 97 ms, respectively).

21 We thank the reviewers and the editor for suggesting this explanation.
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Figure 2

Group reaction time (RT) distributions for the four experimental conditions in
Experiment 2 (upper panel: words, lower panel: nonwords) across quantiles (.1 to .9).
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As shown in the vincentile plot displayed in Figure 2 (top panel), the RT
distributions for the word targets were remarkably similar when preceded by an
unrelated high-frequency word prime, an unrelated low-frequency word prime, or
a pseudoword prime (i.e., the orthographically legal primes), whereas the RT

distribution for the word targets preceded by a consonant-string prime showed a
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location shift to the right. Thus, the effect from consonant-string primes is not a
simple response congruency effect (i.e., both consonant-strings primes and
pseudoword primes presumably provide evidence for “no” responses in lexical
decision, but the pseudoword primes behaved similarly to the word primes).
Instead, what this pattern of data suggests is that participants considered the
orthographic characteristics of the primes regardless of their lexical status. This
occurred fast enough so that an orthographically illegal prime produced evidence
toward a “no” decision, whereas an orthographically legal prime produced
evidence toward a “yes” decision??. This reinforces the view that the participants
in the experiment 2 could have evaluated the legality of the stimuli rather than
accessing the mental lexicon (i.e., a judgment legality task). Indeed, Forster,
Mohan, and Hector (2003) showed that word-frequency effects (i.e., a marker of
lexical access) are dramatically diminished in lexical decision experiments with
illegal nonword foils—consistent with this view, the lexicality effect in the current
experiment was dramatically smaller than in Experiment 1 (31 vs. 97 ms,

respectively).

For the nonword targets, the RT distributions were again very similar when
preceded by a high-frequency unrelated prime, a low-frequency unrelated prime,
or a pseudoword prime (i.e., the orthographic legal primes). There is, however, a
somewhat unusual pattern in the RT distribution of the consonant string condition:
we found a large legality congruency effect in the initial quantiles of the RT
distribution (i.e., shorter “no0” response times to nonword targets when the prime
was orthographically illegal than when the prime was orthographically legal) that
vanished in the higher quantiles. This pattern is puzzling, as one would expect
an effect to increase its size across quantiles (e.g., word-frequency effect; Ratcliff
et al., 2004) or to be approximately the same size across quantiles (e.g., masked
identity priming; Gomez et al., 2013). The existence of a large effect in the leading
edge of the RT distribution that disappears in the higher quantiles has been
documented in a numerical categorization task (“is the digit higher than 5?7”) with

masked primes (e.g., prime: 7; target: 9 vs. prime: 3; target: 9; see Kinoshita &

22 We thank the reviewers and the editor for suggesting this explanation.
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Hunt, 2008). Kinoshita and Hunt (2008) posited the existence of an “inhibitory
control mechanism?” that rejects an activated response when the cognitive system
detects that “the (supraliminal) target is not the source of the response” (p. 1331-
1332). However, it is unclear how a prime can be discounted when it is not
visible—the theories on prime discounting originated from studies using visible
primes (e.g., see Huber & O’Reilly, 2003). Indeed, de Wit and Kinoshita (2014)
acknowledged that “in masked priming, no prime discounting occurs because the
prime is masked and hence the participants are unaware that the evidence
accumulated from the prime comes from a difference source” (p. 1739). Clearly,
the disappearance of the legality congruency effect in the higher quantiles for the
nonword targets grants some explanation. The following is an admittedly ad hoc

account that should be explored in more targeted studies.

Here, we propose a plausible mechanism within the structure of evidence
accumulation modeling®. We term it the “probabilistic use of the prime” (PUP)
hypothesis. The intuition is straightforward: suppose that the observer does not
use the information provided by the prime in every trial. Instead, the prime-target
relationship is utilized in a proportion of trials (i.e., there is a probability greater
than 0 and less than 1 that in a given trial the information provided by the prime
is used). This hypothesis can be implemented in many different ways. However,
given prior research on masked priming effects, we believe that assuming that
prime-target congruency affects the time of encoding+response (Ter parameter)
is reasonable (see Gomez et al., 2013, for discussion). (Note that the diffusion
model cannot disentangle the time of encoding from the time of response). If the
probability of using the prime-target relationship were 1 (PUP = 1), then the
priming effect would produce a location shift in the RT distribution. Critically, as
this probability goes down, the effect on the tail is progressively reduced (see
Figure 3). Note that at relatively high PUPs (.85 in the panels C and D of Figure
3), there seems to be a location shift in the RT distributions. This matches the

results with word targets in the current experiment and also the masked identity

23 We are indebted to Pablo Gomez for suggesting this explanation. While we use terms of the
diffusion model account of lexical decision (Gomez et al., 2013; Ratcliff et al., 2004), Norris (2009)
showed that this model can be subsumed within the Bayesian Reader model.
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priming effects reported by Gomez et al. (2013; see also Perea, Marcet, Lozano,
& Gomez, 2018). Importantly, when the PUP is low (.15 in the panels A and B of
Figure 3), we can observe a pattern very similar to that found with nonword
targets. That is, if prime-target legality congruency affects the time of
encoding+response (Ter parameter) in a relatively small proportion of trials (e.g.,
via an implicit decision to the prime stimulus), the model predicts an advantage
of the congruent condition in the leading edge of the RT distribution that vanishes
in higher quantiles. Why does the pattern of effects differ for word and nonword
targets? We could speculate that the PUP might be related to the usefulness of
the prime. If we assume that participants were basing their implicit decision on
prime legality rather than prime lexicality, three out of the four priming conditions
were congruent (i.e., high-frequency words, low-frequency words,
orthographically legal pseudowords). Thus, in a large majority of trials, the
orthographic legality of the primes would be helpful to reach a “yes” decision (i.e.,
the implicit decision to the prime matches the decision to the target). If we assume
that this affects mainly the Te parameter of the model (i.e., time of
encoding+response), one would obtain a legality congruency effect of similar size
across the quantiles, as actually occurred. In contrast, for nonword targets, only
one out of four priming conditions was congruent. In this scenario, prime-target
congruency would be substantially less helpful to reach a “no” decision and it may
have used in only a limited proportion of trials. While admitedly ad hoc, the PUP
hypothesis offers a reasonable account of the RT distributions for word and
nonword targets in the present experiment (i.e., compare Figures 2 and 3).
Importantly, the diminishing masked priming effect in the higher quantiles
obtained by Kinoshita and Hunt (2008; Experiment 1) in a numerical
categorization task can also be accommodated by the PUP hypothesis: in their
experiment, only one out of four priming conditions were congruent with the

response.
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Figure 3

Quantile plots (left) and cumulative density functions (CDFs; right) for two conditions
that differ in the probabilistic use of the prime (PUP): low proportion of trials (PUP .15;
top panels) versus low proportion of trials (PUP .85, bottom panels).
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Note. Prime-target relationship is assumed to affect the Time of Encoding + Response
(Ter parameter) of the target. RT = Reaction Time.

In sum, the present experiment represents a demonstration of a response
congruency effect in masked priming when the participants’ task requires the
discrimination of words and illegal nonwords (e.g., bunte-JAULA [the English
for funt-CAGE] produced faster “yes” responses than pdtrv-JAULA [pdtr-
CAGE]; ghdk-BEFRM produced faster “no” responses than fiok-BEFRM).
Importantly, these differences were completely absent with orthographically legal

primes (i.e., high-frequency words, low-frequency words, and pseudowords
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behaved similarly; see Figure 2) and only occurred for consonant-string primes.
This finding replicates and extends Loth and Davis’ (2010a) Experiment 1. In Loth
and Davis’ Experiment 1, participants responses were 23 ms faster when the
target word were preceded by a congruent prime (i.e., a high-frequency word;
475 ms) than when preceded by an incongruent prime (i.e., an illegal nonword;
498 ms)—we also found a 23-ms difference when comparing these two

conditions.

What are the implications of this congruency effect for models of visual
word recognition? While computational models of visual word recognition have
been used to simulate lexical decision experiments with illegal nonwords as foils
(e.g., Loth & Davis, 2010b; Norris, 2009; Ratcliff et al., 2004), one might argue
that under these circumstances, the participants’ task is not lexical decision per
se, but rather an orthographic legality task (see Forster et al., 2003, for
discussion)—note that we did not find a simple response congruency effect (i.e.,
unrelated pseudoword primes behaved just is unrelated word primes), but a
legality congruency effect. To examine the involvement of lexical processing in
Experiment 2, we calculated the Pearson correlation between the mean RT of
each word and its Zipf frequency. The idea is that if participants are treating the
task as an orthographic legality task, frequency effects should be very small. This
analysis showed a negligible correlation between these two variables (r = -0.04,
p = .55), thus supporting the view that the word/nonword task in the current
experiment did not involve lexical access. (The parallel correlation coefficient in
Experiment 1 was r=-0.27, p<.001.) Thus, we believe that it would be premature
to make claims on whether the legality congruency effect in the current
experiment poses serious problems for the masked priming account of the BR
model or the selective inhibition hypothesis of the |A model in a standard lexical
decision task—note that these two accounts would predict similar response times

for all priming conditions.

To create a more constraining scenario for the BR and IA models in an
easy-to-perform lexical decision task without the risk of altering its lexical nature,
we designed Experiment 3. Experiment 3 was similar to Experiment 2 in which

the word/nonword discrimination was easy: the nonword foils did not have any
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close neighbors. Critically, all nonword foils were orthographically legal (GAZUR).
In this scenario, lexical decisions need to be made in terms of lexical activation
rather than on orthographic legality, so that the BR and the |IA model—under the
selective inhibition hypothesis— would predict a null effect of response

congruency.
Experiment 3

Method

Participants
Twenty-four new students from the same subject pool as in Experiment 1 and 2

participated in the experiment.

Materials

The set of stimuli was exactly the same as in Experiment 1 and 2 except for the
nonword targets. Unlike Experiment 2—where foils were illegal nonwords—in
Experiment 3 all foils were orthographically legal nonwords. We created the foils
by changing two letters from Spanish words using Pseudo software (van Heuven,
2002). Then, we filtered the output by extracting only those nonwords with no
close lexical neighbors (i.e., no one-letter substitution-letter neighbors; no
transposed-letter neighbors; no addition-letter neighbors, and no deletion-letter
neighbors). This produced a list of more than 300 orthographically legal hermit
nonwords (e.g., LEDUL, RUPUO) and we randomly selected 240 nonwords from

this set.

Procedure

It was the same as in Experiments 1 and 2.

Results and discussion

As in Experiments 1 and 2, error responses and very short RTs (less than 250
ms: 1 response) were omitted from the latency analyses. The mean correct RTs

and the accuracy in each experimental condition are presented in Table 4. The
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statistical analyses were parallel to those reported in the previous experiments.
There were 11,167 observations in the RT analyses.
Table 4

Mean correct response times (in ms) and accuracy (in brackets) for words and
nonwords in Experiment 3

Prime type
High frequency  Low frequency Pseudoword Consonant string
word word
Word 644 (96.7) 640 (96.9) 643 (95.6) 647 (95.6)
Pseudoword 701 (97.5) 708 (98.2) 698 (97.9) 709 (97.0)

Latency analyses

Response times were, on average, 60 ms faster for word targets than for nonword

targets (644 vs. 704 ms, respectively; t =5.775, p <.001).

Prime lexicality. Neither the effect of prime lexicality nor its interaction with target

type was significant (both ts< 1.26, ps>.21). Indeed, lexical decision times were
only 1 ms faster when the prime was a word than when the prime was a nonword

(673 vs. 674 ms, respectively).

Prime word-frequency. Neither the effect of word-prime frequency nor its

interaction with target type approached significant (both ts < 1, ps > .65).
Participants’ responses were 1 ms faster when the target was preceded by a
high-frequency word than when preceded by a low-frequency word (673 vs. 674

ms, respectively).

Prime nonword-wordlikeness. Neither the effect of prime nonword-wordlikeness

(t=1.941, p =.065) nor its interaction with target type were significant (¢ = .403,
p = .687)—note that, for word targets, the difference between the pseudoword
and consonant string conditions was only 4 ms (643 vs. 647 ms, respectively; t =
1.275, p = .208).
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Accuracy analyses

Accuracy was higher for nonword targets than for word targets (97.7vs. 96.2,

respectively; z=4.44, p <. 001).

Prime lexicality. The effect of prime lexicality was significant (z = 2.264, p = .02):

participants were more accurate when the prime was a word than when the prime
was a nonword (97.3 vs. 96.5, respectively)—this effect occurred similarly for
word and nonword targets, as can be deduced from the lack of interaction

between prime and target lexicality (z=.789, p = .429).

Prime word-frequency. Neither the effect of word prime frequency nor its

interaction with target lexicality was significant (both zs < 1, both ps > .42).
Subjects were only 0.5% more accurate when the prime was a low-frequency

word than when the prime was a high-frequency word (97.6 vs. 97.1, respectively)

Prime nonword-wordlikeness. Neither the effect of prime nonword-wordlikeness

nor its interaction with target type approached significance (both zs < 1.24, ps >
.21). The difference in accuracy between pseudoword and consonant string

primes is only of 0.5% (96.8 vs. 96.3, respectively).

As can be seen in the vincentile plots for both the word and nonword
targets displayed in Figure 4, all priming conditions behaved similarly, thus

corroborating the LME analyses.

Therefore, the present experiment showed that, when using
orthographically legal hermit nonwords as foils, lexical decision times on the
target stimuli were similar regardless of the characteristics of the unrelated
primes. This pattern of data is similar to that found in Experiment 1—which
employed orthographically legal nonwords matched with words in sublexical
characteristics. Furthermore, the Pearson correlation between the mean RT of
each word and its Zipf frequency in the current experiment was similar to that
found in Experiment 1 (r=-0.28, p <.001 and r=-0.27, p < .001, respectively),
thus showing that the two experiments involve lexical access. The only effect
from unrelated primes occurred in the accuracy data: accuracy was 0.8% higher
when the target stimuli were preceded by a word prime than when preceded by

a nonword prime (97.3 vs. 96.5, respectively).
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Figure 4

Group reaction time (RT) distributions for the four experimental conditions in
Experiment 3 (upper panel: words; lower panel: nonwords) across quantiles (.1 to .9)
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The null finding in the latency data may be in contrast to Loth and Davis’
(2010a) Experiment 2, who found that lexical decision times for word targets were
faster when preceded by a high-frequency word prime than when preceded by
an illegal nonword prime when the foils were pronounceable nonwords with no

neighbors (e.g., TEIR, DULEW). However, the effect size in Loth and Davis’
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(2010a) Experiment 2 was only 8 ms—the parallel difference in the current
experiment was 3 ms (see Table 4). Thus, we prefer to remain cautious about

this small effect.

General Discussion

The present experiments were designed to examine in detail whether the lexical
status and wordlikeness of unrelated primes (high-frequency words, low-
frequency words, orthographically legal pseudowords, and random consonant
strings) could affect target processing in masked priming lexical decision. We did
so in three different scenarios that varied in the difficulty of the word/nonword
discrimination: orthographically legal nonwords matched in subsyllabic elements
with the target words (Experiment 1), orthographically illegal nonword foils
(Experiment 2), and orthographically legal nonwords with no neighbors
(Experiment 3). When using orthographically legal nonwords, response times to
words and nonwords did not differ as a function of the wordlikeness of the prime
stimuli (Experiments 1 and 3; see Figures 1 and 4), thus extending previous
research with orthographically legal foils (see Table 1 for a summary) with a more
thorough set of conditions. We only found an effect of the unrelated primes when
the nonwords were orthographically illegal (Experiment 2) and restricted to the
primes composed of consonant strings (see Figure 2). We now discuss the

implications of these findings for leading models of visual word recognition.

The Bayesian Reader (BR) model predicts similar response times for
words preceded by an unrelated prime regardless of its wordlikeness in lexical
decision (see Loth & Davis, 2010b; Norris & Kinoshita, 2008, for simulations).
Consistent with the BR model, all unrelated priming conditions behaved similarly
in standard word recognition scenarios (i.e., when the foils were orthographically

legal, as in Experiments 1 and 3).2* However, when the word/nonword

24 The only minor differences across conditions were in the accuracy analysis. In Experiment 1

there was a 1.6% increase in the error rates when the primes were composed of random
consonants relative to pseudoword primes. In Experiment 3 accuracy was 0.8% higher when the
target stimuli were preceded by a word prime than when preceded by a nonword prime.
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discrimination was much easier (i.e., using illegal nonwords as foils [e.g., BEFRM,
TCFRO] instead of orthographically legal nonwords), we found an effect from the
unrelated primes: word response times were longer when the masked prime was
a consonant string than when the masked prime was an orthographically legal
nonword (ghdk-TRUE produced longer response times than fiok-TRUE; see
Figure 2); and nonword responses were faster when preceded by a consonant-
string prime than when preceded by a orthographically legal prime, but only in
the initial quantiles of RT distributions (ghdk-BEFRM produced faster responses
than fiok-BEFRM;, see Figure 2). The question now is whether this latter finding
poses some problems for the BR account of masked priming lexical decision.
One might argue that the task in Experiment 2 may have switched from lexical
decision to an orthographic legality decision. In an orthographic legality decision
task, the BR model could quickly accumulate evidence for “yes” or “no” responses
from the masked primes: as all the nonword foils violated the orthographic
constraints, then anything legal must be a word. That is, participants could carry
over from prime to target the estimate of the probability that the visual input is
orthographically well formed, not the lexical status. As a result, the BR model
could predict slower “yes” responses when the prime is composed of random
consonants than when the prime is an orthographically legal stimulus (e.g., a
pseudoword or a word), as actually occurred in Experiment 2. Conversely, the
model could predict faster “no” responses when the prime is a consonant string
than when the prime is an orthographically legal stimulus (e.g., a pseudoword or
a word). Indeed, as indicated in the Introduction, the BR model can readily
accommodate response congruency effects in two-choice tasks other than lexical
decision (e.g., semantic categorization; see de Wit & Kinoshita, 2014). Thus, the
present findings offer some empirical support to the BR account of masked
priming in standard lexical decision experiments—they are also a demonstration
of how the nature of the decision required by the task modulates masked priming

effects.

The interactive activation model (McClelland & Rumelhart, 1981) offers
different predictions depending on whether there is homogeneous or selective

lateral inhibition (see Bailyss et al., 2009, for simulations). Clearly, the
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homogeneous lateral inhibition hypothesis cannot capture the pattern of effects
in any of the three experiments (i.e., this hypothesis wrongly predicts longer “yes”
decisions in the high-frequency word priming condition than in the nonword
priming conditions). Instead, the pattern of the data with orthographically legal
nonwords (Experiments 1 and 3) favors Davis and Lupker’s (2006) selective
lateral inhibition hypothesis: the processing of the word TRUE is not modified by
the wordlikeness of the unrelated prime, whether it is a high-frequency word like
food or a consonant string like ghdk. The only potential drawback is that
response times are faster for food-TRUE than for ghdk-TRUE when the foils
were orthographically illegal (Experiment 2). While the original IA model under
the selective lateral inhibition hypothesis cannot predict this difference, one might
argue that participants in Experiment 2 were making an orthographic legality
judgment rather than a lexical decision. This orthographic legality judgment task
would be beyond the scope of the IA model. A somewhat crude approximation
would be to use “overall lexical activity” as a source of evidence to speed up
responses in this scenario, as in the “fast-guess” criterion proposed by the MROM
(Grainger & Jacobs, 1996) or the SCM (see Davis, 2010). If the fast-guess
criterion were set low when the nonword foils do not generate practically any
lexical activity, those words whose primes produce some lexical activation would
enjoy some advantage relative to those words whose primes barely produced
any lexical activation. Indeed, Loth and Davis (2010b) conducted simulations that
showed that, depending on the value of the parameters, the SCM could predict
an effect of response congruency (e.g., fiok-TRUE faster than ghdk-TRUE)
when the nonword foils are unwordlike and orthographically illegal. However, it is
unclear to us how this fast-guess mechanism can accommodate the findings of
Experiment 3 with hermit nonwords as foils—note that these stimuli also generate
a very low level of activation in the lexicon. Further empirical and computational
work is necessary to examine the similarities and differences on word vs.

nonword responses in lexical decision vs. orthographic judgment tasks.

In summary, the present experiments were designed to examine whether
response congruency effects with wordlike/unwordlike unrelated primes could be

found in lexical decision. When the foils were orthographically legal nonwords,
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both wordlike and unwordlike priming conditions behaved similarly (Experiments
1 and 3). These findings suggest that participants are unable to establish the
lexical status of the masked prime or even to determine the likelihood of its being
a word in a standard lexical decision task, thus providing empirical support to the
BR model and the selective inhibition hypothesis of the IA model. Furthermore,
our findings are a demonstration that detecting invariances (i.e., the null effect of
lexical status of unrelated primes on target processing in masked priming lexical
decision) is important to progress in science (see Rouder et al., 2009). Thus, at
a methodological level, the current experiments are useful to choose the
appropriate baseline in masked priming lexical decision experiments. We only
found an effect of the unrelated primes on target processing when the foils were
orthographically illegal and the primes were composed of consonant strings.
However, in this scenario, one might argue that the participants’ responses could
have been driven by orthographic properties rather than lexical access. Further
experimentation using measures with a better temporal resolution (e.g., ERPs)
may offer important insights on the time course of the effects of response

congruency across tasks.
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Unveiling the boost in the sandwich priming
technique

Abstract

The masked priming technique (e.g., #####-house-HOUSE) is the gold-standard
tool to examine the initial moments of word processing. Lupker and Davis (2009)
showed that adding a pre-prime identical to the target produced greater priming
effects in the sandwich technique (which compares ### ##-HOUSE-house-HOUSE
vs #####-HOUSE-fight-HOUSE). While there is consensus that the sandwich
technique magnifies the size of priming effects relative to the standard procedure,
the mechanisms underlying this boost are not well understood (i.e., does it reflect
quantitative or qualitative changes?). To fully characterize the sandwich
technique, we compared the sandwich and standard techniques by examining
the RTs and their distributional features (delta plots; conditional-accuracy
functions), comparing identity vs. unrelated primes. Results showed that the
locus of the boost in the sandwich technique was two-fold: faster responses in
the identity condition (via a shift in the RT distributions) and slower responses in
the unrelated condition. We discuss the theoretical and methodological

implications of these findings.

Key words: masked priming; lexical decision; visual word recognition; interactive

activation
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Introduction

Forster and Davis’ (1984) masked priming technique has become the gold-
standard tool for researchers interested in the initial moments of letter and word
processing. This technique allows researchers to manipulate the relationship
between a forwardly masked and briefly presented prime (approximately 30-50
ms) and a target item, while minimizing the non-automatic processes induced by
visible primes (see Grainger, 2008, for a review). The type of prime-target
relationship depends on the ingenuity of the researchers’ working hypothesis
(e.g., to cite three instances: phonological priming: #####-hint-MINT vs.
#H####-pint-MINT; translation priming: #####- maison-HOUSE vS. #####-
appel-HOUSE; identity priming: #####-house-HOUSE VS. #####-fight-
HOUSE). Proof of the ubiquity of this technique is that it has been employed in a
wide range of approaches, from behavioral research—with response times
(henceforth, RTs) and accuracy as dependent variables (e.g., Forster et al., 1987;
Grainger & Ferrand, 1994)—to computational modeling (e.g., Gomez et al., 2013)
and cognitive neuroscience (e.g., functional magnetic resonance imaging [fMRI]:
Dehaene et al., 2001; event related potentials [ERPs]: Grainger & Holcomb,

2009; magnetoencephalography [MEG]: Monahan et al., 2008).

Because of the short stimulus-onset asynchrony between prime and
target, the magnitude of masked priming effects is small, in the range of 10-50
ms in behavioral studies. Thus, a problem faced by researchers using this
technique is that it may not be sensitive enough to detect subtle manipulations or
interactions (e.g., 1ght-LIGHT vs. 1iht-LIGHT; see Grainger, 2008). This
issue is more prominent when designing experiments with developing readers or
special populations (e.g., readers with dyslexia or deaf readers), for whom there
tends to be more within-participant variability in the RTs compared to university
students (i.e., the typical participants recruited in research studies; see Lété &
Fayol, 2013). One approach to overcome this intrinsic limitation of masked
priming is statistical, by conducting over-powered large-scale experiments (e.g.,
Adelman et al.’s, 2014, mega-study with more than 1,000 participants, each

responding to 840 stimuli). While highly valuable, this approach is costly in

238



resources and in time, and it does not fully address the within-participant

variability.

Another approach is to modify the technique to magnify the effects; this
was a basic idea underlying the inception of the Lupker and Davis’ (2009)
sandwich technique. The sandwich technique consists of a modification of the
standard masked priming paradigm. The forward masked is followed by an initial
masked prime identical to the target (the so-called pre-prime), followed by the
prime of interest (see Figure 1 for an example). As in the standard technique, the
target replaces the prime and is displayed until the participant responds. Note
that both methods involve a prime that is pre- and post-masked, so strictly
speaking, both procedures are forms of masked priming; hence, in the remainder

of the article, we will refer to them as standard and sandwich techniques.

As first shown in a series of form-priming experiments conducted by
Lupker and Davis (2009), the sandwich technique produces greater priming
effects than the standard technique. This boost has since been replicated with
various types of prime-target relationships (e.g., see Comesafa et al., 2015;
Perea et al., 2014; Stinchcombe et al., 2012; Trifonova & Adelman, 2018, for
behavioral evidence, and Ktori et al., 2012, for electrophysiological evidence).
Indeed, because of the larger priming effects, the sandwich methodology has
become the preferred option in many recent masked priming studies (e.g.,
Campos et al., 2020; Colombo, et a., 2020; Gutiérrez-Sigut et al., 2017; Ktori et
al., 2014; Lupker et al., 2020a, 2020b; Lupker et al., 2015; Meade, Grainger et
al., 2020; Ziegler et al., 2014; Taikh & Lupker, 2020).

As first shown in a series of form-priming experiments conducted by
Lupker and Davis (2009), the sandwich technique produces greater priming
effects than the standard technique. This boost has since been replicated with
various types of prime-target relationships (e.g., see Comesafa et al., 2015;
Perea et al., 2014; Stinchcombe et al., 2012; Trifonova & Adelman, 2018, for
behavioral evidence, and Ktori et al., 2012, for electrophysiological evidence).
Indeed, because of the larger priming effects, the sandwich methodology has

become the preferred option in many recent masked priming studies (e.g.,
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Campos et al., 2020; Colombo, et a., 2020; Gutiérrez-Sigut et al., 2017; Ktori et
al., 2014; Lupker et al., 2020a, 2020b; Lupker et al., 2015; Meade, Grainger et
al., 2020; Ziegler et al., 2014; Taikh & Lupker, 2020).

Figure 1

Sequence of events with the sandwich masked priming technique (top panel) and the
standard masked priming technique (bottom panel)

Sandwich masked priming

HOUSE HOUSE

house fight

50 ms

HOUSE HOUSE

33 ms

FHEHH i

500 ms

Identity Unrelated

Standard masked priming

HOUSE HOUSE

house fight

50 ms

i ik

500 ms

Identity Unrelated

Notwithstanding its utility in amplifying priming effects, the sandwich
technique requires some further examination. The specific mechanisms at play
and how they differ from the standard technique, have not been fully elucidated
(see Lupker & Davis, 2009 vs. Trifonova & Adelman, 2018). Thus, it is not yet
well understood if the priming effects in the sandwich technique are simply
magnified or, instead, the underlying processes are fundamentally altered.
Exploring this question is the main goal of the present work. In the original Lupker
and Davis (2009) experiments, task procedure (sandwich vs. standard) was

manipulated between subjects, making it difficult to compare the nuances of the
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two techniques. Trifonova and Adelman (2018) have been the only researchers
to date that employed a within-subject design for task procedure. However, their
form-priming experiments focused on whether the characteristics of the pre-prime
influenced word processing (e.g., how the pre-prime PROTECT influences the
processing of the target PROJECT) rather than a direct comparison of the two

techniques using their most common setup as in Figure 1.

To compare the two techniques, we manipulated the procedure (standard
vs. sandwich) in a within-subject design where we compared the largest and most
robust form of masked priming: identity priming (i.e., identity vs. unrelated
primes). Our comparison aims to shed light on the processing differences
between the two techniques. To do so, we also examine the distributional
features of the RT data and the relative speed of correct and error responses in

the two paradigms.

For identity primes, the activation from the pre-primes in the sandwich
technique would naturally help word processing: the target word is presented as
a pre-prime and as a prime (e.g., compare pre-prime: HOUSE, prime: house,
target: HOUSE in the sandwich method vs. prime: house; target: HOUSE in the
standard method). Thus, word recognition times in the identity condition should
be faster in the sandwich technique than in the standard technique. For the
unrelated primes, the presence of the pre-prime in the sandwich technique does
not generate such a straightforward prediction (e.g., pre-prime: HOUSE, prime:
fight, target HOUSE in the sandwich technique vs. prime: house, target: HOUSE
in the standard technique). As suggested by Trifonova and Adelman (2018), in
the standard technique one would expect unrelated primes to push target’s
activation below resting level after prime offset in interactive activation models of
word recognition (e.g., SCM, Davis, 2010; see Bottom Panel of Figure 2). In
contrast, because of the residual activation caused by the pre-prime in the
sandwich technique, the target’s activation would be higher than with the
standard technique after prime offset (see Top Panel of Figure 2). Thus, one

would predict that unrelated pairs would be identified faster in the sandwich than
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in the standard technique —note that this mechanism would reduce the boost of

the sandwich technique.

Figure 2

Example of the initial processing cycles of an unrelated trial in the sandwich technique

Lexical Unit fight (unrelated prime) — house (TARGET)

Sandwich

0.20 1 HOUSE fight HOUSE
0.15 -

0.10 1
0.05 1

oo0{ | — T——=__ |

—0.05 -

Standard

Activity

0.20 1 fight HOUSE
0.15 -

0.10 A
0.05 A
0.00
-0.05 -

—_—

0 10 20 30 40 50
Time (cycles)

Note. Top panel, pre-prime: house [10 cycles], prime: fight [20 cycles], and target [until response]) and in

the standard masked priming technique. Bottom panel, prime: fight [20 cycles] and target [until response])

in a leading competitive network model of visual word recognition (SCM; C. J. Davis, 2010). The thick

horizontal line represents a response threshold, and the coloured lines represent the activation levels of the

corresponding lexical units.

The above pattern was confirmed by simulations on the spatial coding
model (Davis, 2010). We used the target words of Davis and Lupker’s (2016)
Experiment 2—they were all five-letter words—paired with identity vs. unrelated
primes.2® For the sandwich method, we simulated a scenario with a 33-ms pre-
prime followed by a 50-ms prime, whereas for the standard technique, we
simulated a scenario with a 50-ms prime. We found a greater identity priming
effect in the sandwich technique than in the standard technique (69 vs. 47
processing cycles). This boost was exclusively due to the identity condition (an
advantage of 24 processing cycles in the sandwich technique). For the unrelated

condition, the sandwich technique produced slightly faster responses than the

25 The simulator is available at http://www.pc.rhul.ac.uk/staff/c.davis/Spatial CodingModel/
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standard technique (an advantage of 2 processing cycles in the sandwich
technique). Of note, in a form priming experiment, Trifonova and Adelman (2018,
Experiment 2) found the opposite trend for unrelated pairs in the error rates (i.e.,
better performance in the standard technique). If this latter finding can be
replicated, this would suggest that the way models simulate masked priming with

the standard and sandwich techniques many need to be reevaluated.

To get a richer picture of the differences between the two techniques, we
also aim to fully describe the distributional features of the RTs in the sandwich
technique and standard methods; in the present work, we report delta plots (De
Jong, Liang, & Lauber, 1994) and conditional accuracy functions (Bonnet &
Dresp, 1993; Ollman, 1977). Critically, the study of RT distributions offers rich
information to elucidate the time course of an effect (Balota et al., 2008; see also
Heathcote et al.,, 1991; Raicliff, 1979; Townsend & Ashby, 1983, for early
research), because many theories of word processing make claims of the
sequence and timing of mental operations, as can be seen in Figure 2. However,
all previous studies with the sandwich technique only focused on the analysis of

the mean RTs.

In the standard technique, masked identity priming has repeatedly shown
a shift between the RT distributions of the identity and unrelated conditions (i.e.,
identity priming), with the magnitude of identity priming being close to that of the
prime duration (e.g., Gomez & Perea, 2020; Gomez, Perea, & Ratcliff, 2013;
Perea, Marcet, Lozano, & Gomez, 2018, for a similar finding). This pattern
supports Forster’s (1998) claim that the identity prime produces a “head start”
advantage when processing the target word: the identity pair house-HOUSE
would enjoy an advantage over the unrelated pair fight-HOUSE of
approximately the prime duration. In contrast, when using visible primes (150 ms
prime duration), identity priming elicits a shift in the RT distributions and a change
in their shape as it is more skewed for the unrelated condition. This pattern is
consistent with the idea that unmasked visible primes affect core decision
processes (see Gomez et al., 2013). Here, we tested whether masked identity
priming effects in the sandwich technique also reflect a shift in the RT distributions

(i.e., a head-start advantage, as in the standard masked priming technique) or
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whether they are larger in the higher quantiles (i.e., an effect also in the decision
process from the identity primes, based on the evidence accumulation models).
The former outcome would support the view that the two techniques tap the same
core processes, whereas the latter result would imply that the sandwich

technique taps core processes other than a “head-start” advantage.

In sum, to provide the first full description of the sandwich technique, we
designed a lexical decision experiment that examined the similarities and
differences in masked identity priming with the standard and sandwich
techniques. The findings of this study are also relevant to inform us of whether
the sandwich technique taps similar encoding processes (i.e., a head-start
advantage) as the standard priming technique or whether the two tasks are more
different than originally thought. Keep in mind that, in the sandwich technique,
the pre-prime presentation adds complexity to the information processing; that is,
the system must handle with three strings in brief succession (see Forster, 2009;
Trifonova & Adelman, 2018). To rephrase our research question, an apt analogy
might be that the two methods can be thought of as measuring devices for
cognitive processes and the present study aims to understand if these devices
are qualitatively different as they detect different signals, or quantitatively

different, as they may magnify the same signal to different levels.

Method

Participants

A total of 36 undergraduate students from the University of Valéncia volunteered
to participate in the experiment—this ensured 2,160 observations per condition,
in line with Brysbaert and Stevens’ (2008) suggestion for masked priming
experiments. All participants were native speakers of Spanish with
normal/corrected vision and no history of reading disorders. This study was
approved by the Experimental Research Ethics Committee of the University of

Valéncia, and all participants signed an informed consent form.
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Materials

We selected 240 word targets of 5 letters, which were extracted from Fernandez-
Lépez et al.’s (2019) Experiment 1. The average Zipf frequency was 4.15 (range
3.74-4.61) and the mean OLD20 was 1.41 (range: 1.00-2.65) in the EsPal
Spanish database (Duchon et al., 2013). Each target word (e.g., PASTA [pasta]))
was paired with an identity prime (e.g., pasta) or an unrelated prime (e.g., suelo
[floor]). The pre-primes in the sandwich method were always the same as the
targets (see Figure 1). To act as foils, we selected 240 orthographically legal
pseudowords. These were also extracted from the Fernandez-Lopez et al.’s
(2019) Experiment 1. Each target nonword (e.g., JARSA) was paired with an
identity prime (jarsa) or an unrelated prime (ruezo). We created four lists to
counterbalance the prime-target combinations across the two priming conditions

and the two techniques

Procedure

Testing took place in groups of 4-6 participants in a quiet lab room. Computers
equipped with DMDX software (Forster & Forster, 2003) displayed the stimuli and
registered the timing/accuracy of the responses. Each trial started with a pattern
mask (#####) displayed for 500 ms in the center of a computer screen. In those
trials with the sandwich technique, the uppercase target stimulus was presented
for 33 ms as a pre-prime, followed by a 50-ms lowercase prime stimulus which,
in turn, was replaced by the uppercase target stimulus—this was presented until
response or 2 seconds had elapsed. In the trials with the standard technique, the
pattern mask was followed by the 50-ms prime, and then replaced by the target
(see Figure 1). All stimuli were presented in 14-pt Courier New black font on a
white background. Participants were instructed to decide whether the uppercase
stimulus was a word or not by pressing a green button (“word”) or a red button
(“nonword”) with their index fingers. Both speed and accuracy were stressed in
the instructions. Instructions did not mention the existence of any briefly
presented primes. Sixteen practice trials preceded the 480 experimental trials.
Each participant received a random sequence of trials. The session lasted 18-22

minutes.
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Results

Error responses and anticipations (RTs faster than 250 ms: 2 correct responses
and 4 incorrect responses) were omitted from the latency analyses. Timeouts
after 2.5 seconds were categorized as errors (there were 32 timed out responses
and 1,091 error responses out of 17,280 trials). Table 1 displays the mean RTs
for correct responses and the accuracy in each condition. We first present the
inferential analyses using Bayesian linear mixed effects models, and then we

present the exploratory data analyses.

Table 1

Mean correct response times (in ms) and accuracy (in brackets) for words and
pseudowords with the Standard and Sandwich masked priming techniques

Standard technique Sandwich technique
Identity Unrelated Identity Unrelated
Words 589 (96.9) 629 (93.9) 563 (96.9) 642 (91.2)
Pseudowords 704 (91.6) 717 (92.6) 695 (92.7) 709 (92.0)

Bayesian linear mixed effects analyses

The RT and accuracy data were modelled with Bayesian linear mixed-
effects models in R (R Core Team, 2020) using the brms package (Burkner,
2020). This package, which uses the programming language Stan as its core,
allows us to fit the maximal random effect structure models allowed by the
experimental design (see Barr et al., 2013). The fixed effects were relation
(identity vs. unrelated; coded as -0.5 and 0.5) and procedure (sandwich vs.
standard; coded as -0.5 and 0.5). As usual in masked priming experiments, we

conducted separate analyses for word and nonword trials.
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The fitted model was as follows: Dependent variable [RT or accuracy] ~
relation * procedure + (l+relation * procedure | subject) + (1 +

relation * procedure | item)

We used the ex-Gaussian family function to model the RT data and the
Bernoulli family function (1 = correct, O = incorrect) to model the accuracy data.
For the fits of each model we employed four chains, each with 5,000 iterations
(1,000 warmup + 4,000 sampling). All R values were 1.00, thus meaning that the
four chains converged successfully. In the output, the Bayesian linear mixed-
effects models indicate the estimate of each fixed effect, its standard error, and
its 95% credible interval. For inference purposes, those intervals that did not
include zero were interpreted as significant. In case of a significant interaction,
we computed the simple effect tests with the emmeans package (Lenth et al.,
2020) —this package provides the 95% highest (posterior) density (HPD) interval
for each effect. Note that this method yields what is called Bayesian shrinkage,
which means that posterior estimates might be shifted from the empirical effects

due to the prior and the data from other conditions.

Word targets

Response times were faster for identity pairs than for unrelated pairs (b = 72.35,
SE = 3.78, 95% credible interval [Crl] [64.58, 79.56]) and responses were faster
in the sandwich than in the standard technique (b = 25.65, SE = 2.70, 95%Crl
[20.74, 31.29]). As expected, there was clear evidence of an interaction between
the two factors (b =-32.76, SE = 4.09, 95%Crl [-40.80, -24.78]). This interaction
reflected that, for identity pairs, responses were substantially faster in the
sandwich than in the standard technique (95% HPD [-31.29, -20.7]); in contrast,
for unrelated pairs, responses were faster in the standard than in the sandwich
technique (95% HPD [0.75, 13.6]).

The analyses on the accuracy data showed that participants were more
accurate for identity pairs than for unrelated pairs (b =-1.16, SE = 0.19, 95%Crl
[-1.52, -0.79]). While the 95% credible intervals of the other parameters included
zero, accuracy was lower in the sandwich than in the standard technique (b =
0.18, SE = 0.23, 95%Crl [-0.28, 0.65]) and the size of the identity priming effect
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was greater in the sandwich than in the standard technique (interaction: b =0.40,
SE =0.26, 95%Crl [-0.11, 0.90)).

Nonword targets

Responses to nonwords were faster in the trials with the sandwich technique than
in the trials with the standard technique (b = 17.54, SE = 3.67, 95%Crl [10.37,
24.72]). We also found a small advantage of identity over unrelated pairs (b =
9.83, SE = 5.07, 95%Crl [0.22, 19.93]). There were no clear signs of an
interaction between the two factors (b =-4.21, SE=5.11, 95%Crl [-14.30, 5.7]).

The analyses on the accuracy data did not show any effects (relation: b =
-0.14, SE = 0.16, 95%Crl [-0.45, 0.18]; procedure: b =-0.14, SE = 0.16, 95%Crl
[-0.45, 0.17]; relation*procedure: b= 0.21, SE = 0.21, 95%Crl [-0.20, 0.61]).

To summarise, the results with the Bayesian linear mixed-effects models
on word trials showed that, for identity primes, the presentation of the target word
in the sandwich technique yielded faster responses than the standard technique
(HOUSE-house-HOUSE < house-HOUSE). In contrast, the sandwich technique
slowed down word responses for unrelated primes (fight-HOUSE < HOUSE-
fight-HOUSE). Thus, the boost in the sandwich technique is caused by faster
responses in the identity condition and slower responses in the unrelated
condition. Regarding the nonword trials, we found faster responses in the

sandwich technique, accompanied by a small identity priming effect.

Exploratory Data Analyses

To further examine the nature of the priming effects underlying the sandwich and
standard techniques, we compared the empirical RT distributions for both
techniques. We focused on delta plots and conditional accuracy functions, as
they describe how the latency distributions differ. Note that these methods do not
have established inferential properties, so in our discussion we focus only on

large effects.
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Delta plots

Delta plots are frequently used to display how a latency effect (e.g., identity
priming, or task) evolves across time (see De Jong et al., 1994; Ridderinkhof et

al., 2004). These plots are constructed as follows:

1. We obtain the RTs at the desired quantiles (here we
use .1, .2, .3, .4, .5, ... .9) for every participant for each of the conditions
to be compared, only for correct responses.

2. We average the RTs obtained in Step 1 across participants (these
averaged quantiles are also called vincentiles in the RT literature; see
Ratcliff, 1979).

3. For each of the quantiles in the vincentiles, (a) we find the average
between the two conditions, and (b) then compute the differences (i.e.,
the delta) preserving the sign.

4. The last step is to plot the points (as many points as there are quantiles),
with the averages (Step 3a) on the x-axis, and the delta (Step 3b) on the

y-axis.

As is evident from Step 3b, delta plots are based on residual quantiles (i.e.,
RTs at quantiles in condition A minus condition B), and hence can provide us with
some indication of the temporal dynamics of an effect when interpreted within the
lens of process models. For example, a flat line at around y = 50 ms would mean
that there is a 50-ms shift in the RT distributions—this could be interpreted as
faster encoding times in evidence accumulation models (see Gomez et al., 2013,
for an example of such interpretation in the standard masked priming technique).
Alternatively, an ascending function would indicate that the effect grows for
slower responses, and it could be interpreted as a difference in the rate of

evidence accumulation.

As just indicated, in delta plots, one needs to contrast two conditions; in
our analysis of the two priming methods, it makes sense to perform two separate
comparisons that are presented in two different delta plots: (a) the effect of prime

type in the standard and sandwich techniques (across condition comparison:
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unrelated vs. identity; Figure 3), and (b) the effect of procedure for identity and

unrelated pairs (within-condition comparison: standard vs. sandwich; Figure 4).

Effect of prime type (Figure 3). For word trials, when calculating priming

effects as RT for unrelated primes minus RT for identity primes, we found a
relatively flat line for the identity priming effect in the standard technique (all points
lie between 38 and 51 ms), thus replicating earlier research. In contrast, in the
sandwich technique, the identity priming effect was not only greater than in the
standard technique (as attested by the higher values in the y-axis), but it
progressively increased from the .1 quantile (63 ms) to the .7 quantile (95 ms)—
it decreased slightly in the .9 quantile, though. For the nonword trials, we found a
small identity priming effect that slowly grew across quantiles, with a steeper

slope in the sandwich technique.

Figure 3

Delta plot comparing unrelated primes to identity primes

Prime Type Comparison: Unrelated — Identity
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WORD NONWORD
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Note. The points represent the difference RT unrelated — RT identity at the .1, 2., .3, .4,
3,.6,.7,.8, and .9 quantiles

Effect of technique (Figure 4). For word trials, when calculating the effect of

technique as standard minus sandwich, we found an approximate flat line for the
identity primes (around 25 = 5 ms for all quantiles). This pattern indicates that

responses were overall faster in the sandwich than in the standard technique. In
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contrast, we found a line that lies on the negative numbers for the unrelated
primes (i.e., responses were slower in the sandwich than in the standard
technique) —note that this difference effect grew as quantiles increased from .1
quantile (-.5 ms) to .8 quantile (-.16 ms;i.e., a negative slope). We found functions
with negative slopes for the nonword targets, but with points above zero for the
most part. This pattern reflected that responses were faster in the sandwich
technique, but this advantage decreases (or even reversed, in the unrelated

condition) for the slower responses.

Note that delta plots highlight the dynamics of effects across different
points of the latency distributions. However, they do not convey information about
accuracy as they are only built with correct responses; hence, we resort to

conditional accuracy functions to explore accuracy issues as explained below.

Figure 4

Delta plot comparing the standard and sandwich techniques
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Note. The points represent the difference RT standard — RT sandwich at the .1, 2., .3, .4,
3,.6,.7,.8, and .9 quantiles
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Conditional Accuracy Functions

Conditional accuracy functions (Bonnet & Dresp, 1993; Ollman, 1977) allow us
to visualize how accuracy evolves as latencies increase. These plots were

generated as follows:

1. For each type of item and each participant, we found the RTs at
quantiles .1, .3, .5, .7, and .9; to do so, we included both correct and
error responses.

2. We averaged the RTs and accuracies for each bin across all participants,
and then calculate (a) the average RT for each of the bins, and (b) the
accuracy within each bin.

3. The last step is to plot the points (as many points as there are quantiles),
with the averages (Step 3a) on the x-axis, and the conditional accuracies

(Step 3b) on the y-axis.

As is evident from Step 3b, conditional accuracy functions can indicate if the
accuracy in the responses for a given condition varies across the latency of the
responses to such condition. For example, a flat line at around y = .90 would
mean that the accuracy for that condition (90%) is equal for fast and for slow
responses. In addition, an ascending function would indicate that the fast
responses tend to be less accurate, and a descending function would indicate

that slow responses tend to be less accurate.

The panels in Figure 5 show the conditional accuracy for all the conditions
in our experiment. Two patterns are worth highlighting: for words, the fastest 20%
of responses in the unrelated condition in the sandwich method tend to be less
accurate than slower responses, which is reversed for the identity condition. For
nonwords, the conditional accuracy functions are remarkably similar in the two
techniques: fastest responses tend to be less accurate for the identity primes than
for the unrelated primes, but this pattern reverses for the slower responses. This
is consistent with the idea that familiarity influences lexical decision (e.g., Masson
& Bodner; cf compound-cues), particularly for fast responses, which could be
senstivie to the orthographic match of the prime and target. A match could bias

for “word” responses, and fast reponses might be most affected by this bias.
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Figure 5

Conditional accuracy functions
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Note. The points represent the accuracy and average RT of the responses within equal
sized bins (20% of responses per bin)

Discussion

An increasing number of masked priming researchers now opt for the sandwich
technique due to its promise of greater effect sizes than the standard technique.
However, the mechanisms underlying this boost are still not well understood. To
fully characterize the sandwich technique, we conducted a lexical decision
experiment comparing the sandwich and standard techniques in a within-subject
design. We focused on masked identity priming effects for three reasons: (a)
theoretical models offer straightforward predictions (Forster, 1998); (b) it has
already been modelled with the standard masked priming technique (Gomez et
al., 2013); and (c) the magnitude of the effects is much larger than with other
types of prime-target relationships (i.e., we may capture more easily potential
interactions). To elucidate whether the differences between the standard and

sandwich methods were merely quantitative or also qualitative, we examined the
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locus of the boost in the sandwich technique and the time course of the effects

for both techniques via delta plots and conditional accuracy functions.

For word trials, we found the expected boost in the sandwich technique (a
79-ms priming effect with the sandwich technique vs. a 40-ms priming effect with
the standard method; i.e. a 39-ms boost), thus replicating earlier research (see
Lupker & Davis, 2009, for the first demonstration). Critically, the use of a within-
subject design allowed us to discover that while the major component of the 39-
ms boost in the magnitude of priming effects in the sandwich technique was due
to the faster responses to identity pairs (26-ms: 563-ms vs. 589-ms in the
sandwich and standard techniques, respectively), there was also a component
due to the slower responses to unrelated pairs (13-ms: 642-ms vs. 629-ms, in the
sandwich and standard techniques, respectively)—note that Trifonova and
Adelman (2018) also found an effect in this direction for unrelated pairs in the
accuracy data. As indicated in the Introduction, Davis’ (2010) spatial coding
model would have predicted not only substantially faster responding in the
identity condition in the sandwich than in the standard technique, but also slightly
faster responding in the unrelated condition. Thus, the effect of the unrelated
priming conditions predicted by the spatial coding model does not match the
observed data. We found that the responses were slower in the sandwich
technique than in the standard technique after an unrelated prime. The
discrepancy in the unrelated trials suggests that the pre-prime in the sandwich
technique may influence target processing in a way that cannot be captured in
the present implementations of masked priming in interactive activation models

like the spatial coding model.

In addition, the exploratory data analyses (both delta plots and conditional
accuracy functions) offer valuable information on the underlying processing
differences between the standard and the sandwich techniques. For word targets,
the delta plot on the standard technique showed, as expected, that masked
identity priming reflects essentially a shift in the RT distributions (see Figure 3;
see also Gomez et al.,, 2013; Gomez & Perea, 2020). This pattern is entirely
consistent with the commonly shared assumption that masked identity primes

have a “head start” advantage during an early encoding stage (i.e., a “savings”
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effect; Forster, 1998; see also Gomez et al., 2013). In contrast, the delta plot with
the sandwich technique showed a different picture: the magnitude of masked
identity priming grows stronger in the higher quantiles (see Figure 3). At first
glance, one might interpret this last pattern as being due to some involvement of
decision processes for identity primes in the sandwich technique. However, this
interpretation misses the critical information provided by within-condition
comparisons (see Jacobs et al., 1995). The advantage of the identity primes in
the sandwich technique is approximately constant along quantiles (see left panel
of Figure 4), thus reinforcing the idea that the identity primes are processed
similarly in the two techniques (i.e., an encoding effect; Forster, 1998). Instead,
the largest differences across tasks occur in the unrelated priming condition,
where there is a costlier processing in the sandwich technique as latency
increases. Of note, the delta plot in the left panel of Figure 4 also allows us to
visualize that the difference between the sandwich and the standard method
manifests itself in both identity and unrelated primes: the sandwich technique
yields faster responses for the identity primes and slower responses for the

unrelated primes.

The Conditional accuracy functions shown in Figure 5 provide further clues
on the differences between the two techniques. The fast responses in the
sandwich method for the unrelated condition are much less precise than the fast
responses for any other condition in the experiment. This pattern suggests that
the pre-prime interacts with the prime in ways that affect the early moments of
processing of the target. One possible explanation for the divergent pattern in the
unrelated primes across technique is the following. Because of the briefness of
the pre-prime, its processing may overlap with the prime, creating a jumbled
orthographic code that would impair the first moments of target processing—note
that this interpretation has some resemblance with the legibility effect described
by Davis and Forster (1994). For instance, for HOUSE-fight-HOUSE (sandwich
technique), when participants initially encounter HOUSE-fight, they might
perceive a fused orthographic code that might initially hinder target recognition,

occasionally leading to fast error responses. This early difficulty would be later
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overwhelmed by lexical activation.?® Importantly, this is a post hoc explanation
that can be interpreted in different ways. What do we mean by a “jumbled
orthographic code”? Two implementations of this idea come to mind: the first one
is that the orthographic features of both the pre-prime and the target are partially
available, and hence there might be at least some benefit for the sandwich
technique over the standard technique; unfortunately, this idea does not seem to
be supported by the data because RTs for the sandwich technique are slightly
longer than for the standard technique. Another way to think about this “jumbling”
is that the orthographic codes mutually inhibit each, thus diminishing lexical
activation for both entries. This question, however, is well beyond the scope of
the present article. Nevertheless, it raises interesting issues around how
information from the strings integrates versus contrast in the type of fast
presentation displays in this type of paradigms. These questions will be central
in future analyses of the sandwich technique, which was developed to explore
rather fine-grained orthographic processes that yield much smaller effects than

identity versus unrelated primes.

In sum, the present experiment has both theoretical and practical
implications. On the theoretical side, the shift in the RT distributions for identity
pairs in the sandwich and standard technique strongly suggests that the extra
time from the pre-prime is not altering the underlying processes beyond
encoding. Notably, the story is different from unrelated primes: the pre-prime in
the sandwich technique hinders the processing of unrelated prime-target pairs.
Further research with a better temporal resolution (i.e., ERPS) is necessary to
uncover these differences—note that the Ktori et al. (2012) ERP sandwich
experiment did not include a block with the standard technique. On the applied
side, one basic question is shall we continue using the sandwich technique? The
answer from the present experiment is “yes”. Even in the largest manipulation in

priming experiments (i.e., identity primes), we found a similar pattern in the two

26 While the main focus of this work is the words, no complete account of the tasks can exclude
a description of the responses to pseudowords. In our data, the conditional accuracy function and

the delta plots are remarkably similar, with effects augmented in the sandwich condition.
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techniques for identity pairs—except for the expected processing advantage in
the sandwich technique due to the pre-prime. At the same time, researchers
should be cautious in interpreting some of the across condition priming effects in
subtle manipulations in the sandwich technique, as these effects may derive not
from facilitation in the related condition but rather from some inhibition in the
unrelated condition and might consider using both the identity and unrelated
conditions as controls when exploring subtle manipulations (e.g., does corn
prime ACORN?) Perhaps an analogy from the physical sciences is apt. We
explored if the sandwich technique is a more powerful microscope than the
standard masked priming technique. Our results indicate that a better way to think
about it is as a different catalyst that triggers related but slightly different

processes.
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Conclusions

This section is composed of two studies that aimed to examine in depth the
mechanisms underlying the masked priming technique and the sandwich
technique. In the first study, Can response congruency effects be obtained in
masked priming lexical decision? (Fernandez-Lbpez et al., 2019), we examined
whether participants applied the same instructions to the primes and targets in
the masked priming lexical decision task. To that end, we focused on the scrutiny
of the congruency effect (i.e., the difference in response times between a
congruent trial (bright-WINDOW: “word”; geuzel-POLCIR: “nonword”) and an

incongruent trial (geuzel-WINDOW: “word”; bright-POLCIR: “nonword”).

We designed three experiments to examine the influence of the lexical
status and wordlikeness of unrelated primes in lexical decision. The primes could
be a high-frequency word (radio), a low-frequency word (beret), a pseudoword
(geuze), or a consonant string (xfgtp). To obtain a comprehensive picture, we
developed three scenarios that varied in the difficulty of the word/nonword
discrimination: orthographically legal nonwords matched in subsyllabic elements
with the target words (Experiment 1; e.g., WINDOW vs POLCIR), orthographically
ilegal nonword foils (Experiment 2; e.g., e.g., WINDOW vs SYKDD), and
orthographically legal nonwords with no neighbors (Experiment 3; e.g., WINDOW
vs LEDUL). We found that when using orthographically legal nonwords (POLCIR,
LEDUL), response times to words and nonwords did not differ as a function of the
wordlikeness of the prime stimuli. This suggests that participants were unable to
establish the lexical status of the masked prime or even to determine the
likelihood of its being a word. Nevertheless, we found a different scenario when
using illegal nonwords as foils (WINDOW vs SYKDD): word response times were
longer when the masked prime was a consonant string than when the masked
prime was an orthographically legal nonword (xfgtp-WINDOW > geuzel-
WINDOW). Moreover, nonword responses were faster when preceded by a
consonant-string prime than when preceded by an orthographically legal prime

(xfgtp-SKYDD < geuzel-SKYDD), but only in the initial quantiles of RT
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distributions. Nevertheless, one might argue that the inclusion of illegal foils in
experiment 2 switched the nature of the task from a lexical decision to an

orthographic legality decision task.

These findings have important implications for leading models of word
recognition (Bayesian Reader model; Norris & Kinoshita, 2008; interactive
activation models; Rumelhart, 1981; Grainger & Jacobs, 1996; Coltheart et al.,
2001; Davis, 2010). The Bayesian Reader (BR) model predicts similar response
times for words preceded by an unrelated prime regardless of its wordlikeness in
lexical decision. Consistent with the BR model, all unrelated priming conditions
behaved similarly in standard word recognition scenarios. However, when the
word/nonword discrimination was much easier (Experiment 2; WINDOW vs
SYKDD), we found an effect from the unrelated primes. (xfgtp-WINDOW >
geuzel-WINDOW; xfgtp-SKYDD < geuzel-SKYDD). Nonetheless, since the
task in Experiment 2 can be regarded as an orthographic legality decision, the
BR model can predict slower “yes” responses when the prime is composed by a
consonant string than when the prime is an orthographically legal stimulus, and
vice versa. As all the nonword foils violated the orthographic constraints, anything
legal must be a word. Regarding the interactive activation models, the lack of
influence of the wordlikeness of the prime on the target processing when
comparing words and legal foils (Experiment 1 and 3) offers support to the
selective lateral inhibition hypothesis (Davis & Lupker, 2006). However, the
nature of the task in Experiment 2 (i.e., orthographic legality decision) would go
beyond the scope of the family of interactive activation models. Thus, our findings
offered empirical support to the BR account and the lateral inhibition hypothesis
of masked priming in standard lexical decision experiments. Importantly, they
also demonstrate how the nature of the decision required by the task modulates

masked priming effects.

Notably, the masked priming effects can also be modulated by modifying
the technique. With the purpose of magnifying the priming effects, Lupker and
Davis (2009) designed the sandwich masked priming paradigm, in which the
forward mask is followed by an initial masked prime identical to the target (the

so-called pre-prime) for 33 ms, followed by the prime of interest, and the
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subsequent target (#####-WINDOW-geuzel-WINDOW). Whereas the sandwich
priming technique has been employed in a huge number of experiments due to
the greater effect sizes, the mechanisms underlying this boost were still not well
understood. In the second study of the present section, Unveiling the boost in the
sandwich priming technique (Fernandez-Lépez et al., 2021), we aimed to fully
characterize the sandwich technique. To that end, we conducted an identity
priming lexical decision experiment comparing the sandwich and standard
techniques in a within-subject design. Moreover, to test the nature of the
differences between the standard and sandwich methods (i.e., whether they were
merely quantitative or also qualitative), we examined the locus of the boost in the
sandwich technique and the time course of the effects for both techniques via
delta plots and conditional accuracy functions. Results showed that the locus of
the boost in the sandwich technique was two-fold: faster responses in the identity
condition (via a shift in the RT distributions) and slower responses in the unrelated
condition. The shift in the RT distributions for identity pairs in the sandwich and
standard technique strongly suggests that the extra time from the pre-prime is
not altering the underlying processes beyond encoding. Nevertheless, for
unrelated primes, the pre-prime in the sandwich technique hampered the
processing of unrelated prime-target pairs. This finding warns researchers to be
cautious in interpreting some of the across condition priming effects in subtle
manipulations in the sandwich technique, as these effects may derive not from
facilitation in the related condition but rather from inhibition in the unrelated

condition.

In summary, the two studies presented here offer a valuable contribution
to the methodological aspects of word recognition research. Three highlights can
be drawn from them: (i) when choosing the baseline, it does not matter the
wordlikeness of the unrelated primes (as long as the task employs
orthographically legal foils); (ii) the nature of the decision required by the task
modulates masked priming effects; (iii) when employing the sandwich technique,
researchers should use both the identity and unrelated conditions as controls

when exploring subtle manipulations.
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Concluding Remarks

If one thing strikes us as reading researchers, it is how the brain has developed
specialized cortical mechanisms attuned to the recognition of written words.
Letters are special visual objects, and as | have indicated as a mantra in this
dissertation, they can be considered tools that modify the brain machinery that
sustains reading. But, how does this occur? The backbone of the present
dissertation is the question of how literacy shapes the cognitive processes that
underlie the encoding of visual perception to meaning (i.e., orthographic

processing).

Orthographic processing is the mechanism responsible for encoding the
identity and position of letters within words, allowing us not only to distinguish

silent from listen but also to access the lexical entry of rabbit
independently of whether the word is written as rabbit, rabbit, rabbit, or rabbit.

Notably, recognizing these words is necessarily mediated by the processing
involving the letters that make up the word, at least in languages that use
alphabetic orthography. Indeed, it is generally assumed that letters are the key
elements for orthographic processing and that it is the mechanism used to code
for the positions of these letters that critically determines the nature of the

orthographic code.

In the first section of the present dissertation, The emergence of the
orthographic processing, | aimed to further our understanding of how the
encoding of the position and order of letters emerges with literacy. We found
evidence demonstrating that even though our brain is not phylogenetically
prepared for reading, the specialization to letters emerges very early, with the
mere visual exposure. Specifically, the mechanisms of visual object processing
are attuned to guide the functional reading process and develop some
rudimentary specialization to letters before the actual emergence of orthographic

processing.
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On the applied side, these outcomes highlight the importance of the
assessment of children’s analysis of visual input, which is usually overlooked, in
order to detect early deficiencies and prevent eventual reading difficulties.
Moreover, the learning to read instruction should not be based solely on letter
knowledge and phonological decoding. We must keep in mind that reading is built
on a basic cognitive foundation. And that foundation can be trained from very
early in development to smooth the learning-to-read process. It is advisable to
train in visual tasks with letter stimuli, like the same-different task, to facilitate the
encoding of letter order and position. In addition, these findings suggest that
children may benefit to a relatively early exposition to words. This would help
create a rudimentary layer of frequent letter co-occurrences that may facilitate

the subsequent encoding of words.

As learning to read becomes more automatic, and with the final goal of
efficient word recognition, the reading brain becomes more flexible to letter odrer
(and | bet you have read order) and more tolerant to the differences in letter

shapE. The second section of this thesis, The resilience of letter detectors,

focuses on the tolerance of letter detectors to letter distortion. We focused on
letter rotations, as leading models of word recognition have explicit predictions
about how the processing system copes with them. We found that the letter
detectors responsible for converting the visual input into abstract representations
are hindered by rotations since very early in processing. Nevertheless, they can
efficiently overcome the constraints imposed by letter rotations up to 45°. After
this boundary, individuals need to engage extra top-down (lexical) feedback,
which results in larger identification times. This pattern has implications at a
theoretical level. The SERIOL model of word recognition (Whitney, 2001, 2002)
assumes that “input levels to letter units are reduced for rotated stimuli” (p. 119,
Whitney, 2002), increasing gradually the time required to encode a letter string.
Instead, the Local Combination Detectors model (Dehaene et al., 2005) offers an
all-or-none account of how letter rotation affects letter and word processing. It
postulates a negligible cost for letter rotation until a boundary of 40°-45°, beyond
which letter detectors would not efficiently cope with rotations. Based on the

results obtained in the different experiments of this section, the most feasible
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alternative is the combination of the assumptions of both models. There is a
gradual cost of letter rotation until a limit, around 45°, beyond which the letter

detectors’ resilience decreases, becoming dramatic at steeper angles.

Over these years as a graduate student, | have touched on research topics
other than orthographic processing. As a result, there are the studies that
compose the third section of the present thesis, Methodological contributions to
the visual word recognition research, which examined the cognitive
underpinnings of masked priming and one of its variants: sandwich priming. The
results obtained in this section have important methodological implications,
especially when choosing the appropriate baseline in identity priming
experiments. Firstly, we have demonstrated that participants cannot establish the
lexical status of the masked prime or even determine the likelihood of its being a
word in a standard lexical decision task. Thus, it does not matter the wordlikeness
of the unrelated prime in identity masked priming lexical decision. Secondly,
researchers should use both the identity and unrelated conditions as controls
when exploring subtle manipulations with the sandwich masked priming
technique. The reason is that the effects could derive not from the facilitation in

the related condition but rather from inhibition in the unrelated condition.

Overall, the present dissertation develops a robust understanding of
orthographic processing in particular and word recognition in general,
contributing to the field in several ways, with important empirical, theoretical,
methodological, and practical implications. Most importantly, probably, is the
thorough knowledge | have acquired from its completion, not only about the
cognitive correlates of reading but also about science. Science is rigid but flexible,
exact but refutable, and incredibly reflexive. Science is not competition (as much
as they would have us believe the opposite), but cooperation. We all run this race
with the same ultimate goal, that of broadening and strengthening our knowledge.
For this reason, all the materials, data files, and data analyses are shared in the
Open Science Framework, where also the published manuscripts are available.
Since its inception, letters have allowed the democratic transmission of

knowledge. Let's follow that line.
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Todos somos nada; sin las palabras, dime, ;qué nos
queda?

Xoel Lépez, Tierra
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One of the central landmarks of learning to read is the emergence of orthographic
processing (i.e., the encoding of letter identity and letter order): it constitutes the necessary
link between the low-level stages of visual processing and the higher-level processing of
words. Regarding the processing of letter position, many experiments have shown worse
performance in various tasks for the transposed-letter pair judge-JUDGE than for the
orthographic control jupte-JUDGE. Importantly, 4-y.o. pre-literate children also show letter
transposition effects in a same-different task: TZ-ZT is more error-prone than TZ-PH. Here,
we examined whether this effect with pre-literate children is related to the cognitive and
linguistic skills required to learn to read. Specifically, we examined the relation of the
transposed-letter in a same-different task with the scores of these children in phonological,
alphabetic and metalinguistic awareness, linguistic skills, and basic cognitive processes.
To that end, we used a standardized battery to assess the abilities related with early
reading acquisition. Results showed that the size of the transposed-letter effect in
pre-literate children was strongly associated with the sub-test on basic cognitive processes
(i.e., memory and perception) but not with the other sub-tests. Importantly, identifying
children who may need a pre-literacy intervention is crucial to minimize eventual reading
difficulties. We discuss how this marker can be used as a tool to anticipate reading
difficulties in beginning readers.

Keywords: learning to read, orthographic processing, cognitive processing, pre-literate, transposed-letter effect

INTRODUCTION

Whereas language is a unique and sophisticated human ability that emerges naturally in children,
reading is a learned skill that needs intensive practice. In fact, reading acquisition is a complex
process that involves functional brain changes and requires the correct execution of numerous
mental functions (see Maurer et al., 2005). For this reason, children must have adequate perceptual
and cognitive skills before the initial steps of reading instruction. Once acquired, reading becomes
the most important tool for knowledge acquisition in academic settings and beyond.

In alphabetic scripts, readers can quickly map the visual input into abstract letter representations
and, subsequently, into word representations (see Dehaene et al., 2005; Grainger et al., 2008).
The emergence of these abstract letter representations would occur during the first 2 years of
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Letter Position Coding in Pre-readers

reading acquisition (Jackson and Coltheart, 2001). Consistent
with this view, using Forster and Davis (1984) masked priming
technique, Gomez and Perea (2020) found that, for Grade 2
readers, the identification time of a word like EDGE is virtually
the same when rapidly preceded by the physically identical
prime EDGE and when preceded by the nominally (but not
physically) identical prime edge.

Importantly, the process of visual word recognition requires
not only the encoding of the abstract identity of the letters
that compose each word but also the encoding of the serial
order of the words’ letters. If this process was absent, we would
not be able to distinguish similarly spelled words like spot
and stop. Notably, in a recent paper with adult readers, Schmitt
and Lachmann (2020), demonstrated that when a target has
to be identified in a string, processing occurs in serial order
(i.e., from left to right) for letter stimuli, but not for strings
composed of letters from an unknown alphabet (Cyrillic and
Hebrew). At the same time, a considerable wealth of experiments
with children and adults have shown that the encoding of
letter order is only approximate: Readers often perceive jumbled
words (e.g., JUGDE or CHOLOCATE) as the original words
(see Perea and Lupker, 2003, 2004; Castles et al., 2007; Guerrera
and Forster, 2008; Lupker et al., 2008). As serial order processing
is a key component of a wide range of psychological processes,
from perception to action (Logan, 2021), it is not surprising
that the encoding of serial order is also an essential part of
reading and literacy. The main goal of the present study is
to shed some light on which cognitive factors are associated
with pre-readers’ ability to encode letter position accurately.

In the context of reading development, Castles et al. (2007)
proposed a “lexical tuning” model in which children encode
progressively more precisely the letter positions within words.
For instance, in a series of masked priming experiments, they
found that the prime dark was much more effective at activating
DARK in Grade 3 than in Grade 6 children. The rationale of
this model is that, as reading abilities develop, letter position
coding becomes more accurate (see Perfetti’s, 2017 lexical quality
hypothesis, for a similar claim; but see Grainger and Ziegler,
2011, for a different view)."! Evidence supporting the lexical
tuning model has been obtained not only with children of
different ages but also with children of the same age: Better
readers encode letter position more accurately than the worse
readers (see Gomez et al., 2021; Pagan et al., 2021, for evidence
with children and see also Andrews and Lo, 2012; Perea et al,,
2016, for parallel evidence with adult readers). Furthermore,
a poor encoding of serial order may lead to reading difficulties.
Friedmann and Gvion (2001) were the first to report that
some individuals present problems at encoding letter position,
making frequent errors of letter migration within words—reading
broad for board. This deficit, which has been termed “letter
position” dyslexia, has been found in many different languages,

'In fairness to Grainger and Ziegler (2011), their dual-route model of visual
word recognition focuses on the initial steps of learning to read. The serial
letter encoding, which involves precise letter position encoding, would emerge
first in reading development (phonological route). Later in development, the
parallel encoding of the word’s letters (orthographic route) would make letter
position coding coarser.

including English (Kohnen et al., 2012; see Giiven and Friedmann,
2019, for a recent review).

Somewhat surprisingly, examining how the encoding of letter
order emerges in young readers and whether some preexisting
abilities may help encode serial order in pre-readers has been
overlooked in the literature. One of the few exceptions is the
longitudinal experiment conducted by Dunabeitia et al. (2015).
They used a same-different task with two sequentially presented
four-letter strings, and children had to decide whether the
letter strings were the same or different. The “different” trials
were composed of pairs with two transposed letters (transposed-
letter pairs; e.g., rzsk-rszk) and pairs with two replaced letters
(replacement-letter pairs; e.g., rzsk-rhck). If letter position
coding is flexible, transposed-letter pairs would be perceptually
more similar than replacement-letter pairs, thus producing
worse performance (e.g., more false positives). The “transposed-
letter” effect is the difference in performance between these
two conditions. Dufabeitia et al. (2015) tested the children
three times: (1) in their year before preschool (M = 4.24 years)
(2) in their preschool year (M = 5.21 years), and (3) in the
first year of primary school (M = 6.32 years). They only found
a transposed-letter effect when the children had learned to
read (first-grade children; more error responses for transposed
[42.9%] vs. replaced-letter pairs [30.6%]). Duiabeitia et al.
(2015) concluded that “position uncertainty emerges as a
consequence of literacy training” (p. 549).

An interpretive issue in the Dunabeitia et al. (2015) experiment
is that the pre-readers performed very poorly in the same-
different task and the sensitivity index, d', was close to zero
for both for replaced and transposed conditions (Perea et al.,
2016). This pattern suggests that their version of the same-
different task was too difficult for the pre-readers (ie., the
working memory load probably exceeded the children’s capacity;
see Riggs et al., 2006); thus, one cannot make any inferences
on these data. To draw firm conclusions on the encoding of
the serial position of letters in pre-readers, Perea et al. (2016)
simplified some elements of Dunabeitia et al’s (2015) same-
different task: (1) they used two-letter string pairs instead of
four-letter string pairs (2) the pairs were presented simultaneously
instead of sequentially, and (3) the responses were done verbally
(i.e., saying “same” vs. “different”) instead of manually (pressing
one of two buttons; see Figure 1). Along with “same” pairs
(TZ-TZ), Perea et al. (2016) included the following “different”
pairs: transposed-letter pairs (TZ-ZT), one-letter replacement
pairs (TZ-PZ), and two-letter replacement pairs (TZ-PH). They
found a sizeable transposed-letter effect in 4-years-old children
(i.e., pre-readers). Specifically, the number of false positives
(i.e., “same” responses) was greater to transposed-letter strings
(TZ-ZT) than to 1 or 2 replacement-letter strings (TZ-PZ;
TZ-PH). Perea et al. (2016) concluded that this pattern reflected
a noisy perception of location order, common to all visual
objects (see Gomez et al., 2008), rather than an effect that
emerges with literacy. Notably, while not analyzed in their
paper, shortly after conducting their experiment, Perea et al.
(2016) collected the scores of these children in a battery of
abilities related to early reading acquisition in Spanish (BIL
battery; Sellés et al., 2008).
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FIGURE 1 | Depiction of the same-different task used in the Perea et al. (2016) study.

In the present study, we aim to take a step forward by
exploring the potential precursors of letter position coding in
pre-readers. To that end, we examined the relationship between
the ability of pre-literate children to encode accurately the
order of letters—taken from the Perea et al. (2016) experiment—
with the five sub-tests related to reading readiness and subsequent
reading success from the BIL battery: phonological and alphabetic
awareness, metalinguistic knowledge, linguistic skills, and basic
cognitive processes. The examination of this issue is important
not only at a theoretical level but also at a practical level.
Before learning to read, children must have acquired some
perceptual, cognitive, and linguistic skills. Defining the early
precursors of precise coding of letter position will shed light
on the roots of the processing of serial order when reading
letters in words. These analyses would allow us to identify
children who may present some deficit (e.g., some mild forms
of letter position dyslexia) and start intervening as soon as
possible, preventing future reading difficulties.

Thus, in the present study, we examined the relationship
between the sensitivity of the readers to distinguish transposed-
letter pairs from identity pairs (e.g., TZ-ZT vs. TZ-TZ) and the
scores of pre-readers (M = 4.5 years old) in phonological and
alphabetic awareness, metalinguistic knowledge, linguistic skills,
and basic cognitive processes (visual perception and sequential
auditory memory) in the BIL battery (Sellés et al, 2008).
We focused on transposed-letter pairs, as the mechanisms
employed to discriminate TZ-ZT from ZT-ZT are based exclusively
on letter order. The predictions are clear. In adult readers, basic
cognitive processes, such as spatial and visual attention, have
been assumed to play a key role in encoding letter position
(see McCann et al,, 1992; Gomez et al., 2008). If this generalizes
to pre-readers, we expect a positive relationship between the
abilities at discriminating TZ-ZT and the scores in these basic
cognitive processes. This outcome would imply that educators
could use this simple same-different task with a transposed-letter
pairs to predict reading readiness before starting with the reading
instruction. Furthermore, it may also operate as an incentive
to design other tasks for pre-readers on perceptive and executive
skills to prevent—or at least minimize—potential difficulties at

locating letters within words during learning to read. In addition,
we expect no relation between linguistic factors (i.e., phonological
and alphabetic awareness, metalinguistic knowledge, and linguistic
skills) and the sensitivity at distinguishing TZ-ZT in pre-readers—
at the time of the experiment, the children did not know the
consonant names.

MATERIALS AND METHODS

Participants

They were the 20 preschoolers (M = 4.54 years; SD = 3.6; 7
girls) from a private school of Valencia (Spain). All of them
were native speakers of Spanish with no learning developmental
problems. An informed consent from their parents was obtained
before running the experiment, and the study was approved
by the Experimental Research Ethics Committee of the University
of Valencia. At the time of testing, the preschoolers were
starting to learn the vowels but they did not know the name
or sound of the consonant letters (as confirmed by results of
the BIL battery).

Procedure

The experiment took place individually in a quiet room within
the school premises. DMDX software (Forster and Forster,
2003) was employed for stimulus presentation and recording
of the responses. A depiction of the procedure in the same-
different task can be found in Figure 1. Accuracy was stressed
in the instructions. Ten practice trials preceded the 64
experimental trials. Moreover, the children were assessed with
a battery of abilities related to early reading acquisition in
Spanish (BIL battery; Sellés et al., 2008).

Materials

For the same-different task, the stimuli were 64 pairs of
consonant strings made of two consonants. There were 16
trials in each of the conditions: (1) same pairs (TZ-TZ)
(2) transposed-letter pairs (TZ-ZT) (3) one-letter replacement
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pairs (TZ-PZ), and (4) two-letter replacement pairs (TZ-PH).
Four counterbalanced lists were created in a Latin square
manner, so that each stimulus was rotated across the different
conditions. The presentation of the items was randomized for
each participant.

To assess the abilities related to early reading acquisition,
we employed the BIL battery (Sellés et al., 2008). This battery
comprises five sub-tests: phonological awareness, alphabetic
awareness, metalinguistic knowledge, linguistic skills, and basic
cognitive processes—we obtained a score from each sub-test.
For the goals of the present study, we focused on the sub-test
measuring basic cognitive processes. This sub-test explores a
series of cognitive processes that take place when we face
reading: (1) attention, which leads the mind to concentrate
on specific stimuli; (2) sensation (i.e., detection and differentiation
of sensory information); and (3) perception, which integrates
sensory experiences and interprets them for recognition and
identification (i.e., giving meaning to what has been selected
and picked up at the attentional and sensory level), relying
on the patterns stored in the (4) memory. To that end, the
sub-test assesses the childs sequential auditory memory and
the ability to visually discriminate between similar letters and
symbols (the child had to circle the symbols that were the
same as a target; see Sellés et al., 2008, for a depiction of the
other sub-tests).

RESULTS

To test whether better pre-reading skills (as measured by the
BIL battery) were associated with better performance at
differentiating between same and transposed-letter pairs in the
same-different task, we conducted frequentist and Bayesian
correlation analyses with JASP (Faulkenberry et al., 2020). To
compute the Bayes factors, we used the default Cauchy
distribution (centered around 0 and with a width parameter
& = 0.707; see Rouder et al., 2009; Wagenmakers et al., 2017,
2018, for discussion). Specifically, we examined the relation
between d' (a measure of sensitivity obtained from the accuracy
data of Perea et al., 2016) and the percentile scores in sub-tests
of the BIL battery—of note, these findings were virtually the
same if we had employed the raw scores from the sub-scales.
For the computation of d, we used the hit rate for same trials
and the false alarm rate for the transposed-letter trials (TZ-TZ
vs. TZ-ZT)—in signal detection theory, chance-level performance
[d = 0 or no sensitivity] occurs when the hit rate for the
identical items is the equal to the false alarm rate for the
different items. Of note, mean accuracy for same trials in the
Perea et al. (2016) was 0.83; for different trials, it was 0.33
for transposed-letter strings and 0.68 and 0.88 for one-letter
and two-letter replacement strings, respectively.

Results of the correlational analyses in the present study
showed that those children who better differ transposed letter
from “same” pairs (TZ-ZT vs. TZ-TZ) had the higher scores
in the sub-test on basic cognitive processes (r = 0.634, p = 0.003;
see Figure 2). Indeed, the alternative hypothesis was 18.6
(BF,, = 18.559) times more likely than the null hypothesis

with the present data (see Jeffreys, 1961, for interpretation of
Bayes factors). In addition, there were no signs of a relationship
between the children’s performance differentiating between same
and transposed-letter pairs and the other (linguistic) sub-tests
(all ps > 0.24, BFs10 < 0.528).

For completeness, we explored the relationship between
performance in the replacement-letter conditions and the BIL
battery; to this end, we computed separately d’s for same vs.
one-letter replacement trials (TZ-TZ vs. TZ-PZ) and for same
vs. two-letter replacement trials (TZ-TZ vs. TZ-PH), and then
calculated the correlations between these two d’s and the sub-test
of the BIL battery. None of these correlations produced evidence
in favor of a relationship (all ps > 0.147; all BF,, < 0.478).

DISCUSSION

Identifying the cognitive precursors of reading is vital to
determine those children who are ready to start learning
to read and those who still need some cognitive maturation
or some early intervention. This would prevent later reading
difficulties and disorders and the frustration and psychological
discomfort that such problems usually entail. With this
matter in mind, in the present study, we scrutinized the
roots of the mechanisms underlying the encoding of letter
position in strings (i.e., one of the critical factors of efficient
reading; see Castles et al., 2007; Logan, 2021). Specifically,
we examined the relationship between the capability of
pre-literates to differentiate between transposed-letter pairs
and identity pairs (e.g., TZ-ZT vs. TZ-TZ) and these children’s
scores in basic cognitive processes. Results showed that the
pre-literate children who best differentiated between TZ-ZT
and TZ-TZ in a same-different task were those with higher
scores on basic cognitive processes (see Figure 2). Notably,
the sub-test of basic cognitive processes was not generically
associated with sensitivity in the same-different task (i.e., it

N

d' Transposed-letter vs. Same

0 25 50 75 100
Score on basic cognitive processes

FIGURE 2 | Correlation between the d' when discriminating transposed-
letter pairs from same pairs and the scores on the basic cognitive processes
of BIL.
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was not related to performance for replacement-letter trials);
instead, it is uniquely associated with accuracy in letter
position coding. Thus, at the theoretical level, this outcome
reflects that basic cognitive skills shape the ability to encode
serial order in letter strings (e.g., a smaller value of the
parameter responsible for perceptual uncertainty in models
of letter position coding; see Gomez et al., 2008; Davis,
2010). Furthermore, at an applied/educational level, our
findings imply that a simple same-different task can be used
to assess reading readiness: the better the performance in
this task, the better the encoding of letter order, diminishing
the chances of letter position dyslexia.

In addition, our findings suggest that the preparing-to-
reading arises early in development with some non-specialized
processes that would be recruited and adjusted to guide the
subsequent functional reading progress (see Lachmann and
van Leeuwen, 2014). Further support to this idea can be found
in the study of Saygin et al. (2016). They found that the
cortical location of the visual word form area (i.e., the brain
region specialized for letter string; Dehaene and Cohen, 2011)
at age 8 (when children read) can be predicted by the
distinctive connectivity of the same region at age 5
(pre-literates). Taken together, these studies emphasize that
early detection of deficiencies in the visual analysis of the
input is crucial to prevent later reading difficulties (Friedmann
and Gvion, 2001; Shetreet and Friedmann, 2011). This is
consistent with the assumption that children with reading
difficulties have a general impairment in domains other than
linguistic (e.g., an impairment in multisensory integration;
see Gori and Facoetti, 2014; Lachmann and van Leeuwen,
2014). Therefore, there are possibly many (complementary)
ways to test whether pre-readers are prepared to starting
reading learning (e.g., the same-different task or the “avatar
task”; see Perea et al., 2014); this would be a valuable endeavor
for the future studies.

We acknowledge that the present study comes with some
limitations. Firstly, because of the correction criteria of the
BIL test, it was not possible to obtain separate scores for the
tasks that make up the basic cognitive processes sub-test
(sequential auditory memory and visual discrimination).
Furthermore, although the processes assessed in the basic
cognitive sub-test were not linguistic in nature, the stimuli
contained symbols, letters, and words, thus, making it difficult
to clearly disentangle basic cognitive processes and verbal
processes. Future tests should be more specific to characterize
all possible aspects that shape the cognitive processes of
pre-literates. In addition, it would have been desirable to have
obtained further data from the same children once they started
reading learning. These data would have allowed us to test
whether the findings in the same-different task with transposed
letters in pre-literate children were a good predictor of letter
position coding once children acquired knowledge about letters.
Furthermore, these longitudinal data would have also allowed
us to examine the interplay between the emergence of
orthographic processing during learning and the scores in
cognitive and linguistic processes. Indeed, once the children
start to read, other elements would begin playing a significant

role, such as alphabetic knowledge or phonologic awareness
(see Dehaene et al., 2015).

A complementary strategy for the future research would
be to run parallel longitudinal same-different experiments on
serial order using to-be-learned letters vs. unknown letters
(e.g., letters from another alphabet). The data pattern should
be similar for the pre-readers for both types of stimuli, but
one would expect differences when the children learn to read.
Critically, these differences could be considered as markers of
the emergence of orthographic processing (see Grainger, 2018).
While this approach is ideal on an a priori basis, it suffers
from various methodological issues. One would need to design
a feasible task for children of different tasks that minimizes
both ground and ceiling effects. However, it is challenging to
create a task achievable for pre-literates and complicated enough
to draw differences among developing readers. For instance,
deciding whether two four-letter strings are the same is extremely
challenging for pre-literates, whereas deciding whether two-letter
strings are the same may be too easy for developing readers
(see Perea et al., 2016, for discussion). As a result, it is very
difficult to experimentally study the emergence and development
of orthographic processes in pre-readers. To further complicate
matters, there are also other potential limitations, such as the
lack of control for prior letter knowledge and other linguistic
elements in pre-readers, or that the duration of experiments
for pre-readers would need to be quite short to keep them
attentive. An alternative is to design laboratory analogs of
childrens reading acquisition that consists of training adults
to read a novel script (see Fernandez-Lopez et al.,, 2021; see
also Chetail, 2017; Taylor et al., 2017). This approximation is
not as ecological as one would desire (see Maurer et al., 2010;
Taylor et al., 2017), but it definitively increases the control
on the process of acquiring the novel orthography.

In sum, the early identification of potential problems that
may slow down reading development is of fundamental
importance for psychologists and educators. In the present
study, we found that those pre-readers who performed better
in basic cognitive processes tended to be those who would
encode more accurately letter position in a simple same-different
task. This finding highlights that learning to read should not
be based solely on letter knowledge and phonological decoding.
We also need to consider that learning to read is built on a
basic cognitive foundation, probably related to multisensory
integration based on visual attention.
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Does orthographic processing emerge rapidly after
learning a new script?

Marfa Fernindez-Lépez' @, Ana Marcet' @ and
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Orthographic processing is characterized by location-invariant and location-specific
processing (Grainger, 2018): (1) strings of letters are more vulnerable to transposition
effects than the strings of symbols in same-different tasks (location-invariant processing);
and (2) strings of letters, but not strings of symbols, show an initial position advantage in
target-in-string identification tasks (location-specific processing). To examine the
emergence of these two markers of orthographic processing, we conducted a same-
different task and a target-in-string identification task with two unfamiliar scripts (pre-
training experiments). Across six training sessions, participants learned to fluently read
and write one of these scripts. The post-training experiments were parallel to the pre-
training experiments. Results showed that the magnitude of the transposed-letter effect
in the same-different task and the serial function in the target-in-string identification tasks
were remarkably similar for the trained and untrained scripts. Thus, location-invariant and
location-specific processing does not emerge rapidly after learning a new script; instead,
they may require thorough experience with specific orthographic structures.

Reading is an acquired skill that involves some functional brain changes and requires, in
alphabetic scripts, associating the letters that compose each word with their appropriate
speech sounds. A common assumption in the literature is that, for a mature word
recognition system, the process of identifying words comprises a series of stages that map
the visual input onto abstract letter representations and, subsequently, onto whole-word
representations (see Dehaene, Cohen, Sigman, & Vinckier, 2005; Grainger, 2008; but see
Price & Devlin, 2011, for an alternative account). The processing of orthographic
representations connects the low-level stages of visual processing to the higher-level
linguistic processing of words. These orthographic representations contain information
about the identity and order of each of the word’s constituent letters, thus allowing
readers to distinguish similarly spelled words like cure and core, which differ in the
identity of just one letter, or words like slat and salt, which differ in the order of two of the
letters (see Grainger, 2018, for review). Indeed, the question of how the brain encodes the
identity and order of the letters that constitute each word is a central issue for all leading
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models of visual word recognition (e.g., Spatial Coding model: Davis, 2010; Overlap
model: Gomez, Ratcliff, & Perea, 2008; Open Bigram model: Grainger & Van Heuven,
2004; Bayesian Reader model: Norris, Kinoshita, & van Casteren, 2010; SERIOL model:
Whitney, 2001).

In the present experiments, we examined the emergence of two fundamental markers
of orthographic processing after learning a new script: 1) location-invariant processing
and 2) location-specific processing (see Grainger, 2018). For simplicity, the above-cited
models focus on an extant perspective (i.e., they assume a fully developed word
recognition system frozen in time) rather than on a developmental perspective. (We defer
a discussion of the research focused on the development rather than the emergence of
orthographic representations [e.g., Castles, Davis, Cavalot, & Forster, 2007; Grainger,
Lété, Bertrand, Dufau, & Ziegler, 2012; Marinus, Kezilas, Kohnen, Robidoux, & Castles,
2018] until the Discussion section.) We first describe in some depth how location-
invariant and location-specific processing differs between letters and other visual objects
(e.g., symbols, unknown letters). Then, we describe how acquiring a new script may
affect both phenomena. Finally, we offer a rationale for the two experiments proposed in
the current paper.

Location-invariant processing refers to the mechanisms responsible for encoding the
‘relative positions of a set of object identities’ (Grainger, 2018, p. 345) (i.e., the encoding
of the order of visual objects [letters] in a string composed of several objects [a word]).
This has often been examined with the same-different matching task (see Krueger, 1978;
Ratcliff, 1981, for early evidence), as it allows researchers to compare the processing of
letters vs. the processing of other types of visual objects. In this task, participants have to
decide if two strings of characters presented subsequently are the same or not (see
Figure 1). The most studied phenomenon of location-invariant processing is the
transposed-letter effect (henceforth, TL effect; see Grainger, 2018, for review). The TL
effect refers to the insensitivity of readers to the position of letters compared to the
identity of the same letters: ‘no’ responses to the transposed-letter pair FGJM-F JGM
(the underline is to emphasize the manipulation) in a same-different matching task are
slower and more error prone than the responses to the replacement-letter control F GJM-
FPCM. These effects also occur with strings composed of symbols or unknown letters
(e.g., £§2@—£7§@ is slower and more error prone than £§ 2 @—£#<@), which suggests
that there is some positional noise in the representations of visual objects in a string (see
Gomez et al., 2008; Norris & Kinoshita, 2012). But the critical finding is that transposition
effects are substantially larger for strings of letters than for strings of other visual objects
(e.g., numbers, symbols, pseudoletters; Dunabeitia, Dimitropoulou, Grainger, Hernan-
dez, & Carreiras, 2012; Massol, Dunabeitia, Carreiras, & Grainger, 2013; see also Garcia-
Orza, Perea, & Munoz, 2010; Munoz, Perea, Garcia-Orza, & Barber, 2012). To explain the
greater transposition effect for strings of letters than for strings of other visual stimuli,
Grainger (2018; see also Marcet, Perea, Baciero, & Gomez, 2019; Massol et al., 2013)
suggested that, on top of positional noise, there is an orthographic-specific mechanism
used to encode location-invariant letter-in-word order. Critically, this orthographic-
specific mechanism has been posited to emerge with literacy acquisition (Dandurand,
Grainger, & Dufau, 2010; Dunabeitia, Lallier, Paz-Alonso, & Carreiras, 2015; Dunabeitia,
Orihuela, & Carreiras, 2014). Therefore, when learning a new script, the emergence of
location-invariant orthographic processes would produce an increase of letter transpo-
sition effects in a same-different task.

Location-specific processing of visual information refers to the parallel processing of
the position of characters (e.g., letters) within one object (e.g., a word). This type of
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BLDNF Target (until response

£520% or 2000 ms)
£§75%0Q
BLDFN
Probe (300 ms)
* *
Fixation point (500 ms)
Letters Symbols

Figure 1. Depiction of the same-different task. [Colour figure can be viewed at wileyonlinelibrary.com]

processing has usually been examined with a post-cued partial report target-in-string
identification task (henceforth, TSI task), based on the two-alternative-forced-choice task
first introduced by Reicher (1969) and Wheeler (1970). In the typical set-up of the TSI task
applied to location-specific processing (e.g., Tydgat & Grainger, 2009), a string of five
characters (e.g., letters: FGJGM; symbols: £§?%@) is presented briefly while the
participant is looking at the middle of the string. The string is subsequently followed by a
pattern mask with a cue indicating one of the positions in the string (see Figure 2 for
illustration). The participants’ task is to choose, from the two alternatives, the one that
matches the identity of the character at the cued location. When presented with strings of
symbols, adult readers typically show a A-shape function (i.e., an advantage of the middle,
fixated position) (Tydgat & Grainger, 2009; see also Chanceaux & Grainger, 2012;
Chanceaux, Mathot, & Grainger, 2014; Grainger, Tydgat, & Isselé, 2010; Scaltritti, Dufau,
& Grainger, 2018; Vejnovi¢ & Zdravkovié, 2015). In contrast, for letter strings, adult
readers typically show a W-shape serial position function of accuracy (see Tydgat &
Grainger, 2009). That is, there is an advantage not only for the fixated, middle letter, but
also of the exterior letters — primarily the initial letter. The dissociation in serial position
function for strings of symbols vs. letters has also been obtained with developing readers
(see Ziegler, Pech-Georgel, Dufau, & Grainger, 2010). To explain this pattern, Tydgat and
Grainger (2009) proposed the Modified Receptive Field (MRF) theory. The idea is that, at
the onset of learning-to-read, the status of letters changes from being independent visual
objects to becoming parts of a higher-order object (i.e., the string). This is attained by
adapting the mechanisms of visual object processing to the constraints of visual word
processing (see Grainger, 2018; Grainger & Hannagan, 2014; see also Dehaene et al.,
2005, for neural correlates). Specifically, the MRF theory assumes that, with reading
acquisition, location-specific letter detectors are developed and their receptive fields
become reduced in size and elongated to the left — note that the initial letter is critical to
translating orthographic representations into phonological representations (Grainger,
Bertrand, Lété, Beyersmann, & Ziegler, 2016). Thus, the emergence of location-specific
processing when learning a new script is expected to produce an initial position
advantage in a TSI task.

The empirical data on the emergence of location-invariant and/or location-specific
processing are very scarce (see Dunabeitia et al., 2015, for an exception). Dunabeitia et al.
(2015) examined the emergence of location-invariant processing in a longitudinal same-
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K @
#H#HH HHEHH
¥ B Target (until response
or 2000 ms)
BLDNF £§7%@
(116 ms)

(500 ms)

Fixation point (500 ms)

Letters Symbols

Figure 2. Depiction of the target-in-string identification task. [Colour figure can be viewed at wiley
onlinelibrary.com]

different experiment with children from four years (i.e., pre-literate children) to six years
(i.e., children who had acquired orthographic representations). In the accuracy data,
Dunabeitia et al. (2015) found a significant TL effect for the older children, but not for the
pre-literate children, and claimed that the ‘the skills related to the processing of internal
characters’ identities and positions are inherently dependent on literacy’ (p. 548).
However, d’ (i.e., a measure of sensitivity) did not differ from zero in the experiment with
pre-literate children (i.e., children were performing at chance level), which raises
questions about any interpretation of the data (see Perea, Jiménez, & Gomez, 2016, for
discussiom)1 .

The main goal of the present experiments was to overcome this gap by examining
whether acquiring a new script affects location-invariant processing and location-specific
processing by using a same-different task and a TSI task, respectively. We designed a
laboratory analogue of children’s reading acquisition in which adults were trained to read
and write in a new, unfamiliar script. As Chetail (2017) indicated, the use of artificial
scripts (i.e., sets of characters either from unknown scripts or newly devised) provides a
unique opportunity to ‘examine the developmental course of a given orthographic
process which is stable in adults’ (p. 103). Furthermore, recruiting adults as subjects
allows us to control the participants’ prior knowledge (i.e., we can make sure that
participants are not familiarized with the characters; see Maurer, Blau, Yoncheva, &
McCandliss, 2010; Taylor, Davis, & Rastle, 2017), and it also enables us to increase the
number of conditions and trials of the experiments: Adult participants can carry out
longer experimental sessions than children, and this allows us to ensure appropriate
reliability. Additionally, comparing the results of pre-literate children and developing
readers may lead to intricate interpretative issues, as the accuracy and latency data vary
dramatically across groups (see Perea et al., 2016). Critically, the behavioural effects of
learning an unfamiliar script in adults can be generalized to the effects elicited on children
when learning their first language (see Taylor, Plunkett, & Nation, 2011, for discussion).

" While the Perea et al. (2016) experiment with pre-literate children rules out an interpretation of TL effects as being fully
dependent on literacy acquisition, it does not provide any insights as to the emergence of location-invariant processing. To test
whether location-invariant processing is influenced by literacy in young children, one would need to run a retest— ideally with letters
vs. symbols (or letters from a new alphabet) — after these children learn to read.
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In the current study, we employed a classic design with a pre-training phase and a post-
training phase. The pre-training phase comprises two experiments: a same-different
experiment on the TL effect (i.e., testing location-invariant processing; Experiment 1) and
an experiment with a TSI task on the serial position function (i.e., testing location-specific
processing). The pre-training experiments were conducted using eighteen consonant
letters from an artificial monospaced font (BACS2serif; Vidal & Chetail, 2017). This font
was used to create two different scripts: Script 1 (11 letters; two vowels and nine
consonants) and Script 2 (11 letters; two vowels and nine consonants) (see Figure 3). One
of the scripts was learned via print-to-sound training along five days, and the other was
used as a control. An important issue is the choice of the appropriate control script. Keep
in mind that the letters in the trained script would not only activate print-to-sound
correspondences, but they would also be visually familiar. That is, after training, the
pseudoletter ‘4’ would not only correspond to a phoneme, but it also would become a
familiar object. Thus, one could argue that any effects from the trained script in the post-
training phase could be merely due to visual familiarity. To separate the effects of learning-
to-read from the effects of visual familiarity, participants were familiarized with the visual
form of the characters of the control script.

Script 1 Script 2 Phoneme
A 0 /al
\ W [i/
[% > /d/
IS r /k/
$ [ /f/
D > v
U n /p/
T 0 /m/
L ? /r/
Z < /s/
g A /8/

Figure 3. Association between the letters of the new scripts and their corresponding phonemes.
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In the pre-training phase of Experiment 1, we conducted a same-different task using
five-letter strings. In the pre-training phase of Experiment 2, we conducted a TSI task with
five-letter strings. In both experiments, Script 1 and Script 2 were presented in separate
blocks. Subsequently, each participant received training in one of the scripts (trained
script) and was familiarized with the characters of the other script (control script). For the
print-to-sound training, each individual learned the grapheme—phoneme associations of
nine consonant letters and two vowel letters from one of the two scripts across six training
sessions: Half of the participants learned the letters in Script 1 and the other half learned
the letters in Script 2. Prior research has shown that readers can show some expertise in a
new script quite rapidly. For instance, Chetail (2017) found that individuals acquired new
regularities (e.g., letter and bigram frequency effects) after a relatively short amount of
time, even in unfamiliar and complex scripts. Likewise, Brem et al. (2018) reported that
two hours of training were enough for individuals to show some expertise for a novel
script(e.g., an increase of the N1 amplitude). For the visual familiarization with the control
script, participants were exposed to the eleven characters of the script, but without
mentioning any orthographic or phonological information.

On day 1, participants first learned the grapheme—phoneme associations in the trained
script. As in Spanish — their native language, all the grapheme—phoneme associations are
transparent (e.g., the letter ‘i’ always corresponds to the phoneme/i/). Importantly, the
print-to-sound training allows us to ensure that participants will learn the new script as a
group of letters and not as mere symbols or shapes. As Chetail (2017) pointed out, ‘a
critical feature that distinguished letters from other symbols or shapes is that letters are
used to transcribe speech according to a structure code’ (p. 110). To consolidate the
learning of the trained script over the next five sessions, which took place in a window of
five working days, participants were asked to read aloud and write down series of items of
increasing length, from 4-letter to 8-letter strings. Furthermore, the participants were
familiarized with the visual forms of the characters of the control script. To that end, on
each training session, each individual performed a character detection task and a
character count task (see Figure 4 for depiction of each task; see also Chetail, 2017, for a
similar strategy).

Finally, all participants had to pass a final test on the sixth day to show that they
successfully acquired the experimental script. Once the individuals had passed this test
(the criterion was set at 20 or more correct responses out of 24 in reading/writing within a
time limit), they took part in the post-training experiments. What we should note here is
that the print-to-sound training occurred in absence of semantics. Recent research has
emphasized the role of sound-based strategies when learning-to-read a new script (e.g.,
see Brem et al., 2018; Taylor et al., 2017, for evidence with adults). This print-to-sound
training also enabled us to isolate the orthographic processes from semantic processes,
thus minimizing any influences from top-down processes.

The post-training experiments were parallel to the experiments from the pre-training
phase. They were designed to test whether location-invariant and location-specific
processing has emerged in the trained script — for comparison purposes, we also
conducted a block with stimuli in an overlearned script (i.e., Roman alphabet). The
predictions were clear. If location-specific orthographic processes emerge after literacy
acquisition — as proposed by Dandurand et al. (2010) and Dunabeitia et al. (2014, 2015),
we would expect a greater TL effect in a same-different task for the trained script in the
post-training phase than in the pre-training phase. Keep in mind that, in the post-training
phase, the TL effect for the newly learned script would have two constituents: a positional
noise component — shared with the pre-training phase — and an orthographically based
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CHARACTER COUNT TASK
BLCT< BLST< Target (until response
or 2000 ms)
* *
Fixation point (500 ms)

GO NO go

CHARACTER DETECTION TASK

PBIAIRY PBIAIRS

Target (until response
or 2000 ms)

i HEHH

Pattern mask (500 ms)

Probe (1000 ms)

YES response NO response

Figure 4. Depiction of the character count task (top panel) and the character detection task (low panel).
[Colour figure can be viewed at wileyonlinelibrary.com]

component. For the control script, the TL effect should remain similar in magnitude in the
pre- and post-training phases: the TL effect would be due to perceptual uncertainty.
Alternatively, if TL effects were similar in magnitude in the pre- and post-training phase for
the two scripts, this would reveal that the emergence of location-invariant processing
does not emerge quickly after learning print-to-sound correspondences in a new script.

Second, if location-specific letter detectors are formed with literacy acquisition — as
proposed by the MRF theory (Tydgat & Grainger, 2009), the trained script would elicit a
first-letter advantage in the TSI task when measuring the serial position function in the
post-training phase. This would be accompanied by an advantage of the fixed, middle
position (i.e., a A-shape function) for the two scripts in the pre-training phase and for the
control script in the post-training phase. Alternatively, if the pattern of data still shows a A-
shape function for both the trained and untrained scripts in the post-training phase, this
would suggest that print-to-sound training does not rapidly lead to the emergence of
location-specific orthographic processing.

EXPERIMENT |: LOCATION-INVARIANT PROCESSING
Method

Participants
The sample was composed of twenty-eight university students, all of them native speakers
of Spanish with normal/corrected-to-normal vision and with no history of reading or


www.wileyonlinelibrary.com

Emergence of orthographic processing 59

hearing disorders. All of them signed an informed consent form before participating in the
experiment. Participants received a small monetary compensation after the experiment.
In consonance with the registered protocol, the final number of participants was
determined via a sequential Bayes factor design maximal n (see Schonbrodt &
‘Wagenmakers, 2018, for the advantages of this approach) starting with a sample size of
28 participants. To compute the Bayes factors for the critical interaction (i.e., the three-
way interaction between Phase x Script x Probe-target relationship in the accuracy
data) required for the sampling procedure, we obtained the Bayes factors in the by-
subjects Bayesian ANOVA —note that all the stimuli were strings of random consonants (or
consonants from artificial scripts) so generalization over participants was more important
than generalization over random consonants. This Bayes factor was computed in JASP
(Wagenmakers et al., 2018) as the ratio of the model that contained the factor of interest
(i.e., all the main effects, two-way interactions, and the three-way interaction) vs. the
model that did not contain the effects of interest (i.e., all the main effects and the two-way
interactions). This Bayes factor exceeded 6 (i.e., the criteria established in the pre-
registered protocol) in favour of the null hypothesis (BF;, - .081 — BF,; > 12), so
sampling was stopped with n = 28.

Materials

We created 240 five-consonant string pairs (probe and target) in Script 1 (see Figure 3),
240 five-consonant string pairs in Script 2 (see Figure 3), and 240 five-consonant string
pairs in Roman alphabet (using Courier New font; e.g., STNGB). The two artificial scripts
stemmed from the same font: BACS2serif (Vidal & Chetail, 2017). The string pairs in Script
1 and Script 2 were presented in separate, counterbalanced blocks —the string pairs in the
Roman script were presented at the end of the post-training phase. All character strings
were composed of non-repeated letters. There were 120 ‘different’ pairs and 120 ‘same’
pairs for each character string type. For the ‘different’ pairs in each script, 60 pairs were
created by transposing two adjacent letters (e.g., ¢ TLDU - CLTDY; 151209 2nd.3rd 3rd_4th,
4‘11-5th), and 60 pairs were created by replacing two adjacent letters (e.g.,
CTILDY - CRRDY; 151204 2ndgrd 3rd 4t 4th 5ty Thys each block contained 240 pairs
of character strings. In total, each participant was given 480 trials in the pre-training phase
(240 string pairs in Script 1 and 240 string pairs in Script 2) and 720 trials in the post-
training phase (240 string pairs in Script 1, 240 string pairs in Script 2, and 240 string pairs
in Roman script). The proportion of transpositions/replacements was the same in all
possible locations. To counterbalance the probe-target pairs, we created two lists for each
script (see Massol et al., 2013, for a similar procedure). For the practice phase, we also
created eight five-consonant string pairs for each block (eight pairs in the Script 1 block,
eight pairs in the Script 2 block, and eight pairs in the Roman alphabet block).

For the learning-to-read sessions, we created a template in a standard presentation
software with the graphemes of the new script and the associated phoneme (see
Figure 3), which were recorded by a female voice and digitalized at a sampling rate of
44.1 kHz. For each script, we created 18 items and 18 utterances of 4 characters and 5
characters, respectively, 30 items and 30 utterances of 6 characters, 66 items and 66
utterances of 7 characters, and 120 items and 120 utterances of 8 characters. The items
and utterances were grouped separately by lists of 12 items that were presented with
standard presentation software.

To have the participants familiarized with the characters of the control script, we
employed a character detection task and a character count task (see Figure 4). For the
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character detection task, we created a total of 144 pairs of items in each script (i.e., probe
and target). The probe was always a single character and the target consisted of a string of
artificial characters with different length (18 items of four and five characters,
respectively, 30 items of 6 characters, 66 items of 7 characters and 120 items of 8
characters). For the character count task, we employed, for each script, 18 items of four
and 5 characters, respectively, 30 items of 6 characters, 66 items of 7 characters and 120
items of 8 characters. Each string could be composed by artificial characters or by
artificial and Roman characters.

Procedure

Pre-training-test. Participants were tested either individually or in groups of two in a
quiet room. DMDX software (Forster & Forster, 2003) was used to display the sequence of
stimuli and to register the timing/accuracy of the responses. Response times were
measured from target onset until the participant’s response. On each trial, a fixation point
(™ was displayed for 500 ms in the centre of a computer screen. Next, the fixation point
was replaced by a probe, which was presented for 300 ms and positioned 3 mm above the
centre of the screen. Then, the target item appeared one line 3 mm below the centre of
the screen. The target remained on the screen until the response or 2,000 ms had passed.
All stimuli were presented in a monospaced font (15 pt BACS2serif for Scripts 1 and 2; 15
pt Courier New for the Roman letters) in black on a white background. Participants were
told that they would be presented with two strings of consonants and that they would
have to press the ‘yes’ key if they were the same, and they were asked to press the ‘no’
button if they were different (see Figure 1). Participants were instructed to make this
decision as quickly and as accurately as possible. Eight practice trials preceded the 240
experimental trials in each block. Participants did not receive feedback during the
experiment. The session lasted for 18-22 min.

Training. Participants were trained individually in the presence of the experimenter
along a window of six working days in a quiet room (see Figure 5). Half of the participants
learned the grapheme—phoneme associations in Script 1 and the other half learned the
grapheme—phoneme associations in Script 2. There were two blocks in each session: For
the trained script, participants received print-to-sound training (i.e., grapheme—phoneme
association) and, for the control script, they participated in tasks that entailed visual
familiarization with the control characters — the order of each block was counterbalanced
across sessions.

On the first day, after the pre-training experiments, participants learned the
association between the spoken forms of each grapheme in one of the unknown scripts
(i.e., the experimental script: Script 1 or Script 2; see Figure 3) and they also familiarized
with the visual form of the control script (i.e., the script not used for the grapheme-—
phoneme association). For the print-to-sound training, the characters were presented on a
computer screen with their corresponding sound (participants could click on the
character with the mouse and listen to its associated phoneme). Participants were also
asked to hand-copy the new letters on a sheet of paper and they were given as much time
as they needed to learn these associations.

For the visual familiarization part, the characters of the control script were presented
one by one on a computer screen in absence of any orthographic or phonological
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Figure 5. Schematic depiction of the training sessions. [Colour figure can be viewed at wileyonline
library.com]

information. Participants had to hand-copy the control characters on a sheet of paper,
without a time deadline. Then, all the characters of the control script were presented and
participants took as much time as they wanted to familiarize with them (see Chetail, 2017,
for a similar procedure). The experimenter checked and corrected (when necessary) the
writing of the letters and characters to minimize the differences in handwriting quality?.

On the second day, participants were presented with items of four and five characters;
on the third day, they were presented with items of six and seven characters; on the fourth
day, they practised with items of eight characters and, on the fifth day, participants were
presented with items of six, seven and eight characters (see Figure 5). For the print-to-
sound training, the general procedure was as follows. Participants had to read aloud and
write down 36 items without time deadline. The items were presented on the computer
screen, divided into alternating blocks (reading and writing) of 12 items. For reading
aloud, a list of 12 items was presented on the screen (e.g., ‘RAKR\") and participants were
asked to read the items one by one (e.g.,/daki/). During this task, the experimenter
provided feedback after each item (i.e., correct/incorrect response). If the participant
made a mistake, the experimenter encouraged her/him to read it again on her/his own. If
the participant could not figure out the correct response, the experimenter indicated it,
remarking the grapheme—phoneme correspondences. For the writing blocks, a list of 12
‘loudspeaker’ signs (@) were presented on the screen. Participants were asked to press
the o) sign, listen to the pronunciation (e.g.,/daki/), and then write down the
corresponding graphemes in a sheet of paper (e.g., ‘RAK\"). As blocks of 12 items were
presented simultaneously, participants were able to see and listen to each item as many
times as needed. The experimenter provided feedback after each item (i.e., correct/

2 Exact handwritten copies of the character were not required, as neither are exact copies of the letters when children learn to
write. It was enough if the handwritten copy of the character approximated to the original to be identified and distinguishable from
the other characters.
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incorrect response). If the participant made a mistake, the experimenter asked her/him to
listen the item again. If the participant could not figure out the mistake on her/his own, the
experimenter told her/him the correct response remarking the grapheme—phoneme
correspondences.

For each block in both tasks (i.e., reading aloud and write down), the experimenter
annotated the mistakes (if any), the order of the tasks, performing times, and other
comments (e.g., the most repeated errors) in an assessment form. Moreover, after each
block of 12 items, the experimenter provided general feedback of performance (.e.,
correct responses, type of errors, and timing). Importantly, on the first sessions (days 2
and 3), the learning goal was to correctly establish the grapheme—phoneme correspon-
dences. Thus, the experimenter focused mainly on the errors made by the participants.
Then, on sessions 4 and 5, when the participants hardly made any mistakes, the
experimenter encouraged them to read and write down as fast as possible.

For the visual familiarization block with the control script, participants completed a
character detection task and a character count task in each training session. The items had
the same length as the items of its corresponding print-to-sound training session. For both
tasks, DMDX software (Forster & Forster, 2003) was used to display the sequence of
stimuli and to register the timing/accuracy of the responses. On each trial of the character
detection task (see Figure 4), a probe was presented for 1,000 ms one line 3 mm above
the centre of the screen. The probe was subsequently replaced by a pattern mask with
same length as the subsequent target (‘## # # #) on the centre of the screen for 500 ms.
Then, the target appeared and remained on the screen until response or 2,000 ms had
passed. All stimuli were presented in a monospaced font (15 pt BACS2serif) in black on a
white background. Participants were told that they would be presented with a character
and then with a string of characters (both in the control script) and they would have to
press the ‘yes’ key if the probe appeared in the subsequent string, and they were asked to
press the ‘no’ button if the single character did not appear in the string.

On each trial of the character count task (see Figure 4), a fixation point (*) was
displayed for 500 ms on the centre of a computer screen. Next, the fixation point was
replaced by the target (i.e., a character string). The target remained on the screen until the
response or 2,000 ms had passed. All stimuli were presented in a monospaced font (15 pt
BACS2serif and 15 pt Courier New) in black on a white background. Participants were
asked to press the ‘yes’ key only when the item presented was composed of 3 or more
characters of the control script — keep in mind that the target items consisted of only
control script characters (BACS2serif) or a mixture of characters of the control and Roman
scripts. 30% of the items consisted of only one or two control script characters and Roman
characters (i.e., participants should not press the ‘yes’ key). Participants received
feedback on the general accuracy after each task.

Finally, on the sixth day, before conducting the post-training experiments, partici-
pants received a final test with 24 items of 8 characters (12 for reading aloud and 12 for
writing) presented in the same format as in the training. They had to do the test in less than
1 min and 30 s, and 3 min and 30 s, respectively’. Those participants who passed the
assessment with at least 84% of accuracy (20 out of 24 correct responses) took part in the
post-training experiments4.

3 The time limit was set by averaging the reaction times of two pilot participants and adding 30 s more — keep in mind that the
pilot participants were members of the laboratory and they were highly motivated.
* A minimum of 70% accuracy was required in the visual control tasks. All participants met this criterion.
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Post-training test. 'The post-training test was the same as in Experiment 1a, with a final
additional block with Roman letters. The post-training tests lasted for approximately 25—
30 min.

Results

All participants were able to write and read the newly learned script fluently and passed
the final training test at the first attempt (see Appendix B, for performance of participants
along the training sessions). In accordance with the pre-registered protocol, one
participant was replaced because of an overall accuracy level below .60 in the
replacement-letter condition.

Confirmatory analysis

The dependent variables were response time and accuracy. Error and extremely short
responses (less than 250 ms: 0 responses) were omitted from the latency analyses — there
were no responses longer than the 2-s deadline (i.e., they were automatically categorized
as errors). The mean RTs for the correct responses and the accuracy in each experimental
condition are presented in Table 1 (see also Figures 6 and 7). We performed the statistical
inference not only using (generalized) linear mixed-effects models, but we also computed
Bayes factors. Table 2 presents a summary of the main points of the experiment (i.e.,
research question, key comparisons, predictions, statistical analyses, main findings, and
conclusions).

Different trials

In the inferential analyses, we focused on ‘different’ trials, as these are the ones with the TL
manipulation. The main research question in the experiment was whether location-
invariant processing — as measured by the TL effect — emerges in the trained but not in the
untrained script in the post-training phase. To test this hypothesis, we employed
(generalized) linear mixed-effects (LME) models in R (R Core Team, 2019) using the Ime4
1.1-21 package (Bates, Maechler, Bolker, & Walker, 2019) and the BayesFactor 0.9.12-4.2
package (Morey & Rouder, 2018) with three fixed factors: Phase (pre- vs. post-training),
Script (trained vs. untrained), and Probe-target relationship (transposed, replaced).
Regarding the LME analyses, because of the normality assumption required, the raw RTs
were inverse-transformed (—1000/RT). The most complex fitted model that converged

Table I. Mean correct response times (in ms) and accuracy (in brackets) in the different conditions of
Experiment |

Untrained Script Trained Script
Different Different
Transposed Replaced Same Transposed Replaced Same

Pre-training 624 (550) 602 (714) 550 (908) 639 (551)  624(733) 58I (.868)
Post-training 585 (603) 566 (783) 540 (888) 600 (603)  572(795)  538(910)

Note. For the Roman script, the correct response times and accuracy (in brackets) were 590 ms (.529)
for transposed pairs, 574 ms (.812) for replaced pairs, and 511 ms (.931) for same pairs.
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Figure 6. Mean reaction times (top panel), accuracies (bottom panel), and standard errors in the trained
and untrained scripts of Experiment |.

was: —1000/RT ~ script*condition*phase + (1 + script+phase|subject) + (1]item). For
the generalized linear mixed analyses of the accuracy data, responses were coded as
binary values (1 = correct, 0 = incorrect) and we used the glmer function in the Ime4
package (family = binomial). The most complex fitted model that converged was as
follows: accuracy ~ script*condition*phase + (1 + script|subject) + (1litem). (In
Appendix A, we report the [non-pre-registered] analyses using Bayesian linear mixed-
effects models with the maximal random structure — the results were essentially the same
as those reported here.) To compute the Bayes factors on the latency data, we used ImBF
function from the BayesFactor package with the default Cauchy distribution (centred
around 0 and with a width parameter & = 0.707) (see Rouder, Speckman, Sun, Morey, &
Iverson, 2009; Wagenmakers et al., 2017, for discussion). To compute the Bayes factors
on the accuracy data, we calculated the Bayes factors from Bayesian analyses of variance
(ANOVAs) with the aggregated data by participants —note that items were strings of letters
in an artificial script. For the computation of the Bayes factors for each effect, we followed
the same logic as in prior research (see Leinenger, Myslin, Rayner, & Levy, 2017; Staub &
Goddard, 2019, for illustration). For the numerator, we compared the maximal model that
included the effect of interest vs. a null model that does not assume any fixed effects or
interactions. For the denominator, we compared the maximal model after excluding the
effect of interest vs. a null model that does not assume any fixed effects or interactions.
The ratio between these two Bayes factors was the Bayes Factor of the effect.
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Figure 7. Mean reaction times (left panel), accuracies (right panel), and standard errors in the trained
(post-training phase) and Roman scripts of Experiment 1.

Latency analyses. Responses were, on average, 21 ms faster for the RL condition than
for the TL condition (i.e., overall TL effect; 591 vs. 612 ms; b = .08, ¢ = 6.18 p < .001,
BF,( = 6.69¢ + 05) and participants responded, on average, 41 ms faster in the post-
training tests than in the pre-training tests (581 vs. 622 ms; b = .13; t = 4.55 p < .001;
BF;, = 20.34). We found no overall differences in response times between the trained and
untrained script (b = —.01; t = —.60, p = .55; BF,(, = 1.48). The interaction between
Phase and Script barely reached the significance level in the frequentist analyses
b =—-.04, t = 243, p = .02), but the Bayes factors indicated anecdotal evidence
towards a null effect (BF;o = 0.55). None of the other interactions approached
significance (all s < .78, ps > .59; all BF;( < .35) (see Figure 6).

Accuracy analyses. Accuracy was higher for the RL condition than for the TL condition
(756 vs. .577; b = —1.05; z = —12.73, p < .001; BF;, = 1.071e + 39), and participants
were more accurate in the post-training phase than in the pre-training phase (.696vs. .637;
b = —.38; z = —4.44, p <.001; BF;, = 415911). Neither the effect of Script (b = —.08;

= —.83, p = .41; BF;( = .21) nor any of the interactions approached significance (all
zs < 1.19, ps > .23; all BFs;, < .26) (see Figure 6).

Exploratory analyses

As indicated in the pre-registration, we also compared the TL effect of the trained script
(post-training phase) and the TL effect in an overlearned script (i.e., the Roman script).
The two fixed factors in the analyses were Script (Trained [post-training] vs. Roman) and
Probe-target relationship (transposed, replaced) — the inferential analyses were parallel to
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those described above. The most complex fitted model that converged was: Depen-
dent_Variable [-1000/RT or accuracy] ~ script*condition + (1 + script/subject) + (1]
item) (see Figure 7).

Latency analyses. Participants responded, on average, 22 ms faster in the RL condition
than in the TL condition (573 vs. 595; b = .077 ¢t = 6.00, p < .001; BF,, = 129.80). There
were no overall differences between the trained script and the Roman script (b = .02
t = .38, p = .71; BF;4 = 0.53). The interaction between probe-target relationship and
script was not significant (b = —.01; t = —.41, p = .68; BF, = 0.54).

Accuracy analyses. Participants were more accurate in the RL condition than in the TL
condition (.804 vs. .566; b= —1.12; z = —13.06, p < .001; BF,, = 3.308e + 22),
whereas the effect of script was not significant (b = .22,z = 1.14,p = .25;BF;, = 0.734).
We found a significant interaction between the two factors (b = —.58; z = —4.67,
p < .001; BF,, = 7.758), which reflects that the TL effect was greater in the Roman script
than in the trained script (.283 vs. .192).

Same trials

‘While not indicated in the pre-registered protocol, the examination of ‘same’ responses
in the pre- and post-test phases for the trained and untrained scripts may shed some light
on the role of orthographic-phonological training when processing letter strings. To
analyse ‘same’ responses, we employed (generalized) linear mixed-effects models on the
latency and accuracy data. The two fixed effects were Script (trained vs. untrained) and
Phase (pre-training, post-training). The most complex model that converged in the
(generalized) linear mixed-effects models was: Dependent_Variable [—1000/RT or
accuracy] ~ script * phase + (1 + phase | subject) + (1 | item). These analyses were
complemented with Bayesian linear mixed-effects models using the maximal random
factor structure (see Appendix A).

Latency analyses. Responses were, on average, 26 ms faster in the post-training phase
than in the pre-training phase (539 vs. 565 ms; b = .14; ¢t = 2.93, p = .01), whereas there
were no signs of an effect of script (b = .01; ¢t = —.51, p = .61). More important, the
interaction between Script and Phase was significant (b = —.12; ¢t = —8.09, p < .001).
This reflected that responses were faster in the post-training than in the pre-training phase
for the trained script (41 ms; 537 vs. 581 ms), but not for the untrained script (9 ms; 540
vs. 549 ms) (see Figure 6).

Accuracy analyses. Participants were more accurate in the post-training than in the pre-
training phase (i.e., main effect of phase; b = —.48; z = —2.97, p = .003) and with the
untrained than with the trained script (i.e., main effect of script; b = —.27; z = —3.17,
p =.001) — note that the effect of script was .009 and was not corroborated by the
Bayesian linear mixed-effects analyses (see Table A3). More important, mimicking the
latency analyses, we found an interaction between the two factors (b = .72; z = 6.16,
p < .001): Participants were more accurate in the post-training test than in the pre-
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training test for the trained script (.910 vs. .868, respectively), but not for the untrained
script (.888 in the post-training vs. .908 in the pre-training test) (see Figure 06).

Discussion

As usual, we found a substantial transposed-letter effect for ‘different’ responses in the
same-different task: Participants’ responses were faster and more accurate for replace-
ment-letter pairs than for transposed-letter pairs (see Krueger, 1978; Ratcliff, 1981, for
early evidence; see also Dunabeitia et al., 2012; Massol et al., 2013; Perea et al., 2016).
More important for the purposes of the experiment, the magnitude of the transposed-
letter effect was similar for the trained script and for the (visual) control script in both
latency and accuracy data. We did find that the responses to ‘different’ trials were, on
average, faster and more accurate in the post-training phase than in the pre-training phase.
However, this occurred similarly in both the trained and visual control scripts; hence, it
could have been due to the participants’ being more visually familiar with the new letters.
In addition, the size of the transposed-letter effect was greater in the Roman script than in
the newly learned script in the accuracy analyses (28.3% vs. 19.2% of errors, respectively)
—note that previous studies on the transposed-letter effect also showed significant effects
on accuracy, but not on response latencies (e.g., Massol et al., 2013; Perea et al., 2016;
Perea & Lupker, 2004)5. This is consistent with the idea of orthographic location-invariant
mechanisms being at work in the Roman script, but not in the newly learned script (see
Dunabeitia et al., 2012; Massol, et al., 2013; see also Garcia-Orza et al., 2010; Munoz et al.,
2012, for greater transposed-letter effect for letters than for other visual objects [symbols,
digits, false fonts]).

The above results may offer the impression that training a new script did not create
any stable orthographic representations. However, this interpretation is difficult to
reconcile with the fact that ‘same’ responses were substantially faster and more
accurate in the post-training phase than in the pre-training phase for the trained script
(538 vs. 581 ms; .910 vs. .868), but not for the untrained script (540 vs. 549 ms; .888
vs. .908). This finding strongly suggests that learning-to-read in the new script helped
encoding the letter strings, thus reflecting the emergence of rudimentary orthographic
representations.

In sum, the current same-different experiment favours the view that location-invariant
processing, as measured by the transposed-letter effect, does not emerge rapidly after
learning-to-read in a new script. We defer a more detailed discussion of this issue in the
General Discussion.

EXPERIMENT 2: LOCATION-SPECIFIC PROCESSING
Method

Participants
They were the same as in Experiment 1. To compute the Bayes factors for the critical
interaction (i.e., the three-way interaction between Phase x Script x Position in the

5 Furthermore, for the Roman script, we found that size of the transposed-letter effect was considerably smaller for external than
for internal transpositions: 14.5% vs. 42.1%, respectively (e.g., see Gomez et al., 2008, for a similar pattern). In contrast, for the
trained script, the size of the transposed-letter effect was only slightly lower for external transpositions than for internal
transposition (17.0% vs. 21.4%, respectively). This again suggests that the transposed-letter effect in the Roman script and the
trained script reflects different underlying processes.
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accuracy data) required for the sampling procedure, we obtained the Bayes factors in the
by-subjects Bayesian ANOVA. This Bayes factor exceeded 6 (i.e., the criteria established in
the pre-registered protocol), BF;o = .05 — BF,; = 20, so sampling was stopped with
n = 28.

Materials

Based on the design and procedure used by Tydgat and Grainger (2009), we created a set
of 180 five-consonant strings in two unfamiliar scripts: 90 in Script 1 and 90 in Script 2, and
— for the post-training phase — a set of 90 five-consonant strings in Roman alphabet (e.g.,
STNGB). None of the letter strings contained repeated characters.

We designed three different blocks (one for script: Script 1, Script 2, and Roman
script) with 90 experimental and 9 practice trials each one. The order of the artificial
script blocks was counterbalanced between subjects. We manipulated the target
position in the array (1%, 2™, 3™ 4™ and 5™ position). As in the Tydgat and Grainger
(2009) experiments, each of the target characters was presented 2 times at each of
the five target positions (once above and once below the backward mask), and 40
times at a non-target position (i.e., each target character played as alternative at each
of the five positions). Importantly, the incorrect alternative was never presented in
the stimulus array. We created two lists for each of the artificial scripts, manipulating
the orientation of the target character (i.e., in List 1, the target was presented above
the array, whereas in List 2 the same target was presented below the array). These
two lists were presented to all participants, one for the pre-training test and the other
for the post-training test. The sub-experiment with the Roman script was presented at
the end of the post-training test.

The learning sessions materials were the same as in Experiment 1.

Procedure

Pre-training test. Participants were tested individually or in groups of two in a quiet
room. DMDX software (Forster & Forster, 2003) was used to display the sequence of
stimuli and to record the timing and accuracy of the responses. Each trial began with a
fixation point (i.e., ‘+’) that stayed on the screen for 500 ms and was followed by a 500-ms
with the blank screen. Then, a string of five letters was presented for 116 ms (see Scaltritti
etal., 2018, for the same set-up). The array of characters was followed by a backward mask
(‘#####”) accompanied by two characters, above and below the mask, respectively, at one
of the five possible array positions (i.e., characters position as a post-cue) (see Figure 2).
The stimuli were displayed on the screen until the participant responded or 2 seconds
had passed. All stimuli were presented in black on a white background. We employed a
monospaced font for the two scripts. Participants were asked to decide which of the two
characters was present in the corresponding position of the preceding array. They were
required to press the ‘up arrow’ key on the keyboard for the character above and the
‘down arrow’ key for the character below the array. They were explicitly instructed to
fixate at the centre of the array and make the decision as quickly and as accurately as
possible. The two scripts were presented in separated blocks, counterbalanced by
subjects. Nine practice trials preceded the 90 experimental trials in each of the
experimental conditions (90 trials in Script 1 and 90 trials in Script 2). Participants did not
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receive feedback during the experiment. There was a short break between blocks. The
session lasted for around 20-25 min.

Training. It was the same as in Experiment 1 (see Figure 5).

Post-training-test. It was the same as in the pre-training test, except for the addition of a
third block with stimuli in the Roman script. The session lasted for around 30 min.

Results

As indicated in the pre-registration, those participants with less than .60 of accuracy in
the middle position in the pre- and post-training experiments were replaced — this
occurred with four participants. Mean accuracies (and standard errors) for all target
types and target positions are presented in Figure 8. The three fixed factors were Phase
(pre- vs. post-training), Script (trained vs. control), and Position (1%, 2", 3™ 4™ 5™ By.
subjects and by-items classical and Bayesian ANOVAs were performed on the accuracy
data. The computation of the Bayes factors was parallel to that described for accuracy in
Experiment 1. In Appendix A, we report supplementary [non-pre-registered] analyses
using Bayesian linear mixed-effects models (see Table 3 for a summary of the main
points of Experiment 2).

Confirmatory analyses

The ANOVAs showed that accuracy was a function of serial position, F,(4, 108) = 67.87,
P < .001,BF;, = 2.497e + 66; F»(4,175) = 106.45, p < .001, BF;, = 9.445¢ + 36. Accu-
racy levels were higher in the central, third position (.778) than in the first, second, fourth,
and fifth positions (with mean accuracy levels of .535, .502, .510, and .507, respectively).
Furthermore, the overall accuracy levels were virtually the same for the pre- and post-
training phase, F (1, 27) = 1.18, p = .29. BF,, = .10; F, < .001, BF,, = .09, and for the
trained and control scripts (both Fs < 1; both BFs;, < .11) (see Figure 6).

Pre-training phase Post-training phase
0.9 1 Script
O Trained

- ® Control
5}
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Figure 8. Mean accuracies and standard errors in the trained and untrained scripts of Experiment 2.
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The serial position function differed in the pre-training and post-training phase
(Position x Phase interaction; F;(4, 108) = 8.65, p < .001, BF;, = 241.21; F,(4,
175) = 6.22, p < .001, BF;, = 53.42): This occurred because accuracy in the third
position was higher in the post-training phase than in the pre-training phase (.828 vs
.728, respectively). Neither the interaction between Position and Script (F,(4,
108) = 2.65, p = .04, BF,, = .23; F, < 1, BF;, = .01) nor the interaction between Script
and Phase (F,(1, 108) = 3.22, p = .08, BF, = .50; F, < 1, BF;( = .12) were significant.
Finally, there were no signs of a Phase x Script x Position interaction (both F, < 1;
BFs;, < .09).

Exploratory analyses

We also compared the serial position function of the trained script (in the post-
training phase) and an overlearned script (i.e., Roman script) (see Figure 9). The
two fixed factors in the ANOVAs were Script (Trained [post-training] vs. Roman)
and Position (1%, 2™, 3™ 4™ 5™ The analyses were parallel to those described
above.

Accuracy was a function of serial position, F;(4, 108) = 154.29, p < .001,
BF, = 4.104¢ + 48; Fy(4, 260) = 60.82, p < .001, BF;, = 7.918e + 23. Participants
were substantially more accurate on the third position (.841) than on the other letter
positions (.540, .504, .525, and .527, in the first, second, fourth, and fifth positions,
respectively). In addition, we did not find any clear signs of a difference in the overall
accuracy levels in the trained script and the Roman script (574 vs. .601; F;(1, 27) = 3.14,
p =.09; BFo = .17; F, < 1; BF(, = .78). Finally, as can be seen in Figure 9, the serial
position functions of the Roman and trained scripts were remarkably similar and the
interaction between the two factors was not significant, F;(4, 108) = 2.28, p = .09;
BF,, = .09; F»(4, 260) = 2.05, p = .09, BF;, = .31).

Discussion
The current experiment, using a target-in-string identification task, showed an advantage
of the middle, fixated position over the other positions for the trained and control scripts
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Figure 9. Mean accuracies and standard errors in the trained (post-training phase) and Roman scripts of
Experiment 2.
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not only in the pre-training phase, but also in the post-training phase. We did find a small
numerical advantage of the initial position over the second position (see Figure 8), but
this difference was similar for the trained and untrained script in the pre-/post-training
phases — this pattern was also corroborated in the analyses with Bayesian linear mixed-
effects models (see Appendix A). We also found that accuracy was higher in the post-
training than in the pre-training session — this occurred mainly in the central, fixated letter.
This effect was similar for the trained script and for the visual control script; thereby, it can
be parsimoniously explained in terms of visual familiarity. Taken together, these findings
strongly suggest that location-specific letter detectors do not emerge rapidly after
learning-to-read and write in an artificial script.

Finally, in the exploratory analyses, we failed to find a stronger initial-letter advantage
in the Roman script when compared to the trained script. We prefer to keep cautious
about this latter finding. First, in the instructions, we emphasized that participants should
be looking at the fixation point at the beginning of each trial. Second, because it was an
exploratory analysis, participants always performed the task with Roman letters in the last
block. As a result, the attentional capture at the middle position that occurred in initial
blocks with the artificial scripts could have been dragged into the last block. A more
comprehensive explanation is presented in the General Discussion section below.

GENERAL DISCUSSION

We designed two experiments to track the emergence of early orthographic processes in
the first stages of learning-to-read through the examination of two markers of
orthographic processing (Grainger, 2018): location-invariant processing (Experiment 1)
and location-specific processing (Experiment 2). To that aim, we employed a design with
a pre-training phase and a post-training phase in which adults were trained in reading and
writing nonsense words in an artificial script along six sessions. Participants successfully
mastered the trained script after the learning-to-read training (see Appendix B). All of them
passed the final assessment in the prescribed time with no errors in the reading aloud and
writing down tasks. To control for visual familiarity, participants were also familiarized
with the visual form of the characters of the control script during the training sessions.

The emergence of location-invariant processing

The first research question was whether readers show some location-invariant processing
for the newly learned script on top of the position uncertainty that may affect all visual
objects in a string. As stated in the Introduction, location-invariant processing has been
proposed to emerge with literacy acquisition (Dandurand et al., 2010; Dunabeitia et al.,
2014, 2015).

To our knowledge, the only published study that directly examined this issue was
conducted by Dunabeitia et al. (2015). They employed a longitudinal design using a same-
different experiment in which a group of children was tested in their antepenultimate pre-
school year (i.e., pre-literate children; mean age = 4.24 years), in their last pre-school year
(i.e., pre-literate children; mean age = 5.21 years), and in the first year of primary school
(i.e., they had already acquired literacy skills; mean age = 6.32 years). They used four-
letter strings in which, for ‘different’ trials, they had transposed-letter and replaced-letter
pairs. Dunabeitia et al. (2015) only found a transposed-letter effect when the children
were in first grade (42.9% vs. 30.6% of errors, for transposed vs. replaced-letter pairs) and
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concluded that ‘position uncertainty emerges as a consequence of literacy training’ (p.
549). However, the null effects obtained with the children in their pre-school years faced
interpretative difficulties because these children did not adequately perform the task (d’
was close to zero; see Perea et al., 2016). Indeed, Perea et al. (2016) found robust
transposed-letter effects in pre-literate children with a simplified version of the same-
different task. Nevertheless, they did not run a retest when these children learned to read —
note that first graders could have been at ceiling with this simplified task, thus making the
comparison uninterpretable.

To test the emergence of location-invariant processing, while avoiding the interpretive
difficulties of comparing performance of pre-school vs. school children, we conducted a
same-different matching task with adult participants using transposed-letter vs. replaced-
letter pairs as ‘different’ trials before and after learning-to-read in a new script (Experiment
1). To control for mere visual familiarity, we included an untrained script that was also
presented during training. Results showed transposed-letter effects of similar size for the
trained and untrained scripts in both the pre- and post-training phases. Furthermore,
Bayesian analyses offered substantial evidence in favour of a null interaction between
training, phase, and script. Thus, learning-to-read and write in a new script does not lead to
the rapid emergence of location-invariant processing.

Importantly, we did find some training benefit in the trained script for ‘same’
responses in both response times and accuracy, which suggests the emergence of an early
and basic visual specialization for letter strings. However, the newly acquired expertise in
the new script was not sufficient to induce location-invariant processing. Indeed, the
transposed-letter effect was greater for the Roman script than for the trained script (i.e.,
28.3%vs. 19.2% of errors, respectively). This is the typical pattern when comparing strings
of letters vs. strings of other visual objects (e.g., symbols, unknown letters)G. This pattern
can be parsimoniously explained in terms of an orthographically specific location-
invariant component in the Roman script over and above the location uncertainty
common to all visual objects (see Massol et al., 2013).

Our findings can also shed some light on the early developmental trajectory of the
letter-specific position coding when learning-to-read. The absence of the emergence of
location-invariant processing in the very early stages of learning-to-read can be
accommodated by the dual-route model of orthographic development proposed by
Grainger and Ziegler (2011; see also Grainger et al., 2012; Ziegler, Bertrand, Lété, &
Grainger, 2014). This model assumes that, in the first stages of reading acquisition, the
processing of letters in a word is serial, thereby letter position coding is very strict (i.e.,
fine-grained orthographic coding). It is only when readers have more extensive reading
experience that a more parallel processing of letters is developed, thus speeding the
mapping of letters onto orthographic representations and producing greater transposed-
letter effects (i.e., coarse-grained orthographic coding; see Grainger et al., 2012). In the
context of the current experiment, participants acquired some basic orthographic skills,
as revealed by better performance for ‘same’ responses in the post-training phase.
However, this expertise did not suffice for a coarse-grained processing to emerge. Indeed,
in a lexical decision experiment that compared the error rates to pseudohomophone and

© Furthermore, for the Roman script, we found that size of the transposed-letter effect was considerably smaller for external than
for internal transpositions: 14.5% vs. 42.1%, respectively (e.g., see Gomez et al., 2008, for a similar pattern). In contrast, for the
trained script, the size of the transposed-letter effect was only slightly lower for external transpositions than for internal
transposition (17.0% vs. 21.4%, respectively). This again suggests that the transposed-letter effect in the Roman script and the
trained script reflects different underlying processes.
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orthographic controls, Grainger et al. (2012) found effects greater than 30% in Grade 1
and Grade 2 children —these effects were smaller with older children (i.e., the effects were
20% in Grade 3, 21% in Grade 4 and 16% in Grade 5). That is, beginning readers use
phonological recoding (i.e., a fine-grained orthographic coding) rather than the coarse-
grained coding responsible for location-invariant processing. Thus, the greater trans-
posed-letter effect in the Roman (overlearned) script than in the newly learned script
obtained in the current experiments suggests that the emergence of location-invariant
processing requires a more complete establishment of a written orthographic code (see
Grainger et al., 2012; Grainger & Ziegler, 2011; Ziegler et al., 2014)7.

The emergence of location-specific processing

The second research question was whether location-specific processing emerges rapidly
for the newly learned script using a target-in-string identification task. The dissociation in
the accuracy serial position functions of letters (W-shape function) and symbols (A-shape
function) is this task is assumed to be to an adaptation of the mechanisms of visual object
processing to cope with visual word processing (i.e., location-specific letter detectors
creation). Importantly, Dandurand et al. (2010; Grainger et al., 2016) hypothesized that
the conversion of the mechanisms of simple visual object processing into location-specific
detectors occurs with reading acquisition.

Results in the target-in-string identification task (Experiment 2) showed a clear
advantage of the middle position for both the trained and control scripts in all scenarios.
More critically, we found no signs of an interaction in accuracy between training, phase,
and position, as shown in the Bayesian analyses. We also found a small advantage of the
initial-letter position over the other letter positions (see Figure 6; see also Appendix A),
but this difference was not modulated by training (i.e., the difference was approximately
constant in the pre- and post-training phases and in the trained and untrained scripts).
Finally, the overall accuracy in the post-training phase was greater than in the pre-training
phase for both, the learned and the control script, but this occurred essentially for the
middle, fixated, letter. This latter finding can be parsimoniously explained in terms of
better performance due to increased visual familiarity rather than on location-specific
processing.

To our knowledge, unlike for location-invariant processing, no study has directly
examined the emergence of location-specific processing — neither with children nor with
adults. Nevertheless, for comparison purposes, it may be relevant to briefly discuss the
studies that examined the developmental trajectory of the first-letter advantage in the very
early stages of learning-to-read. Grainger et al. (2016) showed a small increase in the initial-
letter advantage across school grades (from 1* to 4‘]’) (see also Schubert, Badcock, &
Kohnen, 2017, for a similar pattern of results). Importantly, the accuracy in the first and
second position for 1% to 3"%grade children was very similar, around 55% and 60% in the
Grainger et al.’s (2016) experiment. The lack of a sizeable first position advantage in the
initial grades in developing readers is in consonance with the results of Experiment 2.
Taken together, these findings suggest that location-specific processing does not emerge

7 An alternative account of orthographic development is Castles et al.’s (2007) lexical tuning model. The model assumes that
acquiring more and more words in the lexicon involves an increasingly dense neighbourhood of orthographically similar words. To
efficiently identify these words, the orthographic representations become increasingly fine-tuned — this includes more precise
positional representation of the visual input. Our experiments, however, were not designed to test the development of the
orthographic lexicon (i.e., participants were trained to read and write pseudowords).
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in the first stages of learning-to-read; instead, there appears to be a long route for this
mechanism to emerge and develop.

Nevertheless, the lack of the sizeable first-letter advantage in the (overlearned) Roman
script suggests that some caution when interpreting the findings of Experiment 2. In the
experimental set-up, participants always received the blocks with the artificial scripts
(i.e., the main blocks for the purposes of the experiment) before the final block with the
Roman script, and furthermore, instructions stressed that they should fixate at the centre
position at the beginning of each trial. Thus, a parsimonious explanation of the lack of a
substantial first-letter advantage in the Roman script is that, to cope with the highly
demanding blocks with the artificial scripts, participants’ attention was focused on the
middle position and this strategy was dragged into the Roman block. Thus, one might
argue that the settings of Roman block were not optimal to capture a W-serial position
function in the Roman block. Future research should examine to what degree the
accuracy function in target-in-string identification tasks is modulated by task context and
instructions (e.g., see Winskel et al., 2014, for evidence of different accuracy functions
depending on the nature of the writing system).

On the emergence of orthographic processing when learning-to-read a new script
Recent research with adult readers has shown that orthographic processes can emerge
rapidly after learning a script during a relatively short amount of time (e.g., Chetail, 2017
Lally, Taylor, Lee & Rastle, 2020; Taylor ef al., 2011). For instance, in the Taylor et al.’s
(2011) experiments, adults learned 36 words in an artificial script during 30—45 min. In
the post-training phase, participants had to discriminate between trained and untrained
items (i.e., an analogue to lexical decision). Results showed that participants could
successfully discriminate trained from untrained items and, more important, the response
times to the trained items were sensitive to vowel frequency. In a subsequent
generalization phase, participants were asked to read aloud a series of new (untrained)
items. Results showed an effect of both vowel frequency and consistency. All and all, the
Taylor et al. (2011) experiments suggest that participants can quickly and efficiently
extract sub-word spelling—sound regularities in a new script (see Chetail, 2017, for a
similar pattern of results regarding letter and bigram frequency).

More recently, Lally et al. (2020) conducted an experiment in which participants
learned 24 five-letter pseudowords either in a sparse or in a dense artificial orthography,
using a between-subject design, during a four-day training. (The 24 pseudowords in the
dense orthography included 12 anagram pairs, whereas none of the 24 pseudowords
sparse included anagrams.) When tested in an old—new recognition task (i.e., they had to
discriminate between trained and untrained items), participants made fewer false
positives for untrained items created by transposing two letters in the dense orthography
than in the sparse orthography. Therefore, the findings reported by Lally et al. (2020) are a
demonstration that the properties of the writing systems may modulate how letter order is
encoded in a newly learned script.

In the current experiments, participants were able to read and write in the trained
script with some fluency. Notably, in line with above-cited studies with artificial script
training, we found some letter-specific processing as a consequence of learning-to-read:
responses to ‘same’ trials in the same-different task were faster and more accurate in the
post-trained phase for the trained script, but not for the untrained script. As Krueger
(1978) indicated, fast and accurate responses for ‘same’ trials imply that participants
require an exhaustive processing of the letter string. Thus, this pattern suggests that early
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literacy induced some specialization for letter strings that made the identification of same
pairs more effortless. However, we found no signs reflecting the emergence of location-
invariant and location-specific processing in the newly learned script.

In addition, we found an improvement in performance in the post-training phase for
both the learned script and the visual control script that can be parsimoniously explained
in terms of visual familiarity. Indeed, previous event-related potentials (ERP) experiments
have shown that the N1 component (i.e., acomponent related to familiar written language
processing) emerges right-lateralized in preschoolers at the start of reading training (e.g.,
Maurer et al., 2006). Crucially, this early emergence of the N1 effect has been associated
with letter knowledge and it also likely reflects visual familiarity with print (Maurer, Brem,
Bucher, & Brandeis, 2005). The development of the characteristic left-lateralization of the
component is assumed to occur via the automatization of orthographic-phonological
mappings established during learning-to-read (Maurer & McCandliss, 2007; McCandliss &
Noble, 2003; Maurer et al., 2006; Posner & McCandliss, 2000; see also Maurer et al., 2010,
for evidence with adults learning an artificial script; Brem et al., 2005, for the same pattern
with visual training of symbols). Thus, the increase in performance in the post-training
phase, coupled with the absence of differences in location-invariant and location-specific
processing between the two phases, favours the idea that these effects are associated with
visual expertise with the novel scripts (i.e., a reading-related perceptual expertise; see
Maurer et al., 2010, for similar claims).

‘What we should also note is that, although both the same/different matching task and
target-in-string identification task have been widely used to demonstrated orthographic
effects (e.g., see Dunabeitia et al., 2012; Massol et al., 2013; Perea et al., 2016; Scaltriti &
Balota, 2013; Tydgat & Grainger, 2009), they can be performed on the basis of visual
representations of the stimuli — this is the reason why these tasks can be used in both pre-
training and post-training phases. As a result, some effects obtained from newly learned
scripts may reflect a mixture of increased visual familiarity to the new letters together with
some incipient orthographic representations (i.e., a specific to letters visual expertise, see
Maurer, Brandeis, & McCandliss, 2005). Instead, skilled readers, who have already
automatized the orthographic-phonological mappings, would perform these tasks not
only on the basis of visual familiarity, but also on the activation of the orthographic
representations of the stimuli. In other words, the patterns observed in beginner readers
may rely on visual familiarization with the learned scripts, whereas the effects of skilled
readers may represent an interaction between early visual processing at the letter level
and feedback from orthographic representations (see Marinus et al., 2018).

Taken together, our findings suggest that in order to boost the automatization of the
orthographical-phonological mappings and a more parallel coarse-coding processing, a
much longer learning-to-read period may be required. We now discuss several options for
further research. The first option would be to run a large-scale longitudinal experiment with
pre-literate children — for the sake of the argument, we assume that the experimental tasks
would allow a meaningful comparison across age (see Perea et al., 2016, for discussion). The
experimental design would include three scripts: Roman letters, digits (i.e., a familiar visual
object), and a control artificial script. This would allow us to examine not only the
emergence of location-invariant and location-specific processing in a natural setting (i.e.,
children learning-to-read), but also how these orthographic markers vary as a consequence
of literacy acquisition. Furthermore, this design would also allow examining the variations
due to orthographic processing (i.e., specific to letters) vs. visual familiarity (numbers vs.
artificial letters). A second option would be to train adult participants for a long period of
time in an ecological setting — instead of the ecological limitations of learning an artificial
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script. The most realistic design would be run the experiment with adults who are starting
to learn a new language that uses an unfamiliar alphabetic script (e.g., Georgian, Armenian).
In either scenario, it would be desirable to complement the behavioural tasks with the
recording of brain activity during training, as this may help to disentangle the effects due to
orthographical-phonological decoding from the effects due to visual training (e.g., see
Maurer, Brem, et al., 2005, 20006; Pleisch et al., 2019, for evidence of print sensitivity in the
N1 ERP amplitude; see Pleisch et al., 2019, for evidence of changes in the activation of
crucial orthographic processing brain regions [ventral occipitotemporal cortex and left
fusiform gyrus] in the first steps of reading acquisition).

To sum up, we conducted two experiments that examined whether two markers of
orthographic processing (location-invariant and location-specific processing) arise
rapidly after learning-to-read and write a new script. Notably, examining when these
effects emerge is essential to help interpret the subsequent developmental trajectory of
orthographic effects. While participants were able to read and write with some fluency in
the new script and showed some rudimentary orthographic processing, we found no
evidence favouring the hypotheses that location-invariance and location-specific
processing emerge quickly after learning-to-read. Instead, the emergence of these two
markers of orthographic processing may take much more time, probably via the
automatization of orthographic-phonological mappings.
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Appendix A:
Supplementary analyses with Bayesian linear mixed-effects models

Experiment |: location-invariant processing

For the sake of completeness, we also examined the latency and accuracy data of the
confirmatory analyses using Bayesian linear mixed-effects models using the brms package
in R (Burkner, 2016). An advantage of this procedure — via Stan —is that it allows us to fit the
models using the maximal random-effect structure (see Bates, Machler, Bolker & Walker,
2015, for arguments in favour of maximal models).

Different trials

Trained script vs. Untrained script. The fitted model was: Dependent_Variable [i.e.,
—1000/RT or accuracy] ~ script * condition * phase + (1 + script * condition * phase |
subject) + (1 + condition * phase | item). More complex random-effects terms resulted in
model non-convergence. Furthermore, these models offer the Bayesian 95% credible
intervals for each parameter based on the posterior distributions. For the latency data, we
employed the same response time transformation as in LME analyses (i.e., —1000/RT;
family = gaussian), whereas for the accuracy data, we used the Bernoulli distribution
(family = bernoulli) — this is the parallel to family = binomial in GLME models. We
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Table Al. Parameter estimates in latency and accuracy supplemental analyses of Experiment |
(‘different’ trials: trained vs. untrained script)

Latency data Estimate SE 95% Credible Interval
Intercept —1.84 0.06 [—1.95 —1.73]
Script —0.01 0.02 [—0.05, 0.02]
Condition 0.08 0.01 [0.05, 0.10]
Phase 0.13 0.04 [0.06, 0.21]
Script x Condition —0.01 0.02 [—0.05, 0.03]
Script x Phase —0.05 0.04 [-0.12,0.03]
Condition x Phase —0.01 0.02 [—0.05, 0.03]
Script x Condition x Phase 0.0l 0.03 [—0.04, 0.06]
Accuracy data
Intercept 1.56 0.15 [1.27, 1.87]
Script —0.07 0.10 [—0.28,0.13]
Condition —1.06 0.11 [—1.28, —0.84]
Phase —0.35 0.12 [-0.60, —0.10]
Script x Condition 0.07 0.12 [-0.17,0.31]
Script x Phase —0.04 0.13 [-0.29,0.21]
Condition x Phase 0.12 0.13 [—0.13,0.37]
Script x Condition x Phase 0.03 0.17 [-0.29, 0.36]

Note. Those effects with 95% credible intervals beyond 0 are in bold.
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Figure Al. Posterior effects estimates from the Bayesian linear mixed models for ‘different’ trials in
Experiment | (Trained vs. Untrained script) (left panel: latency analysis; right panel: accuracy analysis). The
thick black line corresponds to an effect of zero, the dark grey line corresponds to the estimates, and the

shaded area corresponds to the 95% credible interval. [Colour figure can be viewed at wileyonline

library.com]
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Table A2. Parameter estimates in latency and accuracy supplemental exploratory analyses of
Experiment | (‘different’ trials: Roman vs. trained script)

Latency data Estimate SE 95% Credible Interval
Intercept —1.83 0.04 [—1.91, —1.74]
Condition 0.07 0.02 [0.04,0.11]
Script —0.02 0.05 [-0.13,0.09]
Condition x Script 0.00 0.02 [—0.04, 0.05]
Accuracy data
Intercept 1.86 0.17 [1.55,2.20]
Condition —1.66 0.14 [—1.92, —1.39]
Script —0.26 0.21 [—0.69, 0.16]
Condition x Script 0.56 0.17 [0.23, 0.90]

Note. Those effects with 95% credible intervals beyond 0 are in bold.

employed 4 chains, each with 10,000 iterations after a warm-up of 1000 iterations. The
maximal random-effect structure models converged successfully: the values of Rhat were
1.00 for all parameters.

As can be seen from the estimates and 95% credible intervals presented in Table Al,
we found robust evidence of an effect of Condition (i.e., probe-target relationship) and
Phase in both latency and accuracy analyses, thus corroborating the pre-registered

Latency data Accuracy data
SCRIPT 1 LN
PHASE = ~ _ -
SCRIPT x PHASE ’/ — |
-0.4 -0.2 0.0 0.2 0.4 -1 0 1 2

Figure A2. Posterior effects estimates from the Bayesian linear mixed models in ‘different’ trials in
Experiment | (Roman vs. Trained script) (left panel: latency analysis; right panel: accuracy analysis). The
thick black line corresponds to an effect of zero, the dark grey line corresponds to the estimate, and the
shaded area corresponds to the 95% credible interval. [Colour figure can be viewed at wileyonline

library.com]
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analyses. Similarly, we did not find any evidence of a three-way interaction between Script,
Condition, and Phase (see Figure Al, for the posterior distributions).

Roman script vs. trained script

The fixed factors were Script (Trained [post-training] vs. Roman) and Condition
(transposed, replaced). We followed the same procedure as above, with 5,000 iterations
(Rhat = 1.00 in all cases). Table A2 shows the estimates and 95% credible intervals from
the latency and accuracy models, and Figure A2 shows the posterior distributions of the
parameters. Together with a substantial transposed-letter effect in the latency data, these
analyses confirmed the interaction between Script and Condition in accuracy data.

Same trials

Trained script vs. Untrained script. 'The general procedure was the same as above (i.e.,
the maximal random-effect structure model with 5,000 iterations; Rhat = 1.00 in all
cases). As shown in Table A3 (estimates and 95% credible intervals) and Figure A3
(posterior distributions of the parameters), these analyses corroborated the interaction
effect for between Phase and Script in the latency and accuracy data.

Experiment 2: location-specific processing

Trained vs. Untrained script
As in Experiment 1, we examined the data with Bayesian linear mixed-effects models
using the brms package (Biirkner, 2016) in R. The three fixed factors were the same as in
the pre-registered analyses. The initial letter was set as the reference level for the factor
Position. We fitted the maximal random-effect structure model (i.e., accuracy ~ script *
position * phase + (1 + script * position * phase | subject) + (1 + position * phase | item))
using 4 chains, each with 5,000 iterations after a warm-up of 1,000 iterations. The priors
were the same as in Experiment 1. The model converged successfully (Rhat = 1.00 for all
parameters).

As can be seen in Table A4, accuracy in the initial-letter position was substantially
lower than in the middle, fixated position. The accuracy advantage of the middle position

Table A3. Parameter estimates in latency and accuracy supplemental analyses of Experiment | (‘same’
trials: trained vs. untrained script)

Latency data Estimate SE 95% Credible Interval
Intercept —1.99 0.08 [—2.14, —1.84]
Script 0.00 0.03 [—0.05, 0.05]
Phase 0.13 0.06 [0.02, 0.24]
Script x Phase —0.13 0.06 [-0.24, —0.01]
Accuracy data
Intercept 2.70 0.21 [2.31, 3.12]
Script —0.23 0.14 [-0.51, 0.05]
Phase —0.43 0.19 [—0.81, —0.05]
Script x Phase 0.64 0.26 [0.11, 1.15]

Note. Those effects with 95% credible intervals beyond 0 are in bold.
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Latency data Accuracy data

y

SCRIPT — — =

:
/

CONDITION

SCRIPT x
CONDITION

-0.3 -0.2 -0.1 00 0.1 0.2 -1.0 -05 00 05 10 15

Figure A3. Posterior effects estimates from the Bayesian linear mixed models in ‘same’ trials of
Experiment |. The thick black line corresponds to an effect of zero, the dark grey line corresponds to the
estimates, and the shaded area corresponds to the 95% credible interval. [Colour figure can be viewed at
wileyonlinelibrary.com]

Table A4. Parameter estimates in the accuracy supplemental analyses of Experiment 2 (trained vs.
untrained script)

Estimate SE 95% Credible Interval
Intercept 0.16 0.09 [—0.03, 0.34]
Script —0.05 0.13 [—0.29, 0.20]
Position 2" —0.22 0.14 [—0.50, 0.06]
3 1.89 0.26 [1.38,2.41]
4 —0.20 0.14 [—0.48, 0.07]
5t —0.14 0.14 [—0.41,0.13]
Phase 0.04 0.14 [-0.22,0.31]
Script x 2" position 0.07 0.18 [—0.29, 0.42]
3" position —0.36 0.22 [—0.80, 0.08]
4™ position 0.13 0.18 [-0.22, 0.49]
5™ position —0.03 0.18 [-0.39,0.33]
Script x Phase —0.06 0.18 [-0.41,0.29]
Phase x 2" position 0.07 0.20 [—0.33, 0.46]
3" position —0.80 0.29 [-1.38, —0.22]
4™ position —0.03 0.20 [—0.42, 0.37]
5% position 0.09 0.20 [—0.29, 0.49]
Script x Phase x 2" position 0.08 0.25 [—0.41, 0.58]
3" position 0.23 0.31 [—0.38, 0.83]
4™ position 0.21 0.25 [-0.28,0.71]
5™ position —0.02 0.26 [—0.52, 0.48]

Note. Those effects with 95% credible intervals beyond 0 are in bold.
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SCRIPT 1

POSITION 2nd 1

POSITION 3rd 1

POSITION 4th -

POSITION 5th -

PHASE 4

SCRIPT x POSITION 2nd 1

SCRIPT x POSITION 3rd 4

SCRIPT x POSITION 4th -

SCRIPT x POSITION 5th +

SCRIPT x PHASE 4

POSITION 2nd x PHASE -+
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Figure A4. Posterior effects estimates from the Bayesian linear mixed models in Experiment 2. The
thick black line corresponds to an effect of zero, the dark grey line corresponds to the estimate, and the
shaded area corresponds to the 95% credible interval. [Colour figure can be viewed at wileyonline
library.com]

increased in the post-trained phase, as deduced from the interaction with Phase. In
addition, the parameter estimates showed some advantage of the initial position over the
other letter positions (see Figure A4, for the posterior effects). Therefore, these analyses
corroborate the findings obtained in the ANOVAs indicated in the pre-registered analyses.

Roman script vs. learned script. 'The procedure was the same as above, except that the
two fixed factors were Script (Roman vs. Trained) and Position — the reference level for the
factor Position was also the first letter. The maximal model converged successfully

Table A5. Parameter estimates in the accuracy supplemental analyses of Experiment 2 (Roman script
vs. learned script)

Estimate SE 95% Credible Interval
Intercept 0.15 0.10 [—0.04, 0.35]
Script 0.01 0.14 [—0.25, 0.29]
Position 2" —0.22 0.15 [-0.51, 0.06]
37 1.90 0.28 [1.38,2.47]
4 —0.20 0.14 [—0.49, 0.08]
5 —0.14 0.15 [—0.43, 0.15]
Script x 2" position 0.15 0.21 [—0.25, 0.55]
3 position —0.14 033 [-0.77,0.53]
4™ position 0.29 0.20 [—0.11,0.69]
5% position 0.18 0.21 [—0.24, 0.59]

Note. Those effects with 95% credible intervals beyond 0 are in bold.
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SCRIPT
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POSITION 3rd
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Figure AS5. Posterior effects estimates from the Bayesian linear mixed models in Experiment 2 (Roman
vs. Trained script). The thick black line corresponds to an effect of zero, the dark grey line corresponds to
the estimate, and the shaded area corresponds to the 95% credible interval. [Colour figure can be viewed
at wileyonlinelibrary.com]

(Rhat = 1.00 for all parameters). As can be seen from the 95% credible intervals (see
Table A5; see also Figure A5, for the posterior distributions), we found a substantial
advantage of the third letter position. In addition, there was a numerical advantage of the
first-letter position relative to the second letter position — this effect did not interact with
script.
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Appendix B:

Figures B1 and B2 provide a visual representation of how training improved participants’
performance along the learning days (from day 2 to day 6 —note that, on day 1, participants
only had to listen to and write down the phoneme—grapheme correspondences).

Reading time Accuracy
300 100
(2]
[0]
2
S 9
Q.
200 8
§ § 90
@ o
g
100 =
A . )
X 8 85
5}
s =A\ o
0 80
2 3 4 5 6 2 3 4 5 6
Training day Training day

- Reading ~ Writing

Figure B1. Participants performance on the reading aloud and writing tasks along the training days
(from Day 2 to Day 6).
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Figure B2. Participants performance on the visual familiarization tasks along the training days (from Day
2 to Day 6).
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How Resilient Is Reading to Letter Rotations? A Parafoveal Preview
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Skilled readers have developed a certain amount of tolerance to variations in the visual form of
words (e.g., CAPTCHAs, handwritten text, etc.). To examine how visual distortion affects the
mapping from the visual input onto abstract word representations during normal reading, we
focused on a single type of distortion: letter rotation. Importantly, two leading neurally inspired
models of word recognition (SERIOL model, Whitney, 2001; LCD model, Dehaene et al.,
2005) make distinct predictions: Whereas the SERIOL model postulates that the cost of letter
rotation increases gradually, the LCD model assumes an all-or-none boundary at around 40° to
45° rotation angle. To examine these predictions in a normal reading scenario, we conducted a
parafoveal preview experiment using the gaze-contingent boundary change paradigm. The paraf-
oveal previews were identical or unrelated to the target word. Critically, each preview’s indi-
vidual letters were rotated 15°, 30°, 45°, or 60°. Apart from the parafoveal previews, all text,
including target words, was presented with letters in their canonical upright orientation. Results
showed that the advantage of the identity preview condition in eye fixation times on the target
word decreased progressively by rotation angle. This pattern of results favors the view that the
cost of letter rotation during normal reading increases gradually as a function of the angle of
rotation.

Keywords: eye-movements, letter rotation, parafoveal processing, reading

3

Efficient sentence reading requires the rapid abstraction of each
word’s visual form onto multiple levels of information (orthogra-
phy, phonology, semantics, and syntax) while the eyes move along
the text (see Clifton et al., 2016; Rayner, 2009; for reviews).
Because of their extensive experience across different reading con-
ditions (e.g., numerous fonts; uppercase TEXT, handwritten

{exk. cursive, Wﬁ, etc.), skilled readers have developed

some tolerance to noise and variations in shape (i.e., visual
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characteristics) of the words’ constituent letters (see Grainger &
Dufau, 2012).

Although often overlooked in reading research, the study of the
influence of visual factors in reading and how skilled readers tol-
erate various kinds of shape distortion is essential for a complete
understanding of the reading process (Slattery, 2016; see also
Tinker, 1958; Tinker & Paterson, 1931; for reviews of early
research). One of the reasons of the shortage of studies on
this issue is that it is difficult to separate the effect of all the
relevant variables underlying visual distortion. For instance,

houduariler texk. and tipse
several dimensions, and hence any processing differences relative
to the pristine written format we typically encounter when read-
ing might be attributable to multiple factors.

To overcome this interpretative issue, in the present article we
focus on a single type of visual distortion during sentence reading:
the rotation of individual letters in words. An added value of
studying letter rotations is that leading neural models of visual
word recognition make explicit predictions about how letter rota-
tions affect word processing. The SERIOL model of word recogni-
tion (Whitney, 2001, 2002) assumes that “input levels to letter
units are reduced for rotated stimuli” (p. 119, Whitney, 2002),
increasing gradually the time required to encode a letter string.
Instead, the Local Combination Detectors model (henceforth,
LCD model; Dehaene et al., 2005) offers an all-or-none account
on how letter rotation affects letter/word processing. Specifically,
the LCD model postulates that letter rotation impedes the normal

FAg are distorted in
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mapping of the letter features from the visual word form onto the
letter detectors for angles above 40° to 45°, but that there would
be little cost for rotations below that boundary' (see also Cohen et
al., 2008; Vinckier et al., 2006). Consistent with this latter predic-
tion, a number of experiments have shown a cost in processing
when words are rotated as a whole at 45° of rotation or larger. For
instance, Cohen et al. (2008) found no differences in response
times to words presented with 0° and 22.5° rotation angles,
whereas there was a dramatic slow-down at angles of 45° and
larger. In addition, other experiments have reported slower word
identification times for rotated words at angles of 45° or larger
than for their horizontally-presented counterparts (e.g., Barnhart &
Goldinger, 2013 [0° vs. 90°]; Gomez & Perea, 2014 [0° vs 45° vs.
90°]; Koriat & Norman, 1984 [0° vs. 60° vs. 120° vs. 180°]).

Clearly, the above-cited studies consistently showed a cost
when reading rotated words at 45° or larger. However, they were
not informative as to the locus of the effect. These effects could
have occurred at an early encoding stage—as the LCD or SERIOL
models would predict—but they could also have been attributable
to a processing cost at a late verification stage of processing where
the visual percept is checked against the stored lexical unit. To
directly test whether the locus of the effect of rotation occurs early
in word processing, Perea et al. (2018) conducted a masked pri-
ming lexical decision experiment with 90° rotation of the whole
word. The rationale of their experiment was that if the encoding of
orthographic-lexical representations were hindered by rotations of
45° or larger, one would expect a dramatically reduced masked
priming effect for 90° rotated words. However, they found sizable
masked identity and transposed-letter priming effects in line with
the effects obtained with horizontally presented stimuli (see also
Yang & Lupker, 2019; for evidence of robust masked priming
effects with 90° and 180° rotated words). Hence, at least when
words are presented in isolation, word rotation does not seem to
hinder initial access to the orthographic representations (see also
Perea et al., 2020, for similar evidence with isolated letters).

The robustness of masked priming effects to word rotations is
quite revealing. However, one could argue that readers might
rotate the whole stimulus and then process each letter as usual (see
Gomez & Perea, 2014, and Whitney, 2002, for discussion). Thus,
a more stringent test for the LCD and SERIOL models would be
to examine the effect of rotating the individual letters within words
rather than rotating the whole word. Kim and Strakova (2012) con-
ducted a lexical decision experiment in which individual letters of
words and pseudowords were rotated (0°, 22.5°, 45°, 67.5°, or
90°). Importantly, they also recorded event-related potentials
(ERPs) during the task. Kim and Strakovd (2012) found an
increase in amplitude in the P1 and N170 components (i.e., two
indexes that reflect the initial contact with word-form features) for
all rotation angles (i.e., including 22.5°) when compared with the
horizontal format. To explain this pattern, they suggested that
words whose individual letters are rotated require additional
resources that are recruited very early in processing. The behav-
ioral data showed a different picture, though. For words, response
times were remarkably similar for rotation angles between 0°and
67.5°, with a large increase from 67.5° to 90°. Accuracy rates was
similar for angles from 0° to 45°, slightly decreased from 45° to
67.5°, and there was a large drop from 67.5° to 90°. Thus, the be-
havioral data from Kim and Strakovd (2012) suggest that word
recognition was not severely affected by rotations smaller than 45°

FERNANDEZ-LOPEZ, MIRAULT, GRAINGER, AND PEREA

to 67.5°—note that evidence for early ERP effects does not neces-
sarily imply longer word identification times (see Perea et al.,
2015, for discussion).

More important for the present purposes, a recent study meas-
ured participants’ eye movements when reading sentences in
which the individual letters within words were rotated (30°, 60°)
or not (Blythe et al., 2019). Blythe et al. found an overall reading
cost on sentence reading (total viewing time, number of fixations)
for both rotation angles (30° and 60°) when comparing with
upright presented text, and this cost was larger at the 60° than at
the 30° rotation angle. They also examined whether rotation angle
interacted with word frequency by embedding a high- versus low-
frequency target word in each sentence. Whereas both rotation
angle and word-frequency had additive effects in the first-fixation
duration on the target word (30° < 60°; high-frequency < low-fre-
quency), total fixation durations (i.e., the sum of all fixations in the
target word) showed an interaction between the two factors: The
magnitude of the word-frequency effect was a function of the rota-
tion angle (i.e., the difference in eye fixation durations between
high- and low-frequency target words was greater at 60° it
decreased at 30° and it was even smaller at 0°), thus suggesting
that lexical access was impaired even by relatively small rotations
(i.e., 30°). Blythe et al. (2019) concluded that letter detectors are
affected by rotations well below 45° during sentence reading, and
thereby the LCD predictions concerning letter rotations should be
revised (i.e., the gradual cost of letter rotation may fit better with
the SERIOL model). Although Blythe et al.’s (2019) experiment
confirmed that letter rotations do affect the reading process, it does
not inform us as to whether the effect of letter rotation occurs early
in processing (i.e., as posited by the LCD and SERIOL models) or
whether it occurs at late integration processes (keep in mind that
participants could have adjusted their eye movement pattern to the
rotation angle of the sentences).

The main aim of the present experiment was to examine
whether the cost due to letter rotation in normal silent reading
emerges early in processing, as predicted by the LCD and SERIOL
models. To obtain a strict test of the resilience of letter detectors
to rotations, we rotated the individual letters within words in a
parafoveal word during sentence reading with the gaze-contingent
boundary change paradigm (Rayner, 1975). Rayner’s gaze-contin-
gent boundary change technique allows for the manipulation of
parafoveal information that is available to the reader before their
eyes move to that location hence enabling foveal processing of a
target word presented at the same location (see Figure 1). The ra-
tionale of this paradigm is that when we read, we extract informa-
tion not only from the fixated word, but also from the following
word(s) in the parafovea (Rayner et al., 1981; Rayner et al., 1982;
see also Vasilev et al., 2018; for evidence with degraded previews).
Thus, it is possible to infer the amount of useful information the
reader obtains from the parafovea by examining how the fixation
durations on a target word vary as a function of the type of parafoveal
preview (e.g., identity previews vs. unrelated previews; phonological

1Note that the prediction of the LCD model (Dehaene et al., 2005)
“letter detectors should be disrupted by rotation (>40°)" (p. 340) was
based on a study conducted by Logothetis and Pauls (1995) with monkeys.
Nevertheless, the empirical evidence provided by Cohen et al. (2008) and
Vinckier et al. (2006) with adult readers was interpreted in light of this
prediction of the model.
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Figure 1

Description of an Eye Movement—Contingent Display-Change Trial With the Eight Experimental Conditions (Identity Preview Rotated
at 15° 30° 45° and 60°; “I Think This Huge Tomato Is Ripe”; Unrelated Preview Rotated at 15°, 30°, 45° and 60°; “I Think This
Huge House Is Ripe”)

L <Gk
JE PENSE QUE CETTE ENORME: TOMATE EST BIEN MORE JE PENSE QUE CETTE ENORME:MAISON EST BIEN MUORE
P 15° rotation P
JE PENSE QUE CETTE ENORME:TOMATE EST BIEN MURE JE PENSE QUE CETTE ENORME:TOMATE EST BIEN MORE
<G B
JE PENSE QUE CETTE ENORME; 7'/’1475 EST BIEN MUORE JE PENSE QUE CETTE ENORME:#4ZSO# EST BIEN MOURE
| ! R 30° rotation ) NO) .
JE PENSE QUE CETTE ENORME; TOMATE EST BIEN MURE JE PENSE QUE CETTE ENORME: TOMATE EST BIEN MURE
<Ll <L
JE PENSE QUE CETTE ENORME; 20%49>¢ EST BIEN MORE JE PENSE QUE CETTE E’NORME:’?J‘O’I/ EST BIEN MORE
; 45° rotation | ; N
JE PENSE QUE CETTE ENORME; TOMATE EST BIEN MORE JE PENSE QUE CETTE ENORME; TOMATE EST BIEN MURE
<Gk Gk
JE PENSE QUE CETTE ENORME: A0%zyAe EST BIEN MURE JE PENSE QUE CETTE E’NORME:’}V\/‘\J‘O’& EST BIEN MORE
i HE<O) . 60° rotation RO}
JE PENSE QUE CETTE ENORME! TOMATE EST BIEN MURE JE PENSE QUE CETTE ENORME:TOMATE EST BIEN MUORE
IDENTITY CONDITION UNRELATED CONDITION

Note. The eye symbol represents where the reader is fixating, and the vertical dashed line represents the invisible boundary preceding the target word.
Before crossing the boundary, the sentence is presented with the rotated previews. When the eyes cross the boundary, the parafoveal preview is replaced
by the target word in the canonical format.

preview vs. orthographic control preview, etc.; see Rayner et al., would expect progressively smaller advantages of the identity pre-
2012; for review). view as a function of rotation angle. A final scenario is that the
In the present gaze-contingent boundary change paradigm orthographic coding system is widely tuned to rapidly identify

experiment, the parafoveal preview could be the same as the target rotated and/or distorted letters with little cost (see Hannagan et al.,
(identity preview-target pairs) or a different word (unrelated pre- 2012; Yang & Lupker, 2019; and Perea et al., 2018, 2020)—in
view-target pairs). We chose identity previews because they pro- this case, we would expect an advantage of the identity condition
vide the largest effects in the parafovea (see Angele et al., 2013). over the unrelated condition not only for the smaller rotation
The letters of the identity/unrelated previews could be rotated at angles (15° and 30°) but also for the larger rotation angles (45°
four different angles, the difference always being 15° (15°, 30°, and 60°).

45° and 60°; see Figure 1). Critically, the letters of the fixated tar-

get word—as well as the rest of the sentence—were always in the Method

canonical upright orientation. We employed 15° of rotation as a

baseline rather than 0° to avoid a perceptual continuity between

preview and target in the identity condition.> All the sentences Participants
were presented in UPPERCASE, the reasons being that: (a) in Forty participants (18 female) were recruited at Aix-Marseille
lowercase, some letters could be ambiguous when rotated (e.g., University. The participants were all native French speakers and

the rotated letter b can be ?onfused w1th.the lette}rs por ‘1)'3 (®)in received either course credit or monetary compensation (€10/h).
lowercase words, low spatial frequency information spanning the A1 participants reported normal or corrected-to-normal vision and

whole word (e.g., compare bishop vs. BISHOP) would have been ranged in age from 18 to 38 years old (M = 21.1 y.o., SD = 4.11).
less disrupted for smaller than for larger rotation angles (i.e., the

whole visual word form of lowercase words could be more in-
formative for smaller than for larger rotation angles). Of note, the

They were naive to the purpose of the experiment and signed an
informed consent form before starting the experiment. Ethics ap-
. e proval was obtained from the Comité de Protection des Personnes
pattern of eye movements when reading sentences is similar when SUD-EST IV (No. 17/051), and this research was carried out in

written in 1<?w§rcase or uppercase (.see Pérea .et al., 2017). . accordance with the provisions of the World Medical Association
The predictions were the following. First, if, as hypothesized by . .
Declaration of Helsinki.

the LCD model (Dehaene et al., 2005), letter detectors are hin-
dered by rotations in the first stages of orthographic-lexical proc-

essing only when they are above 40° to 45°: (a) we would expect Apparatus
shorter fixation durations on the target word after an identity pre- Stimuli were displayed using OpenSesame (Mathét et al., 2012)
view than after an unrelated preview, and to a similar degree, at with each sentence occupying a single line. Eye movements were

15° and 30° rotations (i.e., well below 45°); and (b) we would  recorded with an EyeLink 1000 system (SR Research, Mississauga,
expect a dramatic drop in preview effects when the letters of the

. o o .
parafoveal preview are rotated 45° or 60°. Second, if, as hypothe- 2Keep in mind that any difference between a 15° and the canonical

sized by the SERIOL model (Whitney, 2002), letter rotation grad- condition could be attributable to the congruency of format (both upright)
ually decreases the activation reached by the letter nodes, one that would induce the 0° rotation angle.
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ON, Canada) with high spatial resolution (.01°) and a sampling rate
of 1,000 Hz—this device only recorded the right eye movements.
The sentences were presented on a 20-in. ViewSonic CRT monitor
with a refresh rate of 150 Hz and a screen resolution of 1,024 X 768
pixels (30 X 40 cm). Stimuli were presented in upper case 18-point
monospaced font (droid sans mono; the default monospaced font in
OpenSesame) and the text was presented in black (.15 cd/m?) on a
white background (21.70 cd/m?); crosses and dots were presented
with the same colors. Participants were seated 86 cm from the moni-
tor, such that every three characters equaled approximately 1° of vis-
ual angle. The maximum validation error accepted was .63° of visual
angle. A chin rest and forehead rest were used to minimize head
movements.

Materials

We created 250 sentences in French, each contained an average
of nine words (range 7-10). Sentences were created so as to mini-
mize semantic predictability of the target words. This was verified
via a cloze task in which the initial part of each sentence—until
the word preceding the target word—was presented to four naive
individuals that were asked to predict the following word—none
of these individuals took part in the experiment. The percentage of
words that was predicted from the previous context was very low
(<1%). The pretarget and target words had an average length of
seven letters and an average Zipf frequency of 5.71 and 6.13,
respectively (van Heuven et al., 2014). Word frequencies were
obtained using the film subtitle frequencies of the Lexique2 data-
base (New et al., 2004). For each target word, we created eight
parafoveal previews: identity condition with (a) 15° of rotation,
(b) 30° of rotation, (c) 45° of rotation, (d) 60° of rotation, and
unrelated condition with (e) 15° of rotation, (f) 30° of rotation, (g)
45° of rotation, and (h) 60° of rotation (see Figure 1). The parafo-
veal previews were counterbalanced across eight lists following a
Latin square design. Each participant received 30 trials in each of
the eight conditions and the sentences were presented in a different
random order. The complete set of sentences, including the parafo-
veal previews, is presented in the Appendix.

Procedure

The experimental session took place in a dimly lit room. Partici-
pants were first informed about the experiment procedure. Their
task was to read sentences for comprehension on a computer
screen while their eye movements were registered. They were told
that there would be comprehension questions after each sentence.
The experiment procedure began with a five-point calibration
phase in which participants had to look at individual dots on the
screen. This was followed by 10 practice sentences to familiarize
them with the procedure. Each trial had the following arrange-
ment. First, a drift correction dot located 12 pixels (to the right of
the left edge was displayed. Second, the sentence was presented
once the participant steadily looked at the drift correction dot—the
starting point of the sentence was located just to the right of the
dot. The display change occurred when the participant's eyes
crossed an invisible boundary located between the target word and
the word before (see Figure 1). Another invisible boundary was
defined close to the end of the sentence (50 pixels before), such
that the sentence disappeared when the eyes crossed that boundary

FERNANDEZ-LOPEZ, MIRAULT, GRAINGER, AND PEREA

(that is, when participants read the last word). Finally, participants
were shown a yes/no comprehension question after each trial that
allowed us to verify that they had read for comprehension—partic-
ipants were asked to press a corresponding key on a gamepad.

Data Analyses

The critical idea underlying Rayner's (1975) boundary tech-
nique is that the parafoveal preview allows some preprocessing of
the target word. Specifically, if the reader extracts useful informa-
tion from the rotated-identity parafoveal preview than for the
rotated-unrelated parafoveal preview, the processing time on the
target word would be reduced when directly fixated, thus resulting
in shorter fixation durations (see Rayner et al., 2012). We exam-
ined three early eye fixation measures on the target word (that is,
the critical region): (a) the duration of the initial fixation on the tar-
get word (FFD); (b) the duration of a fixation on the target word
when it was the only fixation on that word in first pass reading
(SFD); and (c) the sum of fixation durations before leaving the tar-
get word (GD).

For the inferential analyses, we analyzed the eye fixation data
with linear mixed effects (LME) and Bayes Factors. We employed
the Ime4 (Bates et al., 2015, 2019), ImerTest (Kuznetsova et al.,
2016), car (Fox & Weisberg, 2019), and the BayesFactor .9.12-
4.2 (Morey & Rouder, 2018) packages in R (R Core Team, 2020).
The models included two fixed factors: (a) preview-target relation-
ship and (b) preview rotation angle—each factor was zero-cen-
tered. Subjects and items were the random factors in the models.
Variables were log-transformed to reduce highly positive skew of
fixation durations and keep the normality assumption of LME
models. Regarding LME analyses, the maximal random structure
model that converged for the three dependent variables was (De-
pendent Variable) ~ Relationship X Angle + (1 + Relation-
ship|Subject) + (I + Relationship|ltem). The p values for each
main factor and the two-way interaction were calculated using
Wald’s chi-square tests. In case of a significant interaction, we
computed the effect of preview-target relationship for each rota-
tion angle with emmeans (Lenth et al., 2020).

Results

Participants were quite accurate in responding to the compre-
hension questions (mean accuracy was .91; SD = .0023). Trials
where the display change was triggered either early or late were
removed from the analyses (less than 1%). The raw data were pre-
processed using EyeLink algorithms to detect saccades, fixations,
and eye-blinks—the deletion of eye-blinks resulted in .5% of the
data lost in the target region. Trials where the target word was
skipped in first pass were excluded from the analysis (9.78%). Fix-
ation durations of less than 80 ms and more than 800 ms and gaze
durations longer than 2,000 ms on the target word were removed
from the analyses. Furthermore, we removed any fixation duration
measures that were more than 2.5 standard deviations for measure,
condition, and subject because they are unlikely to represent nor-
mal reading—we removed the 2.07% of FFD observations, the
3.23% of GD observations and the 1.95% of SFD observations.
The average eye fixation measures per condition across partici-
pants are presented in Table 1.
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Means (in ms) and Standard Errors (in Parentheses) as a Function of Rotation Angle and Preview-Target Relationship

Parafoveal preview

Rotation angle Preview-target relationship

First fixation duration

Single fixation duration Gaze duration

15° Identity 240 (2)
Unrelated 262 (2)
30° Identity 252 (2)
Unrelated 260 (2)
45° Identity 254 (2)
Unrelated 259 (2)
60° Identity 256 (2)
Unrelated 260 (2)

21 243 (3) 26 303 (5) 19
269 (3) 322 (4)

8 258 (2) 13 302 (4) 12
271 (3) 314 (4)

5 261 (3) 7 307 (4) 10
268 (3) 317 (4)

4 265 (3) 3 306 (4) 9
268 (3) 315 (4)

Note. Values in bold represent the significant parafoveal preview effects.

First Fixation Duration

On average, first-fixation durations on the target word were 9
ms shorter in the identity than in the unrelated condition, x*(1) =
25.616, p < .001. We also found a main effect of angle, v’(3) =
14.840, p < .001. More important, the interaction between pre-
view-target relationship and rotation angle was significant, ¥*(3) =
34.392, p < .001. As can be seen in Figure 2, this interaction
reflected that first fixation durations on the target word increased
as a function of rotation in the identity condition, as reflected by
significant linear (r = 6.029, p < .001) and quadratic (t = —3.02,
p = .002) contrasts. For unrelated pairs, the duration of first fixa-
tions did not change as a function of rotation (none of the contrasts
approached significance, all |ts] < 1.25, ps > .21). The interplay
between the two factors (i.e., preview-target relationship and
angle) resulted in shorter first-fixation durations on the target word
in the identity condition than in the unrelated condition when the
letters of the preview were rotated 15° (21 ms; b = —.089,
SE =012, t = —7.627, p < .001) and, to a lesser degree, when
rotated 30° (8 ms; b = —.028, SE = .012, t = —2.418, p = .016).
Finally, the advantage of the identity condition did not reach sig-
nificance when the letters of the preview were rotated 45° (5 ms)
or 60° (4 ms; both s < —1.146, ps > .253). To examine whether
the null effects for the 45° and 60° were attributable to evidence of
absence rather absence of evidence, we computed Bayes Factors,
as these offer valuable information to express our degree of cer-
tainly that the rotation angle did not affect the effect of preview-
target relationship. For computing the Bayes Factors, we
employed the ImBF function from the BayesFactor package with
the default Cauchy distribution (centered around O and with a
width parameter 6 = .707; see Rouder et al., 2009; Wagenmakers
et al., 2017; for discussion). The Bayes Factors for the 45° and 60°
rotations were BFy; > 7.508, thus providing strong evidence to-
ward the null hypothesis.

Single Fixation Duration

The proportion of first-pass trials with a single fixation in the
target word was .66. Single fixation durations were, on average, 12
ms shorter in the identity than in the unrelated condition, x*(1) =
43.875, p < .001. The effect of angle was also significant, *(3) =
30.230, p < .001, as was the interaction between the two factors,
%*(3) =41.251, p < .001. This interaction showed that single fixa-
tion durations on the target increased nonlinearly with the

eccentricity of letter rotation in the identity condition—this was
reflected by significant linear (# = 8.414, p < .001) and quadratic
(t = —3.205, p = .001) contrasts (see Figure 3). The duration of
single fixations for unrelated preview-target pairs remained con-
stant independently of the rotation angle (none of the contrasts
approached significance, all |ts| < .76, ps > .45). As a result of
this interaction between preview-target relationship and angle, we
found that single fixation durations were shorter in the identity
condition than in the unrelated condition when the preview was
rotated 15° (26 ms; b = —.111, SE = .012, t = —9.357, p < .001)
and, to a lesser extent, 30° (13 ms; b = —.045, SE = .012, ¢t =
—3.831, p < .001). For the 45° rotation angle, the 7-ms advantage
in the identity condition, approached significance (b = —.014,
SE =.012,t=—1.187, p = .079), but the evidence favored, if any-
thing, the null hypothesis, BFy; = 1.742. Finally, for the 60° rota-
tion angle, we found strong evidence toward the null hypothesis
(3-ms advantage in the identity condition; b = —.014, SE = .012,
t=—1.187, p = .236; BF,, = 6.295).

Gaze Duration

On average, gaze durations on the target word were 12 ms
shorter in the identity than in the unrelated condition, ¥*(1) =
41.022, p < .001. The effect of angle did not approach signifi-
cance, ¥*(3) = 5.339, p = .149, but, more importantly, the interac-
tion between preview-target relationship and angle was significant,
¥*(3) = 20.258, p < .001. This interaction showed that gaze dura-
tions on the target word increased linearly with the eccentricity of
letter rotation in the identity condition—this was reflected by signif-
icant linear contrasts (r = 8.414, p < .001). The duration of gaze
durations for unrelated preview-target pairs remained constant inde-
pendently of the rotation angle (none of the contrasts approached
significance, all |ts| < 1.52, ps > .12). As a result of this interaction
between preview-target relationship and angle, we found a 19-ms
advantage of the identity condition 15° rotation (b = —.093, SE =
.013, = —6.985, p < .001), which was reduced to 12 ms at the 30°
rotation (b = —.052, SE = .013, t = —3.863, p < .001). For the 45°
rotation, we found a small 10-ms advantage of the identity condi-
tion (b = —.027, SE = .014, t = —2.000, p = .046), which actually
slightly favored the null hypothesis, BFy, = 1.688, whereas for the
60° rotation, we found strong evidence for the null hypothesis (9
ms; b= —.019, SE = .014, t = —1.398, p = .163; BF; = 6.134; see
Figure 4).
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Figure 2
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Mean First Fixation Durations by Condition (Identity Versus Unrelated) and

Angle (15°, 30°, 45°, and 60°)
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Discussion model (Whitney, 2002). To that end, we conducted a reading

The present experiment was designed to test whether letter
detectors are severely hampered by rotations above 40° to 45° dur-
ing sentence reading, as postulated by the LCD model (Dehaene et
al., 2005), or whether this cost would emerge gradually as a func-
tion of increasing letter rotation, as hypothesized by the SERIOL

Figure 3

experiment with sentences in uppercase using Rayner’s (1975)
gaze-contingent boundary change paradigm in which we examined
whether identity parafoveal previews were more effective than
unrelated parafoveal previews when the previews were rotated at
15°, 30°, 45°, or 60° (see Figure 1 for illustration). We found a
remarkably similar pattern of findings for all three eye fixation
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Mean Gaze Durations by Condition (Identity Versus Unrelated) and Angle (15°,

30°, 45°, and 60°)
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Note. See the online article for the color version of this figure.

measures on the target word (i.e., first-fixation duration, single fix-
ation duration, and gaze duration). Fixation durations were shorter
when preceded by an identity preview than when preceded by an
unrelated preview and, critically, this difference was modulated by
rotation angle: the advantage of the identity preview condition was
greatest when the letters of the preview were rotated 15° and it
was numerically smaller but still robust at 30° (see Table 1).
Instead, for the 45° rotations the advantage of the identity preview
condition was only marginal, and the Bayes Factor analysis did
not produce clear evidence in either direction—in particular for
single-fixation durations and gaze durations. Finally, for the 60°
rotations, there were no signs of an advantage of the identity pre-
view condition—indeed, the evidence in favor of the null effect
was strong (all BFy; > 6.134). Thus, the present results extend
and qualify the findings obtained by Blythe et al. (2019) with a
technique that specifically focused on early word recognition proc-
esses during sentence reading.

This pattern of results poses some problems to the predictions
of the LCD model concerning the impact of letter rotation on word
recognition (Dehaene et al., 2005). Although letter detectors
appear to be severely disrupted at rotation angles of 45° or larger
in the very early moments of processing, letter rotation also has an
effect for rotation angles well below 45° in the parafovea. In the
three eye fixation measures, we found a greater identity preview
advantage for 15° than for 30° rotated previews. These findings,
together with the data from Blythe et al. (2019) with 30° rotations,
suggest that the disruption caused by letter rotations is not due to a
sudden all-or-none shift at around the 40° to 45° boundary posited
by the LCD model. Thus, the more parsimonious account of the
current findings is that the amount of visual input reaching the let-
ter detectors would decrease as a function of letter rotation, as pro-
posed by the SERIOL model (see Whitney, 2002). This is also
consistent with the increase in amplitude in ERP components that

reflect the initial contact with word-form features (e.g., N170)
even for small rotations (22.5°) of individual letters in words (Kim
& Strakovd, 2012). Second, although the evidence of an identity
preview advantage for 45° rotations was marginal, we found
strong evidence for a null effect for 60° rotations, thus again sug-
gesting a gradual nature of the cost due to letter rotations on the
letter detectors of the word recognition system. Taken together,
this pattern would suggest that the identity preview advantage of
rotated previews during sentence reading is structured by rotation
angle (i.e., greatest at 15°, intermediate at 30°, marginal at 45°,
and absent at 60°). Further experiments should be conducted to
test whether this pattern of results also occurs with other manipu-
lations (e.g., phonologically or graphemically preview-target
related words).

Importantly, one might argue that our findings are at odds with
the presence of robust masked priming effects with rotated words
found by Perea et al. (2018) and Yang and Lupker (2019). How-
ever, there are some key methodological differences between the
present and the just-mentioned studies. First, in the Perea et al.
(2018) and Yang and Lupker (2019) experiments, the whole word
was rotated, whereas in the present experiment we rotated the indi-
vidual letters of the word (i.e., the manipulation was more extreme
in the present experiment). Second, in above-cited masked priming
experiments, (a) both primes and targets were presented foveally
instead of parafoveal-then-foveal as in the present study (and the
quality of visual information is higher in the fovea) and (b) both
primes and the targets were presented rotated at the same angle. In
the present experiment, the previews were presented parafoveally
at different rotation angles, but the target word (as well as the rest
of the sentence) was always presented in the canonical upright for-
mat. Thus, our participants were reading normally oriented senten-
ces, thus avoiding the adoption of specific strategies that might
arise when reading oriented text. To further elucidate these apparent
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discrepancies, future research could examine the time course of
masked priming words with individually rotated letters (e.g., using
electrophysiological measures).

Our findings also have important implications for models of eye
movement control in reading. At present, no current models of eye
movement control during reading have explicit predictions on the
processing of words composed of rotated letters (e.g., E-Z Reader,
Reichle et al., 1998; SWIFT, Engbert et al., 2005; OB1-reader,
Snell et al., 2018). This is because these models have focused on
key elements of eye movement control (e.g., when and where to
fixate the eyes) rather than on visual/sublexical/lexical processes.
Our findings highlight the necessity of expanding these models to
include early processes, including the mapping of visual informa-
tion onto sublexical orthographic or phonological stages to offer a
comprehensive picture of the reading process. As an example, the
E-Z Reader model (Reichle et al., 1998, 2003) assumes that word
identification is completed in two stages, reflecting early and late
lexical processing. The first stage corresponds to the beginning of
the identification of the orthographic form of the word, whereas
full lexical access is reached in the second stage. The identity pre-
view advantage observed in fixation durations when the letters of
the rotated preview were 15° to 30° suggests that readers can com-
plete the first stage of lexical processing (i.e., extract abstract letter
codes) even when the individual letters of words are rotated 30°

(i.e., readers are able to extract enough information to begin pro-
gramming a saccade to the next word even when that information
is extracted from a word with letters rotated 30°; see Angele et al.,
2016, for a proposal of the mechanisms at play in parafoveal proc-
essing). As stated earlier, the cost of processing these rotated let-
ters would be gradual (i.e., the larger the rotation angle, then
smaller the information acquired in the parafovea).

In sum, skilled readers can efficiently convert parafoveal words
composed of 15° to 30° rotated letters to a stable orthographic
code during silent sentence reading, but not when the rotation
angles are 45° or above. Thus, our data are in accordance with a
gradual cost of letter rotations in the uptake of parafoveal informa-
tion as a function of rotation angle, as posited by the SERIOL
model of word recognition (Whitney, 2001, 2002). These findings
should encourage the implementation of a more detailed account
of the interface between visual form information and ortho-
graphic-lexical representations in computational models of eye
movement control during sentence reading.
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Appendix

Sentences Used in the Experiment

The parafoveal previews (identity preview; unrelated preview)
are presented in parentheses. All words were presented in
uppercase letters in the experiment.

Le petit cheval sauvage (sautera; animale) sautera par des-
sus la barriere.

Je pense que cette énorme (tomate; maison) tomate est bien
mre.

Tu vas avec ta gentille (copine; loupes) copine pour faire
des courses.

11 avait vu un méchant (requin; dormir) requin dans la mer.

Elle marche avec de belles (dames; tenir) dames dans la
grande avenue.

On aime regarder les beaux (bateaux; arbitre) bateaux dans
le port.

Vous avez construit de grands (immeubles; commencer)
immeubles dans la ville.

Elles nagent sur des grandes (vagues; rouges) vagues dans
la mer.

Je vais acheter un nouveau (chapeau; malaise) chapeau
pour ton mariage.

Tu as commandé un nouvel (appareil; claviers) appareil
photo pour moi.

Elle vient de jeter ses nouvelles (vestes; souris) vestes par
la fenétre.

Ils iront voir leurs rares (amies; frire) amies dans la
semaine.

Vous avez vraiment fieres (allures; vendues) allures dans
cette voiture.

Elles ont vu une grosse (pierre; vertes) pierre tomber de la
falaise.

Nous avons vu ce surprenant (spectacle; enraciner) specta-
cle la semaine derniere.

Ta petite picce grise (tombe; nuits) tombe de ta veste.

Tu voudras manger et aussi (dormir; partir) dormir avant de
partir.

La coureuse va presque (arriver; devrait) arriver au
sommet.

Je pense que tu devrais mieux (manger; cannes) manger
pour ta santé.

Tu estimes avoir assez (dormi; chose) dormi pour cette
nuit.

Elle va mieux aprés (avoir; serez) avoir raconté ses
problemes.

Vous avez beaucoup trop (fourni; nulles) fourni de preuves
au juge.

Nous allons acheter trois (lampes; redire) lampes pour
décorer.

Il me faudrait quatre (piles; ronde) piles pour le jouet.

Nous avons de tout petits (pots; airs) pots de fleur.

Vous venez de construire une grosse (caisse; soleil) caisse
en bois.

Une oie a perdu ses jolis (oeufs; tours) oeufs dans le lac.

On aime votre joli (stylo; dunes) stylo tout neuf.

Il a vendu un étrange (tableau; pintade) tableau tres cher.

Ne va pas dans cette étrange (chambre; acheter) chambre la
nuit.

I1s sont sur la grande (falaise; louange) falaise de granite.

Elle lui jeta un terrible (regard; louves) regard deés son
arrivée.

Vous avez toujours plusieurs (mouchoirs; abordions) mou-
choirs dans votre poche.

Il navigue sur une large (barque; renard) barque sur la mer.

A ce compte autant (venir; comme) venir en pantalon.

Il faudra trés vite (revenir; chutera) revenir voir ton
docteur.

Il ne peut rien faire méme (marcher; joueurs) marcher est
douloureux.

Toi qui adores tant (boire; roses) boire de ce soda.

Je vais prendre quelques (parts; fours) parts de cette tarte.

Elle croit que tu aimes trop (couper; montre) couper de la
viande.

La petite souris blanche (regarde; admirer) regarde le
fromage.

Le petit enfant blond (saute; vitre) saute dans la rue.

Ton grand frére aime (acheter; secouer) acheter du pain frais.

Mon grand oncle est parti (vendre; poires) vendre un
blouson.

Le jeune homme avait (perdu; creux) perdu sa fortune.

Le chevalier est encore (venu; toute) venu nous rendre
visite.

Tu viens de partir (prendre; rideaux) prendre tes outils.

Le boulanger est prét pour (malaxer; assiste) malaxer sa
pate a pain.

Vous étes tous partis (danser; rasent) danser sur la piste.

Elle sait que tu aimes (rire; face) rire en ce moment.

Ils sont venus pour (rigoler; plieras) rigoler toute la soirée.

On sait que vous voulez surtout (chanter; adoucit) chanter
cette chanson.

Nous savons que vous aimez beaucoup (jouer; germe) jouer
du piano.

Cet enfant aime vraiment (lire; mais) lire des livres.

Ce petit monsieur va encore (grimper; alarmes) grimper ce
matin.

La pilote va vite (freiner; adultes) freiner dans le virage.

Tu vas utiliser cette grande (planche; montres) planche de
bois.

Elle nous offre sa belle (bague; tordu) bague de mariage.

Elle avait vu un gros (mouton; poteau) mouton sur une ile.

Il vient de dire les dernieres (phrases; argents) phrases de
son discours.

Cette petite surface habitable (semblait; abattues) semblait
bien décorée.

Leur grande croisiere atypique (fait; irez) fait réver leur
voisin.

Votre paire de lunettes commandée (arrivera; orphelin) arri-
vera dans deux jours.
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Ce beau riz fermenté (donnera; lecture) donnera du bon
saké.

Le joli petit paton arrondi (formera; fragile) formera un
beau pain.

Le sommeil du lion balafré (aura; fade) aura duré tres
longtemps.

Son ami tres sceptique (chercha; galerie) chercha une autre
solution.

La grande table calée (tient; tapis) tient bien droit.

Leur grande école laique (semble; taille) semble vraiment
réputée.

Le passage du pont enneigé (devra; sache) devra étre
interdit.

Un homme a préparé un infime (dessert; percera) dessert
dans la cuisine.

Ce travail au rythme soutenu (reste; boire) reste difficile a
tenir.

Les gants de ski chauffant (sont; avez) sont bien agréables.

Un plan de maison simpliste (arrange; paniers) arrange tout
le monde.

Une petite ere glaciaire (approche; barreaux) approche a
grand pas.

Son point de vue imposé (agace; ongle) agace les éleves.

Son triste sentiment éprouvé (faisait; serions) faisait peine a
VOir.

La petite lame émoussée (taillera; paisible) taillera toujours
aussi bien.

Ce dur reglement appliqué (donne; tuyau) donne de bons
résultats.

Voir un mariage princier (fera; suis) fera réver les gens.

Elle parla avec un influant (locuteur; gouverna) locuteur
durant des heures.

Il a pris le mauvais (livre; pause) livre dans le tiroir.

Leur grand projet futuriste (aborde; combat) aborde de nou-
veaux probleémes.

Le cavalier amena son brave (cheval; enlace) cheval a la
victoire.

Il découvrit ce troublant (morceau; affecta) morceau dans
sa poche.

Les deux femmes prévoient un alléchant (accord; braver)
accord ce soir.

Cette mignonne plante moisie (pousse; paquet) pousse
malgré le froid.

Elle sentit une brusque (larme; garer) larme couler sur sa
joue.

Ils ont acheté un soyeux (tissu; tarda) tissu chez le
marchand.

Tant de rires joviaux (font; vais) font plaisir a entendre.

De gros nuages orageux (grondent; festival) grondent dans
le ciel.

Cette petite personne loquace (parle; angle) parle vraiment
bien.

Des grands hommes résignés (avancent; ampoules) avan-
cent sous la pluie.

Quelques jeunes filles ennuyées (racontent; papillons)
racontent des histoires.
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Le pianiste ajoute une subtile (note; menu) note dans son
récital.

Son long plan saugrenu (arriva; utiles) arriva a ses fins.

Des jeunes stagiaires investis (feront; allant) feront un bon
travail.

Son grand air méprisant (cachait; panique) cachait une cer-
taine timidité.

Je repensais au déchirant (souvenir; aggraver) souvenir de
son départ.

Tous les vétements blanchis (arrivent; fontaine) arrivent de
leur machine.

Elle partage ce plausible (soucis; truqua) soucis avec ses
parents.

Ce beau geste amical (engendre; baguette) engendre de
belles émotions.

Certains gros sons brutaux (abiment; timides) abiment leur
audition.

Plusieurs jeunes chiens tétus (courent; hommage) courent
apres le vélo.

La longue nappe tendue (forme; votez) forme une vraie
table.

Le lourd sac chargé (alourdi; dispute) alourdi le coffre.

Le petit enfant honteux (rentre; unique) rentre sans un bruit.

Ses parents adopterent une sévere (attitude; enrichis) atti-
tude apres cette bétise.

Ton célebre roman policier (renvoie; poumons) renvoie a
des faits réels.

Votre jolie carte postale (plait; sport) plait a toute ma
famille.

Toutes les touches visibles (percutent; mannequin) percu-
tent les cordes du piano.

Il vécut un insolite (moment; presse) moment avec son ami.

Il semblait jouer sur un banal (piano; nagea) piano durant le
concert.

Elle a quitté son odieux (mari; taxe) mari pour étre libre.

IIs habitent un hostile (lieu; bise) lieu au bout de la rue.

Il lui autorise un ultime (tournoi; daterai) tournoi dans la
semaine.

Son superbe sourire éclatant (rayonne; baleine) rayonne de
bonheur.

Ils ont partagé un intense (sourire; sources) sourire durant
la danse.

Les mariés ont prévu trente (convives; coiffait) convives
pour le repas.

Cet homme a vu un ignoble (cafard; casser) cafard sous son
lit.

Son pauvre air navré (change; examen) change quand tu es
présent.

Il a dormi dans cet abrupte (cachot; phrase) cachot chaque
nuit.

Tu sens venir une intense (fatigue; emplois) fatigue des
maintenant.

Il regarda les cages et fortement (envoya; cabine) envoya le
ballon.

Elle saisit une occasion et amicalement (invite; cahier)
invite ses collegues.
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11 parlait et consciemment (affichait; synergies) affichait ses
opinions.

Elle réussit a lever ce lourd (marteau; gravure) marteau plu-
sieurs fois.

Adrien est heureux et gaiement (chantonne; clochette)
chantonne son air favori.

Ce livre trés technique (fascina; globule) fascina ce jeune
enfant.

Ils mirent en ordre cette large (faction; cracher) faction treés
armée.

Prenez en compte cette forte (amplitude; chalutier) ampli-
tude pour atterrir.

Je veux visiter ces effroyables (caves; accru) caves du
chateau.

Tu cuisines une fantastique (tarte; rhums) tarte a la
rhubarbe.

Il faut faire assez (mariner; neigera) mariner pour le
manger.

11 va falloir certainement (ajuster; ondoyer) ajuster ces bou-
tons de manchette.

Les chevaliers voulaient bravement (prier; ceint) prier pour
leur victoire.

Le juge de maniere juste (accorda; sonneur) accorda la
liberté au malheureux.

Nous devons soigner cette pathologique (toux; tact) toux
avant Noél.

Je veux acheter ces charmants (tableaux; alluvion) tableaux
des demain.

Je transporte un fragile (carton;
décorations africaines.

Ton frere effectue de fieres (actions; anoblie) actions dans
son travail.

11 frémit peu puis (actionna; abattoir) actionna le levier.

Je ne peux objectivement (consentir; chapelles) consentir a
cet accord.

Tu peux demander a son proche (cousin; infusa) cousin un avis.

Mon colocataire aime les franches (rigolades; immortels)
rigolades avec ses amis.

Ta mere SE tient debout (face; lion) face au vent.

Parmi ces gens peu (acceptent; confiance) acceptent cette
dure vérité.

Mon chien a environ (pris; rite) pris la moitié de sa gamelle.

Cet évenement est historiquement (compris; visages) comp-
ris comme le commencement.

Il aurait voulu calmement (attendre; tringles) attendre la fin
du récit.

Dors bien et demain (apportera; dictature) apportera de
nouvelles perspectives.

Cette femme bien gentille (proposa; douille) proposa son
aide.

Son grand pere autrefois (rencontra; dominante) rencontra
une béte velue.

Elle a obtenu une couverte (toiture; bouture) toiture pour
cet hiver.

Je pense que demain (sera; ayez) sera un jour exceptionnel.

migrer) carton de
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Je te voue une éternelle (affection; embauches) affection
pour que tu restes.

Voila encore une étrange (substance; attendons) substance
ane pas consommer.

Il faut procéder a un écologique (changement; tapisserie)
changement pour la suite.

Elle a entendu une faible (voix; urne) voix murmurer a mon
oreille.

Chaque nuit une étrange (vision; biches) vision SE présente
a moi.

Tu as construit cette blanche (cabane; rester) cabane de tes
mains.

Il adore son fraternel (cadeau; rivait) cadeau de Nogl.

Il donna un mortifere (conseil; jubiler) conseil a son ami.

Elle effectue son premier (calibrage; robotique) calibrage
sur cet appareil.

Ce sera le dernier (patron; coller) patron de ma vie.

Ce grand oiseau brievement (admire; encode) admire un
poisson dans le lac.

Toute cette pagaille énorme (engendrera; aérobiques)
engendrera une fin terrible.

Il SE baigne dans la solaire (piscine; ligoter) piscine des
voisins.

Il est en retard et finement (essaye; anneau) essaye
discretement de rentrer.

IIs offrent une moisie (couverture; carnivores) couverture
pour la nuit.

Il faut entreprendre une militante (action; pagode) action
pour marquer les esprits.

Elle présente sa fiere (invention; musiciens) invention au
concours.

Il nettoie cette lumineuse (vitre; clore) vitre pour bien voir.

Derriere la porte il a fixement (entendu; souries) entendu la
conversation.

Les américains larguent une atomique (bombe; savon)
bombe sur le Japon.

Elle exhibe une tranchante (lame; posa) lame pour frimer.

Prudence avec cette fragile (barge; grise) barge pour
touristes.

Le gouvernement promeut cette nationale (industrie; vaga-
bonds) industrie pour notre économie.

Elle a comme une étrange (envie; devin) envie de partir
loin.

Fais attention a la petite (marche; manger) marche sur le
palier.

Il avait remarqué une étrange (lueur; nuage) lueur sur la
montagne.

Ce petit animal bizarre (ressemble; entonnoir) ressemble a
une tortue.

Le gros chien avait fortement (mordu; canne) mordu cette
personne.

La hauteur de cette grande (tour;
impressionnante.

Tous les enfants sages (auront; alliez) auront une surprise.

rive) tour est
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Nous avons vécu une sacrée (histoire; explorer) histoire ce
weekend.

Elle a endommagé le superbe (collier; trouver) collier de
son anniversaire.

Il disait que cette nouvelle (image; chien) image était
parfaite.

Nous étions fiers de notre récent (record; visage) record sur
la course.

Il a adoré les délicieux (plats; niche) plats de ma grand
mere.

11 suffit juste de bien (retenir; horizon) retenir les consignes.

Cette équipe recueille de nombreux (joueurs; exemple)
joueurs tres réputés mondialement.

Les personnes peuvent toujours (partir; copier) partir quand
elles le souhaitent.

On pouvait trouver de grosses (erreurs; abandon) erreurs
dans ses explications.

Vous avez acheté une splendide (voiture; activer) voiture
de course.

Il ne faut jamais (courir; radote) courir au bord de la
piscine.

Il aurait fallu seulement (quitter; enfants) quitter ses
affaires.

Si seulement tu pouvais vraiment (analyser; panneaux) ana-
lyser la situation.

Tous ses amis ont encore (voulu; dises) voulu venir a la
soirée.

11 suffisait de purement (organiser; libraires) organiser tes
devoirs a faire.

Le tout est de bien (regarder; anecdote) regarder ce qui est
présenté.

Nous avons dégusté un succulent (repas; vitre) repas cette
soirée la.

La vieille voiture rouge (fonce; tenir) fonce a vive allure.

Le nouveau conseil restreint (envisage; annuelle) envisage
une réforme complete.

De nombreux pays libres (veulent; vaudras) veulent rejoin-
dre les nations unies.

Elle aime créer de nouvelles (recettes; postures) recettes
pour chaque occasion.

Le petit ventilateur orange (souffle; segment) souffle vrai-
ment trop fort.

La table en fer forgé (rend; doux) rend beaucoup service.

Le chien du voisin avait encore (grandi; treize) grandi dans
la nuit.

Tu dois suivre le seul (protocole; retombait) protocole obli-
gatoire pour ce travail.

Nous pourrions devenir de grandes (stars; herbe) stars de la
musique.

Tu dois écouter ce vieil (homme; pensa) homme qui donne
des conseils.

Cette belle cité ancienne (repose; citron) repose sous les
fonds marins.

Il a trouvé cette petite (merveille; cependant) merveille
dans son jardin.
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Cette recette est un grand (secret; violon) secret chez les
cuisiniers.

Tous mes cousins éloignés (donnent; petites) donnent des
nouvelles.

Ces petites affaires secretes (choquent; accident) choquent
tout le monde.

Les inscriptions aux nouveaux (cours; fleur) cours SE font
deés maintenant.

Un retard aussi infime (serait; dirais) serait certainement
pardonné.

Elles ont envoyé un grand (nombre; ruelle) nombre de lettres.

Le tout est de vraiment (persuader; campement) persuader
le grand public.

Elle nous a dit de mieux (scruter; session) scruter la falaise.

Ils devraient tous justement (suivre; parlas) suivre ton
exemple.

Il a découvert une obscure (grotte; ruines) grotte dans cette
région.

Les élections font beaucoup (parler; preuve) parler en ce
moment.

Le gagnant de cet étrange (concours; boissons) concours est
toujours inconnu.

11 a fait un délicieux (cookie; rendre) cookie pour toute la
famille.

Nous avons construit une grande (maison; rapace) maison
sur les hauteurs.

Ils ne veulent plus (entendre; culturel) entendre parler de
cette histoire.

Les rumeurs sur cette ville mythique (restent; trieuse) rest-
ent encore peu répandues.

Cet ordinateur est une rapide (machine; textuel) machine
comparée aux autres.

Cette grande avancée majeure (renforce; surmonta) ren-
force nos prédictions.

Avance prudemment sur cette grande (route; jalon) route
pendant la nuit.

Toute la police locale (surveille; bravoures) surveille ses
faits et gestes.

Il a acheté de fameux (fruits; persil) fruits au primeur du
coin.

Le petit chiot adorable (remue; buste) remue la queue sans
arrét.

Nous remporterons cette derniere (bataille; souhaits)
bataille contre nos ennemis.

11 est important de bien (situer; bronze) situer le contexte.

Cette vieille loi injuste (subsiste; purifies) subsiste dans
notre pays.

Cette nouvelle rue étroite (devrait; prenais) devrait étre plus
sécurisée.

Il faut voir ce superbe (spectacle; attachera) spectacle la
semaine prochaine.

Nous avons connu une horrible (aventure; chasseur) aven-
ture la nuit derniere.

Tu dois imaginer un immense (espace; orange) espace plein
de mysteres.

(Appendix continues)
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Nous voyons toujours ce vieux (chantier; trancher) chantier
devant notre maison.

Des billets pour ce fabuleux (stade; poney) stade sont en
vente.

Cette fameuse nouvelle excitante (contient; maillons) con-
tient des faits mensongers.

Cette famille a de charmants (enfants; cherche) enfants trés
bien éduqués.

Il SE réveillera avec un sublime (paysage; montres) pays-
age autour de lui.

FERNANDEZ-LOPEZ, MIRAULT, GRAINGER, AND PEREA

La nouvelle série hilarante (promet; votera) promet un

grand succes.

Chaque année ces effarants (touristes; tacticien) touristes

saccagent nos littoraux.
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Can Response Congruency Effects Be Obtained in Masked Priming

Lexical Decision?

Maria Ferndndez-Lépez, Ana Marcet, and Manuel Perea
Universitat de Valéncia

In past decades, researchers have conducted a myriad of masked priming lexical decision experiments
aimed at unveiling the early processes underlying lexical access. A relatively overlooked question is
whether a masked unrelated wordlike/unwordlike prime influences the processing of the target stimuli.
If participants apply to the primes the same instructions as to the targets, one would predict a response
congruency effect (e.g., book-TRUE faster than fiok-TRUE). Critically, the Bayesian Reader model
predicts that there should be no effects of response congruency in masked priming lexical decision,
whereas interactive-activation models offer more flexible predictions. We conducted 3 masked priming
lexical decision experiments with 4 unrelated priming conditions differing in lexical status and word-
likeness (high-frequency word, low-frequency word, orthographically legal pseudoword, consonant
string). Experiment 1 used wordlike nonwords as foils, Experiment 2 used illegal nonwords as foils, and
Experiment 3 used orthographically legal hermit nonwords as foils. When the foils were orthographically
legal (Experiments 1 and 3; i.e., a standard lexical decision scenario), lexical decision responses were not
affected by the lexical status or wordlikeness of the unrelated primes, as predicted by the Bayesian
Reader model and the selective inhibition hypothesis in interactive-activation models. When the foils
were illegal (Experiment 2), consonant-string primes produced the slowest responses for word targets and
the fastest responses for nonword targets. The Bayesian Reader model can capture this pattern, assuming
that participants in Experiment 2 were making an orthographic legality decision (i.e., anything legal must

be a word) rather than a lexical decision.

Keywords: lexical decision, masked priming, word recognition

Supplemental materials: http://dx.doi.org/10.1037/xIm0000666.supp

Since its inception in 1984, Forster and Davis’s masked priming
technique (Forster & Davis, 1984) has become a fundamental tool
for examining the initial moments of letter and word recognition in
cognitive psychology (see Forster, 2013; Grainger, 2008) and
cognitive neuroscience (e.g., Event Related Potentials [ERPs]:
Grainger & Holcomb, 2009; Magnetoencephalography: Lehtonen,
Monahan, & Poeppel, 2011; functional Magnetic Resonance Im-
aging [fMRI]: Dehaene et al., 2001). In the standard setup, a
briefly presented lowercase prime is preceded by a pattern mask
and followed by an uppercase target stimulus until the participant’s
response so that readers are not usually aware of the prime. This
allows researchers to examine various types of prime-target rela-
tionships (e.g., identity priming: steal-STEAL vs. horse-STEAL;
orthographic priming: steam-STEAL vs. green-STEAL; phonological
priming: steel-STEAL vs. shell-STEAL; morphological priming:
stole-STEAL vs. brink-STEAL; associative/semantic priming: thief-
STEAL vs. nurse-STEAL; translation priming: robar-STEAL vs.
venir-STEAL). Importantly, this technique minimizes the strategic
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processes that may occur with visible, unmasked primes (for fMRI
evidence, see Dehaene et al., 2001; for modeling evidence, see
Gomez, Perea, & Ratcliff, 2013).

Although the masked priming paradigm has been employed
with a number of laboratory word identification tasks (e.g., lexical
decision, naming, semantic categorization, same-different), most
masked priming experiments have used the lexical decision task.
Indeed, researchers have compiled large masked priming data sets
with this task (see Adelman et al., 2014, for a megastudy of
masked priming lexical decision using 27 form-related priming
conditions), and most contemporary models of visual word recog-
nition offer quantitative predictions at the behavioral level (i.e.,
response times [RTs] and accuracy) of masked priming effects in
the lexical decision task (e.g., dual-route cascaded model: Coltheart,
Rastle, Perry, Langdon, & Ziegler, 2001; spatial coding model
[SCM]: Davis, 2010; multiple read-out model [MROM]: Grainger
& Jacobs, 1996; Bayesian Reader model [BR model]: Norris &
Kinoshita, 2008).

In the present article, we focus on a relatively neglected phe-
nomenon in masked priming lexical decision that may allow us to
test the predictions of leading models of visual word recognition:
the response congruency effect with unrelated primes. The re-
sponse congruency effect in lexical decision can be defined as the
difference in RTs between a congruent trial (i.e., when the prime
elicits the same response as the target; e.g., bright-WINDOW or
geuzel-POLCIR) and an incongruent trial (e.g., geuzel-WINDOW
or bright-POLCIR). The idea is that participants may apply the
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task instructions (e.g., an implicit categorization of the “yes” vs.
“no” decision) not just to the targets but also to the masked primes.
As Loth and Davis (2010b) indicated, the examination of response
congruency effects in masked priming lexical decision allows us to
scrutinize “the state of the lexicon after the prime stimulus has
been processed up to an early stage” (p. 174). Thus, this effect may
allow us to elucidate the processes underlying masked priming
lexical decision.

Response congruency effects have been reported in other
masked priming tasks. For instance, Naccache and Dehaene (2001;
see also Dehaene et al., 1998) found faster responses in a numer-
ical categorization task (“Is the number higher than 57”’) when the
masked prime is from the same category as the target (e.g.,
prime = 7; target = 9) than when it is not (e.g., prime = 2;
target = 9). Importantly, Dehaene et al. (1998) found evidence of
a differential effect on motor preparation for congruent and incon-
gruent trials using the lateralized readiness potential as a marker,
thus favoring the idea that participants make implicit decisions to
the prime stimuli. Similarly, Forster (2004) found a response
congruency effect in a masked semantic categorization task for
narrow categories (e.g., answer-WINDOW faster than collie-
WINDOW for the category “type of dog”). To explain this response
congruency effect, Forster stated, “An implicit decision about the
category membership of the prime is reached before an explicit
decision about the target is reached” (p. 283). If this implicit
decision also takes place in masked priming lexical decision, one
would expect faster “yes” responses to words after an unrelated
word prime than after an unrelated nonword prime—and con-
versely, one would expect faster “no” responses to nonwords after
an unrelated nonword prime than after an unrelated word prime.
Critically, a leading computational model of visual word recogni-
tion, namely, the BR model (Norris, 2006; see also Norris &
Kinoshita, 2008), makes a straight prediction: There should be no
effects of response congruency in masked priming lexical decision.
The predictions from interactive activation models are less
straightforward, although the presence—absence of a response con-
gruency effect may be informative in deciding whether there is
homogeneous or selective inhibition at the lexical level.

The BR model (Norris, 2006) assumes that words are repre-
sented in an orthographic and lexical perceptual space. Lexical
decisions are based on the comparison of the evidence that the
visual input is produced—or not—by a word. Information that
increases the odds that the stimulus is a word will decrease the
odds that the stimulus is a nonword until a criterion is achieved and
a response is triggered. To simulate masked priming lexical deci-
sion, the BR model assumes that “evidence from both the prime
and targets are integrated in reaching a decision” (Kinoshita &
Norris, 2012, p. 3). The masked prime generates evidence that the
target is in a particular area of the perceptual space, thus predicting
faster lexical decision responses to orthographically related pairs
(e.g., trie-TRUE) than to control pairs (fiok-TRUE). Critically, if
prime and target do not share any orthographic features, the prime
will not alter the evidence for the target in lexical decision—note
that in Norris and Kinoshita’s (2008) account of masked priming
lexical decision, the information from the prime is not sufficient to
provide specific evidence that the target is a word or not. That is,
neither the masked word prime food nor the masked pseudoword
prime fiok would have an effect on the responses to the target word
TRUE because they are far apart in perceptual space. As Norris and

Kinoshita claimed, “there should be no response-congruence ef-
fects in lexical decision” (p. 442). What we should also note,
however, is that the BR model assumes that priming effects depend
on the decision required by the task, thus not precluding an effect
of response congruence in other tasks. For instance, the BR model
can capture an effect of response congruence in masked priming
semantic categorization tasks (e.g., “Is the word an animal
name?”). In a semantic categorization task, “the evidence consists
of distributed semantic features that are diagnostic of category
membership” (de Wit & Kinoshita, 2014, p. 1738). Specifically,
semantic features like <builds nests> in the masked prime eagle
would constitute evidence toward a “yes” decision, whereas se-
mantic features like <made of metal> in the masked prime stapler
would provide evidence toward a “no” decision, thus producing a
response congruency effect.

Alternatively, the IA model (McClelland & Rumelhart, 1981)
and its successors (multiple read-out model: Grainger & Jacobs,
1996; dual route cascade model: Coltheart, et al., 2001; spatial
coding model: Davis, 2010) assume that all units at the word level
receive activation from the letter and visual feature levels. When
the activation level of a word unit exceeds its resting level—
which is a function of word frequency—it sends inhibition to all
other word units. In the IA model, a “yes” response in lexical
decision occurs when the activation level of a word unit exceeds
some asymptotic activation threshold (see Jacobs & Grainger,
1992, for the first implementation of the IA model to lexical
decision), whereas a “no” response would be produced when none
of the word units exceeds threshold after a certain processing
duration (see Coltheart, Davelaar, Jonasson, & Besner, 1977). The
IA model can easily capture masked orthographic priming effects:
The processing of a prime (e.g., the pseudoword frie) would
partially activate similarly spelled word units (e.g., true, tree, and
trip), thus predicting faster lexical decision times to trie-TRUE
than to fiok-TRUE (see Perea & Rosa, 2000, for simulations).
Using the original setting of the IA model, the activated word units
inhibit all other word units regardless of whether they are ortho-
graphically similar or not (i.e., homogeneous lateral inhibition).
That is, upon presentation of the masked prime food, its corre-
sponding word unit would send inhibitory signals to other word
units (e.g., TRUE). This inhibition would occur to a lesser degree
when the prime is not a word (e.g., the prime fiok would produce
less inhibition on the word unit 7TRUE than the prime food). This
specification of the IA model predicts slower “yes” lexical deci-
sion times for those target words preceded by an unrelated word
prime than when preceded by an unrelated pseudoword prime
(e.g., food-TRUE slower than fiok-TRUE). More generally, the
model predicts that “yes” lexical decision times for those target
words preceded by an unrelated prime should be a direct function
of the lexical activation generated by the prime: high-frequency
word prime (food-TRUE) > low-frequency word prime (glop-
TRUE) > pseudoword prime (fiok-TRUE) > consonant-string
prime (ghdk-TRUE; see Bayliss, Davis, Brysbaert, Luyten, &
Rastle, 2009, for simulations showing this exact pattern). Thus, the
original IA model predicts a response congruency effect—or,
rather, an effect of the wordlikeness of the unrelated primes—for
“yes” responses.

Importantly, the predictions in the IA model are dependent on
the nature of the parameter settings. Davis and Lupker (2006)
proposed a selective inhibition mechanism in which the activated
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RESPONSE CONGRUENCY IN LEXICAL DECISION

word units would only inhibit those word units that are close in
lexical space (i.e., similarly spelled word units; e.g., tree, tire, tore,
free for the word unit frue but not for unrelated word units like
food). In this scenario, neither the presentation of the high-
frequency word prime food nor the presentation of the consonant-
string prime ghdk would modify the activation level of the target
word TRUE. Therefore, the selective inhibition hypothesis in the
IA model would predict a null effect of response congruency for
“yes” responses (see Bayliss et al., 2009, for simulations).

Finally, the predictions on “no” responses in lexical decision in
the IA model may depend on how these responses are performed.
If the temporal deadline for “no” responses is adjusted after an
unrelated prime, as suggested by Forster (1998), one would not
expect any response congruency effects for nonwords. That is, the
temporal deadline for the pseudoword UFEZ would be the same
regardless of whether the unrelated prime is a word (e.g., true) or
not (e.g., tybe).

The empirical evidence of an effect of response congruency—
or, more generally, an effect of the wordlikeness of the unrelated
prime—in masked priming lexical decision is scarce and noncon-
clusive (see Table 1 for a summary). Although most experiments
have failed to obtain an effect of the unrelated primes (Bayliss et
al., 2009; Loth & Davis, 2010a, Experiment 4; Norris & Kinoshita,

Table 1
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2008; Perea, Ferndndez, & Rosa, 1998; Perea, Gémez, & Fraga,
2010; Perea, Jiménez, & Go6mez, 2014, Experiment 1; Sereno,
1991), several experiments did find an effect (e.g., Jacobs,
Grainger, & Ferrand, 1995; Loth & Davis, 2010a, Experiments 1,
2, and 3; Perea et al., 2014, Experiment 2). There are two proce-
dural differences between these two types of outcomes. The null
findings occurred when the target stimuli were presented once and
the foils were orthographically legal (i.e., the most usual scenario
in word recognition experiments). In contrast, the experiments that
reported an effect from the unrelated primes either repeated the
target stimuli several times (Jacobs et al., 1995; Perea et al., 2014,
Experiment 2) or the foils were orthographically illegal (e.g.,
SYKDD:; Loth & Davis, 2010a). To reexamine this issue in depth,
we focused on the response congruency effect when the target
stimuli are presented only once (i.e., the most common setting in
word recognition experiments), and we varied the wordlikeness of
the nonword targets: orthographically legal nonwords matched in
sublexical characteristics with the words in in Experiment 1,
orthographically illegal nonwords in Experiment 2, and ortho-
graphically legal nonwords with no close neighbors in Experi-
ment 3.

The main goal of the present study was to examine in detail
under which conditions the effect of response congruency could

Summary of Masked Priming Lexical Decision Experiments With Different Types of

Unrelated Primes

Mean RT (in ms) Prime type

Research article Target type HFW  H/LFW LFW PW NW
Sereno (1991) HFW 621 623
LFW 694 702
PW 689 678
Perea, Fernandez, & Rosa (1998) HFW 676 681 679
PW 810 811 810
Norris & Kinoshita (2008, Exp. 1) HFW 561 561
LFW 634 621
PW 672 682
Bayliss et al. (2009, Exp. 1) HFW 597 600 602 615
LFW 688 669 679 686
Bayliss et al. (2009, Exp. 2) HFW 581 584
LFW 668 666
Loth & Davis (2010a, Exp. 4) MFW 636 638
PW 794 793
Perea, Gomez, & Fraga (2010) w 635 641
PW 697 695
Perea, Jiménez, & Gémez (2014, Exp. 1) HFW/LFW 678 682
PW 727 726
Jacobs, Grainger, & Ferrand (1995, Exp. 2) HFW 493 513 a
(Items repeated several times) PW 515 498 @
Loth & Davis (2010a, Exp. 1) HFW 475 498  °
NW 520 497 @
Loth & Davis (2010a, Exp. 2) HFW 531 539 ®
PW 586 576 *
Loth & Davis (2010a, Exp. 3) HFW 588 601 @
PW 713 721
Perea et al. (2014, Exp. 2) (Items repeated HFW 590 601 b
several times) PW 668 665

Note. Wordlikeness of nonwords targets from Loth and Davis (2010a): Experiment 4 > Experiment 3 >
Experiment 2. RT = Reaction Time; W = word; HFW = high-frequency word; H/LFW = high/low-frequency
word; LFW = low-frequency word; MF = medium frequency; NW = illegal nonword; PW = pseudoword;

Exp. = Experiment.
 Significant effect from unrelated primes.



publishers.

gical Association or one of its allied

This document is copyrighted by the American Psycholo

ted broadly.

1al user

This article is intended solely for the personal use of the

1686

occur in masked priming lexical decision. Unlike previous pub-
lished experiments, which focused exclusively on very few types
of orthographically legal primes or on a single comparison of
orthographically legal versus orthographically illegal primes, we
chose four types of unrelated primes that differed in wordlikeness
(60 items per condition): (a) a high-frequency word (e.g., linea-
JAULA, coche-GAULO [in English: line-CAGE, car-GAULO]), (b) a
low-frequency word (e.g., censo-JAULA, boina-GAULO [census-
CAGE, beret-GAULQ]), (c) an orthographically legal pseudoword
(e.g., bunte-JAULA, vomon-GAULO [bunte-CAGE, vomon-
GAULO]), and (d) a consonant string (e.g., pdinr-JAULA, lbctr-
GAULO [pdtnr-CAGE, Ibctr-GAULQ]). Thus, there were two un-
related word priming conditions and two unrelated nonword
priming conditions. This allowed us to examine not only the
overall response congruency effect but also the effect of the
frequency of the word primes (high-frequency vs. low-frequency)
and the effect of legality of the nonword primes (orthographically
legal pseudowords vs. consonant strings).

Importantly, we also examined whether the difficulty of the
word—nonword decision could modulate the response congruency
effect in masked priming lexical decision. The rationale here is that
the processes underlying lexical decision move faster toward the
“yes” or “no” boundaries (i.e., evidence for one response or the
other is accumulated faster) when words and nonwords are easily
discriminable (e.g., using orthographically illegal nonwords as
foils; see Ratcliff, Gomez, & McKoon, 2004, for empirical and
modeling evidence). This may maximize the chances to observe an
effect because of an implicit decision on the primes. For instance,
the high-frequency prime world might be implicitly categorized as
“yes,” and this would speed up the responses to the target word
CHAIR relative to the consonant-string prime wtsbn. However, this
prime-induced congruency effect may be more difficult to detect
when the nonword foils are orthographically legal (see Loth &
Davis, 2010b, for a similar reasoning). (One might argue that the
size of effects is usually diminished when RTs are faster, but
masked priming effects tend to be similar in magnitude for fast and
slow responses; see Gomez et al., 2013). In Experiment 1, the foils
were orthographically legal nonwords matched in subsyllabic el-
ements with the target words (e.g., RERTA). This is the typical
scenario in word recognition experiments. In Experiment 2, the
word-nonword discrimination was made substantially easier by
having orthographically illegal nonwords (DPTME) as foils, and
hence maximizing the chances of a prime-induced congruency
effect on target stimuli from an implicit “yes” or “no” decision to
the prime. To anticipate the results, we found no signs of an effect
from the unrelated primes in Experiment 1, whereas in Experiment
2, we found an effect of the unrelated primes on target perfor-
mance, but only for consonant-string primes. Thus, one could
argue that this latter finding may have been driven by a legality
judgment decision (“If the target is orthographically legal, say
yes”) rather than by lexical decision. To examine whether the
effects found in Experiment 2 occurred because of a change in the
nature of the task (i.e., orthographic legality rather than lexical
decision) or because the words and nonwords were easily discrim-
inable, we designed a third experiment. In Experiment 3, the foils
had no close neighbors (e.g., GAZUR), but they were always
orthographically legal. Therefore, although the word—nonword dis-
crimination in Experiment 3 was easier than in Experiment 1,

FERNANDEZ-LOPEZ, MARCET, AND PEREA

lexical decisions needed to be made in terms of lexical activation
rather than orthographic legality.

According to the BR model (Norris & Kinoshita, 2008), one
would expect no effects of the lexicality or frequency of the
unrelated primes in masked priming lexical decision for word and
nonword targets. Therefore, the presence of an effect from the
unrelated primes would pose some problems for Norris and Ki-
noshita’s (2008) account of masked priming lexical decision—a
similar null effect is predicted by Forster’s (2004) account of
masked priming lexical decision, in which lexical decisions cannot
be generated by masked primes. The predictions from the original
IA model hinge on whether they assume selective inhibition or not;
in the former case, the model predicts no effects from the different
types of unrelated primes, whereas in the latter, the model predicts
a direct relation between the lexical decision times and the word-
likeness of the unrelated primes (see Bayliss et al., 2009, for
simulations). We defer a thorough description of more sophisti-
cated mechanisms for lexical decision responses in other [A mod-
els (i.e., MROM and SCM).

Experiment 1

Method

Participants. Twenty-four students from the Universitat de
Valencia (Valencia, Spain), all native speakers of Spanish with
normal or corrected to normal vision and no history of reading
disorders, voluntarily took part in the experiment. This study was
approved by the Experimental Research Ethics Committee of the
Universitat de Valéncia. Before starting the experiment, all partic-
ipants signed an informed consent form.

Materials. We selected 240 five-letter target words from the
Spanish subtitle database (Duchon, Perea, Sebastian-Gallés, Marti,
& Carreiras, 2013). The mean frequency was 16 occurrences per
million (range = 5-40)—this corresponded to an average Zipf
frequency of 4.15 (range = 3.74—-4.61; see van Heuven, Mandera,
Keuleers, & Brysbaert, 2014, for the advantages of using Zipf
frequencies when describing word information). The mean ortho-
graphic Levenshtein distance 20 (Yarkoni, Balota, & Yap, 2008)
was 1.41 (range = 1.00-2.65). We also created a set of 240
nonwords to act as foils. These nonwords were created from the
target words using Wuggy (Keuleers & Brysbaert, 2010). To act as
unrelated primes, we selected 120 high-frequency words (M = 201
occurrences per million, range = 49-1304; mean Zipf fre-
quency = 5.14, range = 4.69-6.11) and 120 low-frequency words
(M = two occurrences per million, range = 0-5; mean Zipf
frequency = 3.26, range = 2.17-3.70)—all of them of five letters.
Each target stimulus, presented in uppercase, was preceded by a
lowercase prime that could be (a) an unrelated high-frequency
word, (b) an unrelated low-frequency word, (c) a pseudoword
(obtained using Wuggy [50% from high-frequency words and 50%
from low-frequency words]), or (d) a five-letter consonant string.
The complete list of prime-target pairs is available in Appendix A.
To rotate the four priming conditions across all target words, we
created four counterbalanced lists following a Latin square design.
To familiarize the participants with the task, the 480-trial experi-
mental phase (i.e., 60 items per condition) was preceded by a short
practice phase composed of 16 trials (eight word trials and eight
nonword trials) with the same characteristics as the experimental
trials—these practice trials were not included in the analyses.
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Procedure. Each participant was tested alone in a quiet room.
DMDX software (Forster & Forster, 2003) was used to display the
sequence of stimuli and to register the timing and the accuracy of the
responses. In each trial, a pattern mask (i.e., a series of five numbers)
was displayed for 500 ms in the center of a computer screen. The
mask was replaced by a lowercase prime stimulus for 50 ms, and then
the prime was replaced by an uppercase target stimulus. The target
stimulus was displayed on the screen until the participant responded
or 2 s had passed. All stimuli were presented in black (Courier New
14-pt font) on a white background. Participants were instructed to
decide whether the target stimulus was a Spanish word or not by
pressing the “yes” or the “no” key. Both speed and precision were
stressed in the instructions. Instructions did not mention the existence
of any lowercase stimuli. Sixteen practice trials preceded the 480
experimental trials. Participants did not receive feedback on RTs or
error rates during the experiment. The session lasted for approxi-
mately 18 to 22 min. The raw data of the experiments are provided as
online supplemental materials.

Results and Discussion

Error responses and extremely short RTs (less than 250 ms: four
responses) were omitted from the latency analyses—note that the
deadline to respond was set to 2 s. The mean RTs for the correct
responses and the accuracy in each experimental condition are
presented in Table 2.

To examine the influence of unrelated primes on the processing
of word-nonword targets, we employed linear mixed effects
(LME) models in R (R Core Team, 2017) using the lme4 (Bates,
Michler, Bolker, & Walker, 2015) and ImerTest packages (Kuz-
netsova, Brockhoff, & Christensen, 2016), with two fixed factors:
Target Lexicality (word, nonword) and Prime Type (high fre-
quency word, low frequency word, pseudoword, consonant string).
For type of prime, we created three orthogonal contrasts following
the three research questions: (1) the effect of prime lexicality
(word prime [high frequency word, low frequency word] vs.
nonword [pseudoword, consonant string]), (2) the effect of prime
word-frequency (high frequency word-prime vs. low frequency
word-prime), and (3) the effect of the wordlikeness of the nonword
primes (pseudoword vs. consonant string). Because of the normal-
ity assumption required by LME analyses, the raw RTs were
inverse-transformed (—1,000/reaction time [RT]). There were
10,957 observations in the latency analyses. We chose the maxi-
mal random effects model whose structure converged. (Using
untransformed RTs in the LMEs or using ANOVAs produced
exactly the same pattern of results as that reported here). For the
accuracy analyses, the responses were coded as binary values (1 =

Table 2
Mean Correct Response Times (in ms) and Accuracy (in
Parentheses) for Words and Pseudowords in Experiment 1

Prime type
Target High-frequency Low-frequency Consonant
lexicality word word Pseudoword  string
Word 635 (96.7) 641 (97.1) 633 (96.9) 637 (95.3)
Pseudoword 734 (94.0) 730 (94.2) 733(94.2) 735(92.7)
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correct, 0 = incorrect), and we used the g/mer function in the /me4
package.

Latency analyses. RTs were faster for word targets than for
nonword targets (640 vs. 741 ms, respectively; t = 9.128, p <
.001). None of the planned contrasts approached significance:
prime lexicality (+ = .004, p = .997), word-prime frequency (1 =
454, p = .65), and nonword-prime wordlikeness (t = 1.291, p =
.209)—none of the interactions between target lexicality and prime
type approached significance (all rs < 1.485, ps > .137).

Accuracy analyses. Accuracy was higher for word targets
than for nonword targets (93.8 vs. 96.5, respectively; z = 6.949,
p < .001). Neither the effect of prime lexicality (z = 1.778, p =
.075) nor the effect of prime word-frequency (z = .634, p = .526)
was significant—the interactions with target lexicality were not
significant either (all ps > .524). The effect of nonword-prime
wordlikeness was significant (z = 2.896, p = .003): Participants
were more accurate when the prime was a pseudoword than when
the prime was a consonant string (95.6 vs. 94.0, respectively)—
this effect occurred similarly for word and nonword targets, as can
be deduced from the lack of interaction between the two factors
(z = .808, p = 419).

RT distributions. To further examine whether the LME analy-
ses missed some subtle effects (e.g., a facilitative effect in the leading
edge of the RT distributions that could have been canceled by an
inhibitory effect in the higher quantiles), we computed the .1, .2, .3, 4,
.5, .6, .7, .8, and .9 quantiles for each participant and condition, and
then calculated the values for each quantile across participants (i.e.,
vincentiled averages). As can be seen in the vincentile plots of the RT
distributions shown in Figure 1, all priming conditions behaved sim-
ilarly, thus corroborating the LME analyses.

In sum, the present experiment, using orthographically legal
nonwords as foils and a moderately large number of pairs in each
condition (60 items per condition), showed that decision times to
“yes” and “no” responses were not modulated by the wordlikeness
of the unrelated primes, thus replicating previous experiments with
wordlike nonword foils (Bayliss et al., 2009; Loth & Davis, 2010a,
Experiment 4; Norris & Kinoshita, 2008; Perea et al., 1998, 2010,
2014, Experiment 1; Sereno, 1991). The only effect from the
unrelated primes occurred in the accuracy data: Accuracy was
higher when the target stimulus was preceded by a pseudoword
prime than when preceded by a prime composed of random con-
sonants—note, however, that the size of the effect (although sig-
nificant) was very small (95.6 vs. 94.0, respectively).

The BR model and A model—under the selective inhibition
hypothesis—can easily capture this pattern of findings. The question
now is whether we could find an effect of the unrelated primes in
masked priming lexical decision in an extreme scenario in which the
word-nonword discrimination is very easy. Experiment 2 was parallel
to Experiment 1, except that we employed illegal nonwords as foils.
As the rate of evidence accumulation for a “yes” or “no” response
with illegal nonwords will be substantially higher than with wordlike
nonwords, there is more room for a response congruency effect to
appear. The idea is that participants are more likely to make an
implicit decision based on the prime when the lexical status of prime
and target is easily discriminable (e.g., the prime gkrbc would produce
evidence toward a “no” decision, whereas a prime like house would
produce evidence toward a “yes” decision). Indeed, in a series of
unpublished experiments, Loth and Davis (2010a) reported a response
congruency effect in masked priming lexical decision when using
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Figure 1. Group reaction time (RT) distributions for the four experimental conditions in Experiment 1 (upper
panel: words; lower panel: nonwords) across quantiles (.1 to .9).

unwordlike nonword targets (e.g., faster “yes” responses for order-
CATCH than for dqrki-CATCH; faster “no” responses for dgrki-
SYKDD than for order-SYKDD). A limitation of Loth and Davis’s
experiments, however, is that the two unrelated priming conditions
(i.e., word primes vs. illegal primes) differed not only on lexical status
(i.e., word vs. nonword) but also on their orthographic legality (legal
vs. illegal).

Experiment 2

Method

Participants. Twenty-four new students from the same sub-
ject pool as in Experiment 1 participated in the experiment.

Materials. The set of stimuli was exactly the same as in
Experiment 1 except for the nonword targets. Unlike Experiment
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1, in which the foils were orthographically legal nonwords, in
Experiment 2, all foils were illegal nonwords. All of the five-letter
nonword foils contained an illegal trigram and a single vowel (e.g.,
BEFRM, TCFRO) so that they were hardly pronounceable—in a
few cases (less than 9%), these nonwords had an orthographic
neighbor (e.g., the nonword chpja has the very low-frequency
word chajd [a Uruguayan dessert] as a neighbor). The complete list
of nonword foils is available in Appendix B.

Procedure. The procedure was the same as in Experiment 1.

Results and Discussion

As in Experiment 1, error responses and very short RTs (less
than 250 ms: one response) were excluded from the latency anal-
yses. The mean correct RTs and the accuracy in each condition are
presented in Table 3. The statistical analyses were parallel to those
reported in Experiment 1. There were 11,215 observations in the
RT analyses.

Latency analyses. RTs were faster for word targets than for
nonword foils (546 vs. 576 ms, respectively; + = 11.513, p <
.001).

Prime lexicality. Although the effect of prime lexicality was
not significant (t = .758, p = .449), we found a significant
interaction of prime lexicality and target lexicality (r = 6.585, p <
.001): Lexical decision times on the target words were, on average,
10 ms faster when these were preceded by a word prime than when
preceded by a nonword (pseudoword and consonant string) prime
(541 vs. 551 ms, respectively; + = 5.036, p < .001), whereas
lexical decision times on target nonwords were, on average, 7 ms
faster when preceded by a nonword prime than when preceded by
a word prime (573 vs. 580 ms, respectively; t = 4.175, p < .001).

Prime word-frequency. Neither the effect of the prime word-
frequency (t = .342, p = .732) nor its interaction with target
lexicality was significant (t = 1.482, p = .138).

Prime nonword-wordlikeness. The effect of prime nonword-
wordlikeness was significant (t = 3.573, p < .001): RTs were
faster when the prime was a pseudoword than when the prime was
a consonant string (556 vs. 568 ms, respectively). This effect
interacted with target lexicality (t = 8.229, p < .001): Lexical
decision times on the target words were, on average, 28 ms faster
when they were preceded by a pseudoword prime than when
preceded by a consonant string (537 vs. 565 ms, respectively; t =
7.704, p < .001). In contrast, lexical decision times to target
nonwords were, on average, 2 ms faster when the prime was a
consonant string in comparison with pseudowords (572 vs. 574
ms, respectively; t = 3.353, p < .001). This latter difference,
which was significant using inverse-transformed RT data, van-
ished when the analyses were conducted on the raw RT data (r <

Table 3
Mean Correct Response Times (in ms) and Accuracy (in
Parentheses) for Words and Nonwords in Experiment 2

Prime type
Target  High-frequency Low-frequency Consonant
lexicality word word Pseudoword string
Word 542 (98.2) 539 (97.9) 537 (97.5) 565(95.1)
Nonword 577 (97.5) 583 (97.5) 574 (97.2) 572 (97.5)
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1). As can be seen in the vincentile plot for nonword targets in
Figure 2, there was a substantial advantage of the consonant string
condition over the pseudoword condition in the leading edge of the
RT distribution that vanished in the higher quantiles—note that
inverse transformations put more weight in the short than in the
long RTs. To examine this issue in greater depth, we conducted a
9 (quantile) X 2 (prime nonword-wordlikeness: pseudoword vs.
consonant string) analysis of variance. The main effect of prime
nonword-wordlikeness did not approach significance (F < 1), but
critically, prime nonword-wordlikeness interacted with quantile,
F(8, 184) = 17.706, p < .001: There was a substantial advantage
of the consonant-string condition over the pseudoword condition
in the leading edge of the RT distribution (29 ms in the .1 quantile,
p < .001; 23 ms in the .2 quantile, p < .001; and 16 ms in the .3
quantile, p = .009), whereas the difference was (if anything) in the
opposite direction at the highest quantile (—35 ms in the .9
quantile, p = .108)—we applied a Bonferroni correction in these
simple effects tests. The nature of this interaction is discussed in
the RT distributions section. (Note that the parallel analyses with
word targets revealed a prime nonword-wordlikeness effect, F[1,
23] = 59.83, p < .001, that was approximately the same size
across the quantiles [interaction, F(8, 184) = 1.03, p = 41])

Accuracy analyses. We did not find any differences in accu-
racy between the words and nonwords (z = .09, p = .926).

Prime lexicality. The prime lexicality effect was significant
(z = 2.800, p = .005): Participants were more accurate when the
prime was a word than when the prime was a nonword (97.8 vs.
96.8, respectively). This effect interacted with target lexicality
(z = 2.450, p = .014): For word targets, responses were more
accurate when the unrelated prime was a word than when it was
not a word (98.1 vs. 96.4; z = 3.678, p < .001), whereas this effect
did not occur for nonword targets (z = .236, p = .813).

Prime word-frequency. Neither the effect of prime word-
frequency (z = .5, p = .619) nor its interaction with target
lexicality approached significance (z = .34, p = .735).

Prime nonword-wordlikeness. The effect of prime nonword-
wordlikeness approximated significance (z = 1.95, p = .052). This
effect interacted with target lexicality (z = 2.660, p = .007): For
word targets, participants were more accurate when the prime was
a pseudoword than when it was consonant string (97.6 vs. 95.1;
z = 3.482, p < .001), but this difference did not approach signif-
icance for nonword targets (z = .508, p = .611).

RT distributions. As shown in the vincentile plot displayed in
Figure 2 (top panel), the RT distributions for the word targets were
remarkably similar when preceded by an unrelated high-frequency
word prime, an unrelated low-frequency word prime, or a pseu-
doword prime (i.e., the orthographically legal primes), whereas the
RT distribution for the word targets preceded by a consonant-
string prime showed a location shift to the right. Thus, the effect
from consonant-string primes is not a simple response congruency
effect (i.e., both consonant-strings primes and pseudoword primes
presumably provide evidence for “no” responses in lexical deci-
sion, but the pseudoword primes behaved similarly to the word
primes). Instead, what this pattern of data suggests is that partic-
ipants took into account the orthographic characteristics of the
primes regardless of their lexical status. This occurred fast enough
so that an orthographically illegal prime produced evidence toward
a “no” decision, whereas an orthographically legal prime produced
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Figure 2. Group reaction time (RT) distributions for the four experimental conditions in Experiment 2 (upper
panel: words; lower panel: nonwords) across quantiles (.1 to .9).

evidence toward a “yes” decision.' This reinforces the view that
the participants in the Experiment 2 could have evaluated the
legality of the stimuli rather than accessing the mental lexicon (i.e.,
a judgment legality task). Indeed, Forster, Mohan, and Hector
(2003) showed that word-frequency effects (i.e., a marker of
lexical access) are dramatically diminished in lexical decision
experiments with illegal nonword foils— consistent with this view,
the lexicality effect in the current experiment was dramatically
smaller than in Experiment 1 (31 vs. 97 ms, respectively).

For the nonword targets, the RT distributions were again very
similar when preceded by a high-frequency unrelated prime, a
low-frequency unrelated prime, or a pseudoword prime (i.e., the
orthographic legal primes). There is, however, a somewhat unusual
pattern in the RT distribution of the consonant string condition:
We found a large legality congruency effect in the initial quantiles

! We thank the reviewers and the editor for suggesting this explanation.
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of the RT distribution (i.e., shorter “no” RTs to nonword targets
when the prime was orthographically illegal than when the prime
was orthographically legal) that vanished in the higher quantiles.
This pattern is puzzling, as one would expect an effect to increase
its size across quantiles (e.g., word-frequency effect; Ratcliff et al.,
2004) or to be approximately the same size across quantiles (e.g.,
masked identity priming; Gomez et al., 2013). The existence of a
large effect in the leading edge of the RT distribution that disap-
pears in the higher quantiles has been documented in a numerical
categorization task (“Is the digit higher than 5?”) with masked
primes (e.g., prime = 7, target = 9 vs. prime = 3, target = 9; see
Kinoshita & Hunt, 2008). Kinoshita and Hunt (2008) posited the
existence of an “inhibitory control mechanism” that rejects an
activated response when the cognitive system detects that “the
(supraliminal) target is not the source of the response” (pp. 1331—
1332). However, it is unclear how a prime can be discounted when
it is not visible—the theories on prime discounting originated from
studies using visible primes (e.g., see Huber & O’Reilly, 2003).
Indeed, de Wit and Kinoshita (2014) acknowledged that “in
masked priming, no prime discounting occurs because the prime is
masked and hence the participants are unaware that the evidence
accumulated from the prime comes from a difference source” (p.
1739). Clearly, the disappearance of the legality congruency effect
in the higher quantiles for the nonword targets grants some expla-
nation. The following is an admittedly ad hoc account that should
be explored in more targeted studies.

Here, we propose a plausible mechanism within the structure of
evidence accumulation modeling.> We term it the “probabilistic
use of the prime” (PUP) hypothesis. The intuition is straightfor-
ward: Suppose that the observer does not use the information
provided by the prime in every trial. Instead, the prime-target
relationship is utilized in a proportion of trials (i.e., there is a
probability greater than O and less than 1 that, in a given trial, the
information provided by the prime is used). This hypothesis can be
implemented in many different ways. However, given prior re-
search on masked priming effects, we believe that assuming that
prime-target congruency affects the Time of Encoding + Re-
sponse (T, parameter) is reasonable (see Gomez et al., 2013, for
discussion). (Note that the diffusion model cannot disentangle the
time of encoding from the time of response.) If the probability of
using the prime-target relationship were 1 (PUP = 1), then the
priming effect would produce a location shift in the RT distribu-
tion. Critically, as this probability goes down, the effect on the tail
is progressively reduced (see Figure 3). Note that at relatively high
PUPs (.85 in Panels C and D of Figure 3), there seems to be a
location shift in the RT distributions. This matches the results with
word targets in the current experiment and also the masked identity
priming effects reported by Gomez et al. (2013; see also Perea,
Marcet, Lozano, & Gomez, 2018). Importantly, when the PUP is
low (.15 in Panels A and B of Figure 3), we can observe a pattern
very similar to that found with nonword targets. That is, if prime-
target legality congruency affects the T, parameter in a relatively
small proportion of trials (e.g., via an implicit decision to the prime
stimulus), the model predicts an advantage of the congruent con-
dition in the leading edge of the RT distribution that vanishes in
higher quantiles. Why does the pattern of effects differ for word
and nonword targets? We could speculate that the PUP might be
related to the usefulness of the prime. If we assume that partici-
pants were basing their implicit decision on prime legality rather
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than prime lexicality, three of the four priming conditions were
congruent (i.e., high-frequency words, low-frequency words, or-
thographically legal pseudowords). Thus, in a large majority of
trials, the orthographic legality of the primes would be helpful in
reaching a “yes” decision (i.e., the implicit decision to the prime
matches the decision to the target). If we assume that this affects
mainly the T, parameter of the model, one would obtain a legality
congruency effect of similar size across the quantiles, as actually
occurred. In contrast, for nonword targets, only one of four prim-
ing conditions was congruent. In this scenario, prime-target con-
gruency would be substantially less helpful in reaching a “no”
decision, and it may have used in only a limited proportion of
trials. Although admittedly ad hoc, the PUP hypothesis offers a
reasonable account of the RT distributions for word and nonword
targets in the present experiment (i.e., compare Figures 2 and 3).
Importantly, the diminishing masked priming effect in the higher
quantiles obtained by Kinoshita and Hunt (2008, Experiment 1) in
a numerical categorization task can also be accommodated by the
PUP hypothesis: In their experiment, only one of four priming
conditions were congruent with the response.

Summary. In sum, the present experiment represents a
demonstration of a response congruency effect in masked prim-
ing when the participants’ task requires the discrimination of
words and illegal nonwords (e.g., bunte-JAULA [in English:
funt-CAGE] produced faster “yes” responses than pdtrv-JAULA
[pdtr-CAGE]; ghdk-BEFRM produced faster “no” responses
than fiok-BEFRM). Importantly, these differences were com-
pletely absent with orthographically legal primes (i.e., high-
frequency words, low-frequency words, and pseudowords behaved
similarly; see Figure 2) and only occurred for consonant-string
primes. This finding replicates and extends Loth and Davis’s
(2010a) Experiment 1. In Loth and Davis’s Experiment 1, partic-
ipants responses were 23 ms faster when the target word were
preceded by a congruent prime (i.e., a high-frequency word; 475
ms) than when preceded by an incongruent prime (i.e., an illegal
nonword; 498 ms)—we also found a 23-ms difference when com-
paring these two conditions.

What are the implications of this congruency effect for mod-
els of visual word recognition? Although computational models
of visual word recognition have been used to simulate lexical
decision experiments with illegal nonwords as foils (e.g., Loth
& Davis, 2010b; Norris, 2009; Ratcliff et al., 2004), one might
argue that under these circumstances, the participants’ task is
not lexical decision per se, but rather an orthographic legality
task (see Forster et al., 2003, for discussion)—note that we did
not find a simple response congruency effect (i.e., unrelated
pseudoword primes behaved just is unrelated word primes) but
a legality congruency effect. To examine the involvement of
lexical processing in Experiment 2, we calculated the Pearson
correlation between the mean RT of each word and its Zipf
frequency. The idea is that if participants are treating the task as
an orthographic legality task, frequency effects should be very
small. This analysis showed a negligible correlation between

2We are indebted to Pablo Gomez for suggesting this explanation.
Although we use terms of the diffusion model account of lexical decision
(Gomez et al., 2013; Ratcliff et al., 2004), Norris (2009) showed that this
model can be subsumed within the BR model.
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Figure 3. Quantile plots (left) and cumulative density functions (CDFs; right) for two conditions that differ in the
probabilistic use of the prime (PUP): low proportion of trials (PUP = .15; top panels) versus low proportion of trials
(PUP = .85, bottom panels). Prime-target relationship is assumed to affect the Time of Encoding + Response (T,,
parameter) of the target. RT = Reaction Time. See the online article for the color version of this figure.

these two variables (r = —0.04, p = .55), thus supporting the
view that the word—nonword task in the current experiment did
not involve lexical access. (The parallel correlation coefficient
in Experiment 1 was r = —0.27, p < .001.) Thus, we believe
that it would be premature to make claims on whether the
legality congruency effect in the current experiment poses
serious problems for the masked priming account of the BR
model or the selective inhibition hypothesis of the IA model in
a standard lexical decision task—note that these two accounts
would predict similar RTs for all priming conditions.

To create a more constraining scenario for the BR and IA
models in an easy-to-perform lexical decision task without the risk
of altering its lexical nature, we designed Experiment 3. Experi-
ment 3 was similar to Experiment 2, in which the word—nonword
discrimination was easy: The nonword foils did not have any close
neighbors. Critically, all nonword foils were orthographically legal
(GAZUR). In this scenario, lexical decisions need to be made in
terms of lexical activation rather than on orthographic legality, so
that the BR and the IA model—under the selective inhibition
hypothesis—would predict a null effect of response congruency.

Experiment 3

Method

Participants. Twenty-four new students from the same sub-
ject pool as in Experiments 1 and 2 participated in the experiment.

Materials. The set of stimuli was exactly the same as in
Experiments 1 and 2 except for the nonword targets. Unlike
Experiment 2—in which foils were illegal nonwords—in Experi-
ment 3, all foils were orthographically legal nonwords. We created
the foils by changing two letters from Spanish words using Pseudo
software (van Heuven, 2002). Then, we filtered the output by
extracting only those nonwords with no close lexical neighbors
(i.e., no one-letter substitution-letter neighbors, no transposed-
letter neighbors, no addition-letter neighbors, and no deletion-
letter neighbors). This produced a list of more than 300 ortho-
graphically legal hermit nonwords (e.g., LEDUL, RUPUO), and
we randomly selected 240 nonwords from this set. The complete
list of legal nonword foils is available in Appendix C.
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Procedure.
and 2.

The procedure was the same as in Experiments 1

Results and Discussion

As in Experiments 1 and 2, error responses and very short RTs
(less than 250 ms: one response) were omitted from the latency
analyses. The mean correct RTs and the accuracy in each experi-
mental condition are presented in Table 4. The statistical analyses
were parallel to those reported in the previous experiments. There
were 11,167 observations in the RT analyses.

Latency analyses. RTs were, on average, 60 ms faster for
word targets than for nonword targets (644 vs. 704 ms, respec-
tively; r = 5.775, p < .001).

Prime lexicality. Neither the effect of prime lexicality nor its
interaction with target type was significant (both rs < 1.26, ps >
.21). Indeed, lexical decision times were only 1 ms faster when the
prime was a word than when the prime was a nonword (673 vs.
674 ms, respectively).

Prime word-frequency. Neither the effect of word-prime fre-
quency nor its interaction with target type approached significant
(both s < 1, ps > .65). Participants’ responses were 1 ms faster
when the target was preceded by a high-frequency word than when
preceded by a low-frequency word (673 vs. 674 ms, respectively).

Prime nonword-wordlikeness. Neither the effect of prime
nonword-wordlikeness (r = 1.941, p = .065) nor its interaction
with target type was significant (+ = 403, p = .687)—note that,
for word targets, the difference between the pseudoword and
consonant string conditions was only 4 ms (643 vs. 647 ms,
respectively; t = 1.275, p = .208).

Accuracy analyses. Accuracy was higher for nonword targets
than for word targets (97.7 vs. 96.2, respectively; z = 4.44, p < .001).

Prime lexicality. The effect of prime lexicality was significant
(z = 2.264, p = .02): Participants were more accurate when the
prime was a word than when the prime was a nonword (97.3 vs.
96.5, respectively)—this effect occurred similarly for word and
nonword targets, as can be deduced from the lack of interaction
between prime and target lexicality (z = .789, p = .429).

Prime word-frequency. Neither the effect of word prime fre-
quency nor its interaction with target lexicality was significant
(both zs < 1, both ps > .42). Subjects were only 0.5% more
accurate when the prime was a low-frequency word than when the
prime was a high-frequency word (97.6 vs. 97.1, respectively).

Prime nonword-wordlikeness. Neither the effect of prime
nonword-wordlikeness nor its interaction with target type ap-
proached significance (both zs < 1.24, ps > .21). The difference
in accuracy between pseudoword and consonant string primes is
only of 0.5% (96.8 vs. 96.3, respectively).

Table 4
Mean Correct Response Times (in ms) and Accuracy (in
Parentheses) for Words and Nonwords in Experiment 3

Prime type
Target High-frequency Low-frequency Consonant
lexicality word word Pseudoword string
Word 644 (96.7) 640 (96.9) 643 (95.6) 647 (95.6)
Pseudoword 701 (97.5) 708 (98.2) 698 (97.9) 709 (97.0)
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RT distributions. As can be seen in the vincentile plots for
both the word and nonword targets displayed in Figure 4, all
priming conditions behaved similarly, thus corroborating the
LME analyses.

Therefore, the present experiment showed that, when using
orthographically legal hermit nonwords as foils, lexical decision
times on the target stimuli were similar regardless of the charac-
teristics of the unrelated primes. This pattern of data is similar to
that found in Experiment 1, which employed orthographically
legal nonwords matched with words in sublexical characteristics.
Furthermore, the Pearson correlation between the mean RT of each
word and its Zipf frequency in the current experiment was similar
to that found in Experiment 1 (r = —0.28, p < .00l and
r = —0.27, p < .001, respectively), thus showing that the two
experiments involve lexical access. The only effect from unrelated
primes occurred in the accuracy data: Accuracy was 0.8% higher
when the target stimuli were preceded by a word prime than when
preceded by a nonword prime (97.3 vs. 96.5, respectively).

The null finding in the latency data may be in contrast to Loth
and Davis’s (2010a) Experiment 2, which found that lexical
decision times for word targets were faster when preceded by a
high-frequency word prime than when preceded by an illegal
nonword prime when the foils were pronounceable nonwords
with no neighbors (e.g., TEIR, DULEW). However, the effect
size in Loth and Davis’s Experiment 2 was only 8 ms—the
parallel difference in the current experiment was 3 ms (see
Table 4). Thus, we prefer to remain cautious about this small
effect.

General Discussion

The present experiments were designed to examine in detail
whether the lexical status and wordlikeness of unrelated primes
(high-frequency words, low-frequency words, orthographically
legal pseudowords, and random consonant strings) could affect
target processing in masked priming lexical decision. We did so
in three different scenarios that varied in the difficulty of the
word—nonword discrimination: orthographically legal non-
words matched in subsyllabic elements with the target words
(Experiment 1), orthographically illegal nonword foils (Exper-
iment 2), and orthographically legal nonwords with no neigh-
bors (Experiment 3). When using orthographically legal non-
words, RTs to words and nonwords did not differ as a function
of the wordlikeness of the prime stimuli (Experiments 1 and 3;
see Figures 1 and 4), thus extending previous research with
orthographically legal foils (see Table 1 for a summary) with a
more thorough set of conditions. We only found an effect of the
unrelated primes when the nonwords were orthographically
illegal (Experiment 2) and restricted to the primes composed of
consonant strings (see Figure 2). We now discuss the implica-
tions of these findings for leading models of visual word
recognition.

The BR model predicts similar RTs for words preceded by an
unrelated prime regardless of its wordlikeness in lexical decision
(see Loth & Davis, 2010b, and Norris & Kinoshita, 2008, for
simulations). Consistent with the BR model, all unrelated priming
conditions behaved similarly in standard word recognition scenar-
ios (i.e., when the foils were orthographically legal, as in Exper-
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Figure 4. Group reaction time (RT) distributions for the four experimental conditions in Experiment 3 (upper
panel: words; lower panel: nonwords) across quantiles (.1 to .9).

iments 1 and 3).> However, when the word—nonword discrimina-
tion was much easier (i.e., using illegal nonwords as foils [e.g., _
BEFRM, TCFRO) instead of orthographically legal nonwords), we 3 The only minor differences across conditions were in the accuracy

. analysis. In Experiment 1, there was a 1.6% increase in the error rates when
found an effect from the unrelated primes: Word RTs were longer e P : ? .
the primes were composed of random consonants relative to pseudoword

when the masked prime was a consonant string than when the primes. In Experiment 3, accuracy was 0.8% higher when the target stimuli
masked prime was an orthographically legal nonword (ghdk-TRUE were preceded by a word prime than when preceded by a nonword prime.
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produced longer response times than fiok-TRUE;; see Figure 2), and
nonword responses were faster when preceded by a consonant-
string prime than when preceded by a orthographically legal prime,
but only in the initial quantiles of RT distributions (ghdk-BEFRM
produced faster responses than fiok-BEFRM; see Figure 2). The
question now is whether this latter finding poses some problems for
the BR account of masked priming lexical decision. One might argue
that the task in Experiment 2 may have switched from lexical decision
to an orthographic legality decision. In an orthographic legality deci-
sion task, the BR model could quickly accumulate evidence for “yes”
or “no” responses from the masked primes: As all the nonword foils
violated the orthographic constraints, then anything legal must be a
word. That is, participants could carry over from prime to target the
estimate of the probability that the visual input is orthographically
well formed, not the lexical status. As a result, the BR model could
predict slower “yes” responses when the prime is composed of ran-
dom consonants than when the prime is an orthographically legal
stimulus (e.g., a pseudoword or a word), as actually occurred in
Experiment 2. Conversely, the model could predict faster “no” re-
sponses when the prime is a consonant string than when the prime is
an orthographically legal stimulus (e.g., a pseudoword or a word).
Indeed, as indicated in the introduction, the BR model can readily
accommodate response congruency effects in two-choice tasks other
than lexical decision (e.g., semantic categorization; see de Wit &
Kinoshita, 2014). Thus, the present findings offer some empirical
support to the BR account of masked priming in standard lexical
decision experiments—they are also a demonstration of how the
nature of the decision required by the task modulates masked priming
effects.

The IA model (McClelland & Rumelhart, 1981) offers different
predictions depending on whether there is homogeneous or selec-
tive lateral inhibition (see Bayliss et al., 2009, for simulations).
Clearly, the homogeneous lateral inhibition hypothesis cannot
capture the pattern of effects in any of the three experiments (i.e.,
this hypothesis wrongly predicts longer “yes” decisions in the
high-frequency word priming condition than in the nonword prim-
ing conditions). Instead, the pattern of the data with orthographi-
cally legal nonwords (Experiments 1 and 3) favors Davis and
Lupker’s (2006) selective lateral inhibition hypothesis: The pro-
cessing of the word TRUE is not modified by the wordlikeness of
the unrelated prime, whether it is a high-frequency word like food
or a consonant string like ghdk. The only potential drawback is that
response times are faster for food-TRUE than for ghdk-TRUE
when the foils were orthographically illegal (Experiment 2). Al-
though the original IA model under the selective lateral inhibition
hypothesis cannot predict this difference, one might argue that
participants in Experiment 2 were making an orthographic legality
judgment rather than a lexical decision. This orthographic legality
judgment task would be beyond the scope of the IA model. A
somewhat crude approximation would be to use “overall lexical
activity” as a source of evidence to speed up responses in this
scenario, as in the “fast-guess” criterion proposed by the MROM
(Grainger & Jacobs, 1996) or the SCM (see Davis, 2010). If the
fast-guess criterion were set low when the nonword foils did not
generate practically any lexical activity, those words whose primes
produce some lexical activation would enjoy some advantage
relative to those words whose primes barely produced any lexical
activation. Indeed, Loth and Davis (2010b) conducted simulations
that showed that, depending on the value of the parameters, the

SCM could predict an effect of response congruency (e.g., fiok-
TRUE faster than ghdk-TRUE) when the nonword foils are un-
wordlike and orthographically illegal. However, it is unclear to us
how this fast-guess mechanism can accommodate the findings of
Experiment 3 with hermit nonwords as foils—note that these
stimuli also generate a very low level of activation in the lexicon.
Further empirical and computational work is necessary to examine
the similarities and differences on word versus nonword responses
in lexical decision versus orthographic judgment tasks.

In summary, the present experiments were designed to examine
whether response congruency effects with wordlike and unword-
like unrelated primes could be found in lexical decision. When the
foils were orthographically legal nonwords, both wordlike and
unwordlike priming conditions behaved similarly (Experiments 1
and 3). These findings suggest that participants were unable to
establish the lexical status of the masked prime or even to deter-
mine the likelihood of its being a word in a standard lexical
decision task, thus providing empirical support to the BR model
and the selective inhibition hypothesis of the IA model. Further-
more, our findings are a demonstration that detecting invariances
(i.e., the null effect of lexical status of unrelated primes on target
processing in masked priming lexical decision) is important to
progress in science (see Rouder, Speckman, Sun, Morey, & Iver-
son, 2009). Thus, at a methodological level, the current experi-
ments are useful for choosing the appropriate baseline in masked
priming lexical decision experiments. We only found an effect of
the unrelated primes on target processing when the foils were
orthographically illegal and the primes were composed of conso-
nant strings. However, in this scenario, one might argue that the
participants’ responses could have been driven by orthographic
properties rather than lexical access. Further experimentation using
measures with a better temporal resolution (e.g., ERPs) may offer
important insights on the time course of the effects of response
congruency across tasks.
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Appendix A

List of Words and Pseudowords in Experiment 1

The stimuli are presented as quintuples: high-frequency word
prime, low-frequency word prime, pseudoword prime, consonant
string prime, and TARGET.

Word Targets

comun, parra, dcofa, bzjms, DISCO; libre, malla, mulmo, Irjrg,
NIEVE; serio, labio, gorpo, zglnc, ALBUM; gente, divan, ancor,
rsmecb, NIETO; ruido, telén, selor, dgplz, ANIMO; largo, tenor,
nocho, qdfcn, PLAGA; miedo, copla, salla, prdzt, VAG()N; pobre,
huida, lausa, gfnrt, TRIGO; norte, tapiz, mopén, mlztj, RUMBO;
dolor, verso, eblas, qftzn, RUBIO; perro, fusil, gipan, zjtfq, FIR-
MA; carta, rapaz, patuz, crgqz, MONJA; calma, coral, molpa,
cjtpm, FRUTA; dulce, beata, becha, mtdbg, LUNAR; deseo,
caldo, ralco, cjqfg, CIFRA; tonto, brujo, cueme, sqlnz, FECHA;
arbol, polen, ragoz, jfgrd, FERIA; amigo, felpa, sildo, clrbg,
MAREA; viejo, tesis, miaje, bsrdm, FALDA; error, nuera, guemo,
zfpnj, PLAZO; linea, censo, bunte, pdtrr, COBRE; forma, yegua,
llica, rtjzl, GUION; verde, soplo, acube, gsnqm, TEXTO; padre,
surco, puaca, rrncg, BOTON; trato, sauna, roine, tcbzf, METAL;
bella, pinar, émper, btdjp, GLOBO; héroe, tapén, mejar, snjgz,
RANGO; culpa, toldo, leana, npgzf, MONTE; broma, dorso, bi-
dor, bjdrm, SONDA; calor, tramo, lobio, stqrl, RABIA; vuelo,
flora, retio, mbfjz, VACIO; viaje, olivo, plado, psfdj, ASILO;
playa, tinte, farmo, nrrls, METRO; mando, atlas, goror, cdbzt,
CICLO; poder, vicio, murco, mrsbc, PACTO; igual, matiz, diepo,
psrmf, DEUDA; hotel, galdn, ibuaz, Ibrnt, PATIO; mitad, busto,
anazo, dsglb, CONDE,; éxito, forro, nurto, Irdfm, ALTAR; lucha,
cesta, jeglo, rbcnq, ABEJA; radio, senda, nunto, dptcq, GORRA;
listo, prado, menia, gdtlb, COBRA; suelo, ardor, nitar, sflng,
PASTA; justo, nogal, zosto, crgbp, POLLO; ayuda, roble, ellir,
dpnlz, MARCO; fondo, tacto, cueno, zcrjd, CHINO; chica, guifio,
fidro, msqzb, TRONO; mejor, mania, pagle, rnmgb, ACOSO;
avién, dtomo, golle, gfpnz, LATfN; mundo, azote, rusar, dzrjf,
ARROZ; bomba, torso, muste, rsbjf, DIOSA; nariz, coste, sabdn,
fzdmj, LUNES; pared, pajar, zosel, tldgm, GRASA; libro, mango,
nagar, qgjdr, RUMOR; nivel, brasa, guepo, Ilgfmd, RENTA; salud,
rasgo, larta, cnzmd, PLAZA; lugar, élite, cadmo, jlngp, SUDOR;

juego, bulto, aolta, lgsrm, BALON; carne, legua, miega, mncgg,
CLIMA; mente, chapa, zueno, dfsct, ZORRO; comdin, parra,
acofa, bzjms, FRENO; libre, malla, mulmo, Irjrg, SUAVE; serio,
labio, gorpo, zglnc, OREJA; gente, divan, ancor, rsmcb, DANZA;
ruido, telén, selor, dgplz, TRUCO; largo, tenor, nocho, qdfcn,
NOBLE; miedo, copla, salla, prdzt, DROGA; pobre, huida, lausa,
gfnrt, PLATO; norte, tapiz, mopén, mlztj, BOLSO; dolor, verso,
eblas, gftzn, CUEVA; perro, fusil, gipdn, zjtfq, PRESO; carta,
rapaz, patuz, crgqz, SIGLO; calma, coral, molpa, cjfpm, CURVA;
dulce, beata, becha, mtdbg, COPIA; deseo, caldo, ralco, cjqfg,
SUCIO; tonto, brujo, cueme, sqlnz, GRADO; arbol, polen, ragoz,
jferd, BAHfA; amigo, felpa, sildo, clrbg, INDIO; viejo, tesis,
miaje, bsrdm, JAM()N; error, nuera, guemo, zfpnj, HUECO; linea,
censo, bunte, pdtrr, TIGRE; forma, yegua, llica, rtjzl, BRISA;
verde, soplo, acube, gsnqm, LASER; padre, surco, puaca, rrncg,
RIN()N; trato, sauna, roine, tcbzf, ESPfA; bella, pinar, émper,
btdjp, TURCO; héroe, tapon, mejar, snjgz, GALLO; culpa, toldo,
leana, npgzf, MAFIA; broma, dorso, bador, bjdrm, ORINA; calor,
tramo, lobio, stqrl, QUEJA; vuelo, flora, retio, mbfjz, TROZO;
viaje, olivo, plado, psfdj, PLENO; playa, tinte, farmo, nrrls, SO-
LAR; mando, atlas, goror, cdbzt, MOVIL; poder, vicio, murco,
mrsbc, TEMOR; igual, matiz, diepo, psrmf, DUCHA; hotel, galdn,
ibuaz, Ibrnt, MANGA; mitad, busto, anazo, dsglb, BRUJA; éxito,
forro, nurto, Irdfm, BARRO; lucha, cesta, jeglo, rbcnq, DIETA;
radio, senda, nunto, dptcq, CIVIL; listo, prado, menia, gdtlb,
FICHA; suelo, ardor, nitar, sflng, MUSEO; justo, nogal, zosto,
crgbp, RUEDA; ayuda, roble, ellir, dpnlz, PIANO; fondo, tacto,
cueno, zcrjd, TORRE; chica, guifio, fidro, msqzb, CANTO; mejor,
mania, pagle, rnmgb, VILLA; avién, atomo, golle, gfpnz, CA-
NON; mundo, azote, rusar, dzrjf, GRANO; bomba, torso, muste,
rsbjf, LOCAL; nariz, coste, sabon, fzdmj, BORDE; pared, pajar,
zosel, tldgm, CUERO; libro, mango, nagar, qgjdr, AGUJA; nivel,
brasa, guepo, lgfmd, SUSTO; salud, rasgo, larta, cnzmd, FURIA;
lugar, élite, cadmo, jlngp, QUESO; juego, bulto, aolta, lgsrm,
JUDIO; carne, legua, miega, mncgq, CULTO; mente, chapa, zu-
eno, dfsct, OPERA; comun, parra, dcofa, bzjms, BINGO; libre,
malla, mulmo, Irjrg, TIM()N; serio, labio, gorpo, zglnc, TARTA;
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gente, divdn, ancor, rsmcb, FRASE; ruido, telén, selor, dqplz,
RUINA; largo, tenor, nocho, qdfcn, FLUJO; miedo, copla, salla,
prdzt, BARRA; pobre, huida, lausa, qfnrt, CARRO; norte, tapiz,
mopén, mlztj, RATON; dolor, verso, eblas, qftzn, ACIDO; perro,
fusil, gipan, zjtfq, TECHO; carta, rapaz, patuz, crgqz, BURRO;
calma, coral, molpa, cjfpm, IDEAL; dulce, beata, becha, mtdbg,
OTONO:; deseo, caldo, ralco, cjqfg, SELVA; tonto, brujo, cueme,
sqlnz, PRESA; arbol, polen, ragoz, jfgrd, PRIMA; amigo, felpa,
sildo, clrbg, SELLO; viejo, tesis, miaje, bsrdm, AROMA; error,
nuera, guemo, zfpnj, CRUCE; linea, censo, bunte, pdtrr, SORDO;
forma, yegua, llica, rtjzl, HUESO; verde, soplo, acube, gsnqm,
PUNTA; padre, surco, puaca, rrncg, CALVO; trato, sauna, roine,
tcbzf, AUTOR; bella, pinar, émper, btdjp, CORTO; héroe, tapon,
mejar, snjgz, MOTOR; culpa, toldo, leana, npgzf, FALLO; broma,
dorso, bador, bjdrm, SALTO; calor, tramo, lobio, stqrl, BARCA;
vuelo, flora, retio, mbfjz, TENIS; viaje, olivo, plado, psfdj, HA-
CHA; playa, tinte, farmo, nrrls, ATAJO; mando, atlas, goror,
cdbzt, UNI()N; poder, vicio, murco, mrsbc, ENANO; igual,
matiz, diepo, psrmf, PLACA; hotel, galan, ibuaz, lbrnt, SOCIO;
mitad, busto, anazo, dsglb, GESTO; éxito, forro, nurto, Irdfm,
TABLA; lucha, cesta, jeglo, rbeng, NINEZ; radio, senda, nunto,
dptcq, SABOR; listo, prado, menia, gdtlb, ALDEA; suelo,
ardor, nitar, sflng, ARANA; justo, nogal, zosto, crgbp,
APODO; ayuda, roble, ellir, dpnlz, VALLE; fondo, tacto,
cueno, zcrjd, ACTOR; chica, guifio, fidro, msqzb, VIUDA;
mejor, mania, pagle, rnmgb, ARABE; avién, atomo, golle, gf-
pnz, MANTA; mundo, azote, rusar, dzrjf, CREMA; bomba, torso,
muste, rsbjf, GUAPA; nariz, coste, sabdén, fzdmj, NORMA; pared,
pajar, zosel, tldgm, CLAVO; libro, mango, nagar, qgjdr, ACERO;
nivel, brasa, guepo, lgfmd, DOSIS; salud, rasgo, larta, cnzmd,
CIRCO; lugar, élite, cadmo, jlngp, SUERO; juego, bulto, aolta, 1gsrm,
POEMA; carne, legua, miega, mncgq, LETRA; mente, chapa, zueno,
dfsct, VAPOR; comiin, parra, dcofa, bzjms, GRITO; libre, malla,
mulmo, Irjrg, PLOMO; serio, labio, gorpo, zglne, RITMO; gente,
divén, ancor, rsmcb, PESCA; ruido, teldn, selor, dgplz, HORNO;
largo, tenor, nocho, qdfcn, BARBA; miedo, copla, salla, prdzt,
ETAPA; pobre, huida, lausa, gfnrt, GRIPE; norte, tapiz, mopén, mlztj,
SABIO; dolor, verso, eblas, gftzn, JABON; perro, fusil, gipan, zjtfq,
ACERA; carta, rapaz, patuz, crgqz, SALSA; calma, coral, molpa,
cjfpm, LAPIZ; dulce, beata, becha, mtdbg, CABLE; deseo, caldo,
ralco, cjqfg, TRIBU; tonto, brujo, cueme, sqlnz, ETICA; drbol, polen,
ragoz, jfgrd, CASCO; amigo, felpa, sildo, clrbg, TINTA; viejo, tesis,
miaje, bsrdm, CABRA; error, nuera, guemo, zfpnj, TANGO; linea,
censo, bunte, pdtnr, JAULA; forma, yegua, llica, rtjzl, BLUSA; verde,
soplo, acube, gsngqm, CURSO; padre, surco, puaca, rrncg, LABOR;
trato, sauna, roine, tcbzf, SIGNO; bella, pinar, émper, btdjp, RECTA;
héroe, tapon, mejar, snjgz, CELDA; culpa, toldo, leana, npgzf,
BOTfN; broma, dorso, bador, bjdrm, VfDEO; calor, tramo, lobio,
stqrl, LICOR; vuelo, flora, retio, mbfjz, GAFAS; viaje, olivo, plado,
psfdj, DUELO; playa, tinte, farmo, nrrls, TGNEL; mando, atlas,
goror, cdbzt, DUENA; poder, vicio, murco, mrsbc, OVEJA; igual,
matiz, diepo, psrmf, BUZON; hotel, galan, ibuaz, Ibrnt, CRUEL;

mitad, busto, anazo, dsglb, MORAL; éxito, forro, nurto, Irdfm,
PLANO; lucha, cesta, jeglo, rbenq, ROBOT; radio, senda, nunto,
dptcq, VARON; listo, prado, menia, gdtlb, VENTA; suelo, ardor,
nitar, sflng, BICHO; justo, nogal, zosto, crgbp, TROPA; ayuda, roble,
ellir, dpnlz, AVISO; fondo, tacto, cueno, zcrjd, MOSCA; chica,
guiflo, fidro, msqzb, CAJON; mejor, mania, pagle, mmqgb, TAREA;
avion, atomo, golle, gfpnz, TORTA; mundo, azote, rusar, dzrjf,
PLUMA; bomba, torso, muste, rsbjf, DRAMA; nariz, coste, sabon,
fzdmj, RIVAL; pared, pajar, zosel, tldgm, VALLA; libro, mango,
nagar, qgjdr, PARTO; nivel, brasa, guepo, lgfmd, PULSO; salud,
rasgo, larta, cnzmd, DUQUE; lugar, élite, cadmo, jingp, DEBIL;
juego, bulto, aolta, lgsrm, BANDO; carne, legua, miega, mncgq,
HUEVO; mente, chapa, zueno, dfsct, TALLA.

Pseudoword Targets

clase, suela, firia, bzrnd, CUODA; coche, boina, vomoén, lbctr,
BREMO; santo, casta, mucor, nbmlf, AGACO; joven, gasto, ru-
ena, nzftr, BLIGA; prisa, saldo, drolo, grjds, TUCOR; medio,
secta, fluja, lsgfd, SASGA; buena, jarra, pasno, jdgfz, SECIS;
fuego, farol, goren, gfrdm, MAPTO; grupo, verbo, badén, fnbgs,
FLERO:; llave, andén, bejua, mggbn, RUPTA; sitio, cauce, arnia,
rifnd, DIRSA; falta, faena, fazén, dpqtm, URIAN; noche, grifo,
legor, mrbtf, SIFLE; feliz, gruta, tabez, tzpgl, CASPO; mujer,
limbo, gosal, tfcrr, OCEGO; calle, aleta, maver, rbltj, ECITO;
golpe, peine, pudes, stbrn, TABIA; tnico, fobia, filza, scrzg,
AVURO; pelea, ttero, bomal, rgncd, RALTA; brazo, manto,
cergo, ldgrc, BANJA; razén, cojin, broga, mrbnr, SOEGO; cielo,
cisne, mepla, mnrbj, PLARO; negro, mareo, ralmo, zlngt, PRACO;
reloj, cloro, runco, crrzf, ACUFO; barco, pavor, orazo, rbsdl,
SUSNE; color, ancla, valbo, fgrrd, RULLO; final, muslo, prana,
tnbms, HUIBO; vista, tacén, lorio, srfnm, DITAL; mayor, mueca,
baero, gpnjf, DRANO; suefio, ambar, croja, cmrdt, SOLLA; ficil,
cuota, delle, zgbmc, BRANA; orden, sodio, muvor, dcpng,
NURIJA,; causa, fogén, plame, drcpf, LLUPO; hielo, trama, mocer,
dmgbp, TARBO; oeste, fiera, prujo, dslmn, COSCE; trago, rigor,
ficle, Ifrqs, SUCEA,; traje, cutis, pusto, trfbd, CHIGU; baile, vejez,
mante, stldb, SUNOR; sefial, pudor, faubo, Ifrnt, MOPRA; total,
pompa, rargo, gzdrn, MENZA; sefior, musgo, vimal, dngtc,
CRENO; novia, tripa, carre, qrcmg, SENCO; punto, fauna, mobun,
mgcjt, NIJON; nuevo, pasto, relio, rnlmf, MATRA; honor, fibra,
zuche, qdjpz, PURCA; banda, prosa, fanel, tqjdc, FAMER; doble,
folio, erdin, sqcfm, ALFEM; gusto, miope, mogre, fpzrj, RAPIO;
lleno, momia, gopia, tpbqg, GRUBA; parte, vigor, miaco, jslrf,
VIASA; madre, térax, cunra, rbnjg, CEGRO; hogar, lirio, mapre,
nzrsf, RUJON; valor, rosal, lorna, mrbqt, DIEME; capaz, bambi,
vaipe, drnzj, BIFON; banco, ansia, imaso, brqmt, NACEO; corte,
dardo, trida, nlrqt, ROT(JN; campo, trapo, ruezo, lgerd, JARSA;
reina, palmo, meper, sldfp, ASENA; leche, funda, nonte, mdtbj,
AIDOR; papel, fresa, leluz, lrsqz, NUEJO; clase, suela, firia,
bzrnd, REULA; coche, boina, vomon, Ibctr, HERRU; santo, casta,
mucor, nbmlf, PURTA; joven, gasto, ruena, nzftr, IBEOL; prisa,
saldo, drolo, grjds, RULGO; medio, secta, fluja, lsgfd, LUTIA;
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buena, jarra, pasno, jdgfz, RAPOR; fuego, farol, goren, gfrdm,
HAUSO; grupo, verbo, badén, fnbgs, SIZAL; llave, andén, bejua,
mggbn, DONTA,; sitio, cauce, arnia, rlfnd, ROBUC:; falta, faena,
fazén, dpqtm, AVADA; noche, grifo, legor, mrbtf, LLITO; feliz,
gruta, tabez, tzpgl, CRUSA; mujer, limbo, gosal, tfcrr, VECHA;
calle, aleta, maver, rbltj, FLENA; golpe, peine, pudes, sfbrn,
MAB()N; unico, fobia, filza, scrzg, DARJA; pelea, ttero, bomal,
rgncd, LANCA; brazo, manto, cergo, ldgrc, COVIO; razén, cojin,
broga, mrbnr, DURCO; cielo, cisne, mepla, mnrbj, GAPON ; ne-
gro, mareo, ralmo, zlngt, FLADO; reloj, cloro, runco, crrzf,
CURNO; barco, pavor, orazo, rbsdl, GODIS; color, ancla, valbo,
fgrrd, VAHUA; final, muslo, prana, tnbms, QUIOS; vista, tacon,
lorio, srftnm, BONTA; mayor, mueca, baero, gpnjf, SUCNO;
sueflo, dmbar, croja, cmrdt, PUSGO; fécil, cuota, delle, zgbme,
RIERO; orden, sodio, muvor, dcpng, GOGRE; causa, fogdn,
plame, drcpf, BEDRA; hielo, trama, mocer, dmgbp, BURSO; oeste,
fiera, prujo, dslmn, DACHO; trago, rigor, ficle, lfrgs, TIFRO;
traje, cutis, pusto, trfbd, PEISO; baile, vejez, mante, stldb, FI-
DOR; sefial, pudor, faubo, Ifrnt, GUEVA; total, pompa, rargo,
gzdrn, ECINA; sefior, musgo, vimal, dngtc, DOCHO; novia, tripa,
carre, qremg, ACOFO; punto, fauna, mobun, mgcjt, SUNIL;
nuevo, pasto, relio, rnlmf, GIJEZ; honor, fibra, zuche, qdjpz,
TELZA; banda, prosa, fanel, tqjdc, DUVIO; doble, folio, erdin,
sqefm, CHOGO; gusto, miope, mogre, fpzrj, GERTA; lleno, mo-
mia, gopia, tpbqg, BARGO; parte, vigor, miaco, jslrf, GAULO;
madre, térax, cunra, rbnjg, GULLA; hogar, lirio, mapre, nzrsf,
TRUMO; valor, rosal, lorna, mrbqt, BRADA; capaz, bambd,
vaipe, drnzj, PUCES; banco, ansia, imaso, brqmt, RERTA; corte,
dardo, trida, nlrqt, OCATA; campo, trapo, ruezo, lgcrd, PRAMA;
reina, palmo, meper, sldfp, RAUGA; leche, funda, nonte, mdtbj,
MAFLE; papel, fresa, leluz, Irsqg, DARRO; clase, suela, firia,
bzrnd, GANOS; coche, boina, vomdn, lbctr, BRIME; santo, casta,
mucor, nbmlf, ON RiO; joven, gasto, ruena, nzftr, CODOR; prisa,
saldo, drolo, grjds, ANCEO; medio, secta, fluja, 1sgfd, AMAJO;
buena, jarra, pasno, jdgfz, PLAJO; fuego, farol, goren, gfrdm,
CHUDO; grupo, verbo, badén, fnbgs, BACHA; llave, andén,
bejua, mggbn, FOSTO; sitio, cauce, arnia, rlfnd, FAJIZ; falta,
faena, fazén, dpqtm, ACHAZ; noche, grifo, legor, mrbtf, CAUPA;
feliz, gruta, tabez, tzpgl, PLUNE; mujer, limbo, gosal, tfcrr,
CALSO; calle, aleta, maver, rbltj, ADETO; golpe, peine, pudes,
sfbrn, MOTRE; tnico, fobia, filza, scrzg, CISON; pelea, ttero,
bomal, rgncd, LANGO; brazo, manto, cergo, ldgrc, RINTA; razén,
cojin, broga, mrbnr, ECIRO; cielo, cisne, mepla, mnrbj, TAPTO;
negro, mareo, ralmo, zlngt, LEBRA; reloj, cloro, runco, crrzf,
ERTAR; barco, pavor, orazo, rbsdl, GADON; color, ancla, valbo,
fgrrd, RABRA; final, muslo, prana, tnbms, LARON: vista, tacén,
lorio, srfnm, CLASA; mayor, mueca, baero, gpnjf, ACIZA; suefio,
ambar, croja, cmrdt, CIPEL; fécil, cuota, delle, zgbmc, MESTE;
orden, sodio, muvor, dcpng, CHEGO; causa, fogén, plame, drcpf,
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LICHA; hielo, trama, mocer, dmgbp, ACIGO; oeste, fiera, prujo,
dslmn, CHOJA; trago, rigor, ficle, Ifrqs, CRIAL; traje, cutis, pusto,
trfbd, FLUCA; baile, vejez, mante, stldb, BACHO; sefial, pudor,
faubo, Ifrnt, FLOGO; total, pompa, rargo, gzdrn, OCOZA; sefior,
musgo, vimal, dngtc, GAUTO; novia, tripa, carre, qrcmg, BRIJE;
punto, fauna, mobun, mgcjt, QUIVO; nuevo, pasto, relio, rnlmf,
PREMA; honor, fibra, zuche, qdjpz, JANCO; banda, prosa, fanel,
tgjdc, SACEO; doble, folio, erdin, sqcfm, TEDER; gusto, miope,
mogre, fpzrj, ENDIA; lleno, momia, gopia, tpbqg, CUNZA; parte,
vigor, miaco, jslrf, FARRE; madre, térax, cunra, rbnjg, FADfO;
hogar, lirio, mapre, nzrsf, DRAJA; valor, rosal, lorna, mrbqt,
GONTO; capaz, bambt, vaipe, drnzj, BONCE; banco, ansia,
umaso, brqmt, ()CENO; corte, dardo, trida, nlrqt, DEMIO; campo,
trapo, ruezo, lgerd, ACINE; reina, palmo, meper, sldfp, DUNTO;
leche, funda, nonte, mdtbj, NULCA; papel, fresa, leluz, lrsqg,
SATRA,; clase, suela, firia, bzrnd, LIRRO; coche, boina, vomon,
Ibctr, ACEFO; santo, casta, mucor, nbmlf, RINCO; joven, gasto,
ruena, nzftr, PAMIA; prisa, saldo, drolo, grjds, GODON; medio,
secta, fluja, 1sgfd, TORAR; buena, jarra, pasno, jdgfz, NiCEA;
fuego, farol, goren, gfrdm, JUIRA; grupo, verbo, badén, fnbgs,
BAGOR; llave, andén, bejua, mggbn, GUCHE; sitio, cauce, arnia,
rlfnd, ADOCA,; falta, faena, fazén, dpqtm, GRESO; noche, grifo,
legor, mrbtf, GORNA; feliz, gruta, tabez, tzpgl, RARTO; mujer,
limbo, gosal, tfcrr, DABOR; calle, aleta, maver, rbltj, PEGRO;
golpe, peine, pudes, stbrn, SUAJA; unico, fobia, filza, scrzg,
LLASO; pelea, titero, bomal, rgned, VALTO; brazo, manto, cergo,
Idgre, ERTOR; razdn, cojin, broga, mrbnr, CETOL; cielo, cisne,
mepla, mnrbj, OCEZO; negro, mareo, ralmo, zlngt, JOLLO; reloj,
cloro, runco, crrzf, POMAL; barco, pavor, orazo, rbsdl, SASIO;
color, ancla, valbo, fgrrd, GACON; final, muslo, prana, tnbms,
RUZMO; vista, tacén, lorio, srfnm, FESDA; mayor, mueca, baero,
gpnjf, CEGLA; suefio, dmbar, croja, cmrdt, CEPTO; fécil, cuota,
delle, zgbme, OMIZA; orden, sodio, muvor, dcpng, PUCAL;
causa, fogén, plame, drcpf, NURDO; hielo, trama, mocer, dmgbp,
HOMBO; oeste, fiera, prujo, dslmn, DRUMA; trago, rigor, ficle,
Ifrgs, VELDA; traje, cutis, pusto, trfbd, BLETO; baile, vejez,
mante, stldb, CHODO; sefial, pudor, faubo, Ifrnt, LENIA; total,
pompa, rargo, gzdrn, VUNDA; sefior, musgo, vimal, dngtc,
GAUTA; novia, tripa, carre, qrcmg, BROPO; punto, fauna,
mobun, mgcjt, MUSTO; nuevo, pasto, relio, rnlmf, RORGO;
honor, fibra, zuche, qdjpz, MOPEL; banda, prosa, fanel, tqjdc,
LARIN; doble, folio, erdin, sqcfm, NULLO; gusto, miope, mogre,
fpzrj, GUBIO; lleno, momia, gopia, tpbqg, DAB()N; parte, vigor,
miaco, jslrf, LAFIO; madre, térax, cunra, rbnjg, RECHO; hogar,
lirio, mapre, nzrsf, BOMPA; valor, rosal, lorna, mrbqt, ZUBfO;
capaz, bambu, vaipe, drnzj, VABRO; banco, ansia, imaso, brqmt,
CAINO; corte, dardo, trida, nlrqt, NAN()N; campo, trapo, ruezo,
Igerd, FRIMA; reina, palmo, meper, sldfp, DARRA; leche, funda,
nonte, mdtbj, BURAR; papel, fresa, leluz, Irsqg, CLIGA

(Appendices continue)



ted broadly.

publishers.

gical Association or one of its allied
1al user

d solely for the personal use of the

This document is copyrighted by the American Psycholo

@
()
5o
»
2
b

1700

FERNANDEZ-LOPEZ, MARCET, AND PEREA

Appendix B

List of Nonword Targets In Experiment 2

The stimuli are presented as quintuples: high-frequency word
prime, low-frequency word prime, pseudoword prime, consonant
string prime, and TARGET. (The word trials are the same as in
Experiment 1).

Nonword Targets

clase, suela, firia, bzrnd, CBFDA; coche, boina, vomoén, lbctr,
BEDMT; santo, casta, mucor, nbmlf, AGBCO; joven, gasto, ruena,
nzftr, BLIGC; prisa, saldo, drolo, grjds, TKCOR; medio, secta, fluja,
Isgfd, SASGP; buena, jarra, pasno, jdgfz, SDCIS; fuego, farol,
goren, gfrdm, MAPLR; grupo, verbo, badén, fnbgs, FLBTO; llave,
andén, bejua, mggbn, RUPTP; sitio, cauce, arnia, rlffnd, DMRSA;
falta, faena, fazén, dpqtm, URDCN; noche, grifo, legor, mrbtf,
SGFTE,; feliz, gruta, tabez, tzpgl, CATPB; mujer, limbo, gosal, tfcrr,
PCTGO; calle, aleta, maver, rbltj, ECSCP; golpe, peine, pudes,
stbrn, TPBIA; tnico, fobia, filza, scrzg, ALNDT; pelea, ttero,
bomal, rgned, RILTA; brazo, manto, cergo, ldgrc, BANJZ; razén,
cojin, broga, mrbnr, SGPGO; cielo, cisne, mepla, mnrbj,
PLARDP; negro, mareo, ralmo, zlngt, PRBCO; reloj, cloro, runco,
crrzf, ACRFD; barco, pavor, orazo, rbsdl, SDTNE; color, ancla,
valbo, fgrrd, RUBPC; final, muslo, prana, tnbms, HIPBO; vista,
tacén, lorio, srfnm, DITRL; mayor, mueca, baero, qpnjf, DRTNO;
suefio, dmbar, croja, cmrdt, SOLBF; ficil, cuota, delle, zqgbmc,
TNRGA; orden, sodio, muvor, dcpng, NURKJ; causa, fogdn,
plame, drcpf, LLPMO; hielo, trama, mocer, dmgbp, TABRZ;
oeste, fiera, prujo, dslmn, CFSCE; trago, rigor, ficle, Ifrqs, SUCMR;
traje, cutis, pusto, trfbd, CHIGU; baile, vejez, mante, stldb,
DUBMR; seiial, pudor, faubo, Ifrnt, MGPRA total, pompa, rargo,
gzdrn, METSL; sefior, musgo, vimal, dngtc, CRPNO; novia, tripa,
carre, qremg, SENTB; punto, fauna, mobun, mgcjt, NMJON;
nuevo, pasto, relio, rnlmf, MASRP; honor, fibra, zuche, qdjpz,
PBTCA,; banda, prosa, fanel, tqjdc, FAPMT; doble, folio, erdin,
sqcfm, DBTEM; gusto, miope, mogre, fpzrj, RAPGC; lleno, mo-
mia, gopia, tpbqg, GRTBA; parte, vigor, miaco, jslrf, VIMTF;
madre, térax, cunra, rbnjg, CJGRO; hogar, lirio, mapre, nzrsf,
RULIJM; valor, rosal, lorna, mrbqt, DTPME; capaz, bambu, vaipe,
drnzj, BIFCN; banco, ansia, imaso, brgqmt, NMCUO; corte, dardo,
trida, nlrqt, ROTNL; campo, trapo, ruezo, lgcrd, JTRSA; reina,
palmo, meper, sldfp, ASPGT; leche, funda, nonte, mdtbj, DLTOR;
papel, fresa, leluz, lrsqg, MUDLD; clase, suela, firia, bzrnd,
RTHLA; coche, boina, vomoén, Ibctr, HEFNR; santo, casta, mucor,
nbmlf, TMSRA; joven, gasto, ruena, nzftr, IBSTP; prisa, saldo,
drolo, grjds, RBLGO; medio, secta, fluja, Isgfd, LUTGF; buena,
jarra, pasno, jdgfz, RTBOR; fuego, farol, goren, gfrdm, HASFZ;
grupo, verbo, badén, fnbgs, SBZAL; llave, andén, bejua, mgqgbn,
DOBTC; sitio, cauce, arnia, rlfnd, RTBUB; falta, faena, fazon,
dpqtm, AVNTP; noche, grifo, legor, mrbtf, LCBTO; feliz, gruta,
tabez, tzpgl, CUBBJ; mujer, limbo, gosal, tfcrr, TMHCA; calle,
aleta, maver, rbltj, FLGEM; golpe, peine, pudes, stbrn, MGVON;
unico, fobia, filza, scrzg, DARJC; pelea, ttero, bomal, rgncd,

LBNTA; brazo, manto, cergo, ldgrc, COVBP; razén, cojin, broga,
mrbnr, DTRCO; cielo, cisne, mepla, mnrbj, GAPBN; negro,
mareo, ralmo, zlngt, FBPDO; reloj, cloro, runco, crrzf, CUBNM;
barco, pavor, orazo, rbsdl, GLDIT; color, ancla, valbo, fgrrd,
VAHPT; final, muslo, prana, tnbms, QBJOS; vista, tacon, lorio,
srfnm, BOGTC; mayor, mueca, baero, gpnjf, SDCNO; suefo,
ambar, croja, cmrdt, PUSGF; ficil, cuota, delle, zgbmc, RITRB;
orden, sodio, muvor, dcpng, GCTRE; causa, fogdn, plame, drcpf,
BEFRM; hielo, trama, mocer, dmgbp, PMRSO; oeste, fiera, prujo,
dslmn, DACHG,; trago, rigor, ficle, lfrqs, TCFRO; traje, cutis,
pusto, trfbd, PEDSC; baile, vejez, mante, stldb, FBDOR; sefial,
pudor, faubo, Ifrnt, GUBCEF; total, pompa, rargo, gzdrn, TCSNA;
sefior, musgo, vimal, dngtc, DOCGP; novia, tripa, carre, qrcmg,
GCPFO; punto, fauna, mobun, mgcjt, SUCBL; nuevo, pasto, relio,
rmlmf, GCJEZ; honor, fibra, zuche, qdjpz, TELZP; banda, prosa,
fanel, tqjdc, GLVIO; doble, folio, erdin, sqcfm, CORGC; gusto,
miope, mogre, fpzrj, GCRTA; lleno, momia, gopia, tpbqg,
BARGP; parte, vigor, miaco, jslrf, GFTLO; madre, térax, cunra,
rbnjg, GULBZ; hogar, lirio, mapre, nzrsf, TRBMO; valor, rosal,
lorna, mrbqt, BAPDP; capaz, bambu, vaipe, drnzj, PCMES; banco,
ansia, imaso, brqmt, RERTG; corte, dardo, trida, nlrqt, PCBTA;
campo, trapo, ruezo, lgerd, PGAMF; reina, palmo, meper, sldfp,
RADGB; leche, funda, nonte, mdtbj, MCFTE; papel, fresa, leluz,
Irsqg, DATRD; clase, suela, firia, bzrnd, GFCUN; coche, boina,
vomon, lbctr, BIRTR; santo, casta, mucor, nbmlf, LPTfO; joven,
gasto, ruena, nzftr, CODMR; prisa, saldo, drolo, grjds, ZNPEO;
medio, secta, fluja, lsgfd, AMKIJP; buena, jarra, pasno, jdgfz,
CLTJO; fuego, farol, goren, gfrdm, CUFSL; grupo, verbo, baddn,
fnbgs, TKCHA; llave, andén, bejua, mggbn, FUSTM; sitio, cauce,
arnia, rlfnd, FKJIZ; falta, faena, fazén, dpqtm, ACHBT; noche,
grifo, legor, mrbtf, CLTPA; feliz, gruta, tabez, tzpgl, PUCLM;
mujer, limbo, gosal, tfcrr, SCLSO; calle, aleta, maver, rbltj,
AEDTB; golpe, peine, pudes, sfbrn, MPTBE; unico, fobia, filza,
scrzg, CITEN; pelea, ttero, bomal, rgncd, NLPSO; brazo, manto,
cergo, ldgrc, RITNF; razén, cojin, broga, mrbnr, PBTRO; cielo,
cisne, mepla, mnrbj, TAPTL; negro, mareo, ralmo, zlngt, LSRGA;
reloj, cloro, runco, crrzf, ERTGR; barco, pavor, orazo, rbsdl,
GCDON; color, ancla, valbo, fgrrd, MUBTL; final, muslo, prana,
tnbms, ZLRON; vista, tacén, lorio, srfnm, CETLR; mayor, mueca,
baero, qpnjf, GCTZA; suefio, dmbar, croja, cmrdt, CIPBL; facil,
cuota, delle, zgbmc, MFSTE; orden, sodio, muvor, dcpng,
CEHPG; causa, fogoén, plame, drepf, LZHCA; hielo, trama, mocer,
dmgbp, AIBGZ; oeste, fiera, prujo, dslmn, CHPJA; trago, rigor,
ficle, Ifrgs, CIRLB; traje, cutis, pusto, trfbd, FLTCA; baile, vejez,
mante, stldb, BACDP; seiial, pudor, faubo, Ifrnt, FLCGO; total,
pompa, rargo, gzdrm, OCPZT; sefior, musgo, vimal, dngtc, TLGTO;
novia, tripa, carre, qrcmg, BILJP; punto, fauna, mobun, mgcjt,
TPMVO; nuevo, pasto, relio, rnlmf, PECCG; honor, fibra, zuche,
qdjpz, JTNCO; banda, prosa, fanel, tqjdc, SAFDV; doble, folio,
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erdin, sqcfm, LMTER; gusto, miope, mogre, fpzrj, EDNPM; lleno,
momia, gopia, tpbqg, RNZPA; parte, vigor, miaco, jslrf, FABST;
madre, térax, cunra, rbnjg, FGDfO; hogar, lirio, mapre, nzrsf,
DABMG:; valor, rosal, lorna, mrbqt, PGNTO; capaz, bambd,
vaipe, drnzj, BODCT; banco, ansia, imaso, brgqmt, RTCNO; corte,
dardo, trida, nlrqt, DEMPL; campo, trapo, ruezo, lgcrd, PCLNE;
reina, palmo, meper, sldfp, DUNTN; leche, funda, nonte, mdtbj,
NLGCA; papel, fresa, leluz, lrsqz, SAPGC; clase, suela, firia,
bzrnd, LPSRO; coche, boina, vomon, lbctr, AEDFP; santo, casta,
mucor, nbmlf, RMNCO; joven, gasto, ruena, nzftr, PAMGB:; prisa,
saldo, drolo, grjds, GBDON; medio, secta, fluja, Isgfd, TODPC;
buena, jarra, pasno, jdgfz, CPCEA; fuego, farol, goren, gfrdm,
JUCBT; grupo, verbo, badén, fnbgs, BTVOR; llave, andén, bejua,
mggbn, GUCPL; sitio, cauce, arnia, rlfnd, SRDCA; falta, faena,
fazén, dpqtm, GEDSP; noche, grifo, legor, mrbtf, GTRNA; feliz,
gruta, tabez, tzpgl, RARST; mujer, limbo, gosal, tfcrr, DSVOR;
calle, aleta, maver, rbltj, PEGRD; golpe, peine, pudes, sfbrn,
SBTJA; tnico, fobia, filza, scrzg, LAVZS; pelea, ttero, bomal,
rgncd, BTLTO; brazo, manto, cergo, ldgrc, ERTBR; razén, cojin,
broga, mrbnr, CPTOL; cielo, cisne, mepla, mnrbj, OECZP; negro,
mareo, ralmo, zlngt, JCLPO; reloj, cloro, runco, crrzf, POMCL;
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barco, pavor, orazo, rbsdl, SGSIO; color, ancla, valbo, fgrrd,
GACTN; final, muslo, prana, tnhbms, RBZMO; vista, tacén, lorio,
srfnm, FESDC; mayor, mueca, baero, qpnjf, CJGLA; suefio, dm-
bar, croja, cmrdt, CEPTZ; fécil, cuota, delle, zgbmc, JMRZA;
orden, sodio, muvor, dcpng, PUVRL; causa, fogdn, plame, drcpf,
NJRDO; hielo, trama, mocer, dmgbp, HOBTC; oeste, fiera, prujo,
dslmn, DPTMA; trago, rigor, ficle, 1frqs, VEPTD; traje, cutis,
pusto, trtbd, BLCTO; baile, vejez, mante, stldb, COFDD; sefial,
pudor, faubo, 1frnt, LPNIA; total, pompa, rargo, gzdrn, VUNLR;
seflor, musgo, vimal, dngtc, GDHTA; novia, tripa, carre, qrcmg,
BOFBG; punto, fauna, mobun, mgcjt, MGRTO; nuevo, pasto,
relio, rnlmf, ROFBT; honor, fibra, zuche, qdjpz, MTPEL; banda,
prosa, fanel, tqjdc, LACLN; doble, folio, erdin, sqcfm, NPLBO;
gusto, miope, mogre, fpzrj, BUBPC; lleno, momia, gopia, tpbqg,
TFBOZ; parte, vigor, miaco, jslrf, SAFLR; madre, térax, cunra,
rbnjg, RMCHO; hogar, lirio, mapre, nzrsf, BOGPC; valor, rosal,
lorna, mrbqt, ZRBIO; capaz, bambu, vaipe, drnzj, ZANBL; banco,
ansia, umaso, brqmt, CPCNO; corte, dardo, trida, nlrqt, NANLR;
campo, trapo, ruezo, lgerd, FPNMA; reina, palmo, meper, sldfp,
DAGLP; leche, funda, nonte, mdtbj, BDTER; papel, fresa, leluz,
Irsqg, CILGD

Appendix C

List of Nonword Targets in Experiment 3

The stimuli are presented as quintuples: high-frequency word
prime, low-frequency word prime, pseudoword prime, consonant
string prime, and TARGET. (The word trials are the same as in
Experiments 1 and 2).

Nonword Targets

clase, suela, firia, bzrnd, ACILI; coche, boina, vomén, lbctr,
ADUBA; santo, casta, mucor, nbmlf, AECAZ; joven, gasto, ruena,
nzftr, AGESO; prisa, saldo, drolo, grjds, AGEZO; medio, secta,
fluja, Isgfd, AHEVA; buena, jarra, pasno, jdgfz, ALOVO; fuego,
farol, goren, gfrdm, APANU; grupo, verbo, badén, fnbgs, ASNIP;
llave, andén, bejua, mgqgbn, AVECO; sitio, cauce, arnia, rlfnd,
AYEHO:; falta, faena, fazén, dpqtm, AZANI; noche, grifo, legor,
mrbtf, AZOXA,; feliz, gruta, tabez, tzpgl, AZUGO; mujer, limbo,
gosal, tfcrr, BAPEI; calle, aleta, maver, rbltj, BESCE; golpe,
peine, pudes, sfbrn, BIAPA; tnico, fobia, filza, scrzg, BIFRE;
pelea, ttero, bomal, rgncd, BIRFO; brazo, manto, cergo, ldgrc,
BILTA; razoén, cojin, broga, mrbnr, BIODI; cielo, cisne, mepla,
mnrbj, BISNA; negro, mareo, ralmo, zlngt, BITIL; reloj, cloro,
runco, crrzf, BOGIjN; barco, pavor, orazo, rbsdl, BOPAZ; color,
ancla, valbo, fgrrd, BREMI; final, muslo, prana, tnhbms, BRUPE;
vista, tacén, lorio, srfnm, BUMIL; mayor, mueca, baero, qpnjf,
BUNTE; suefio, ambar, croja, cmrdt, BUPOE; fécil, cuota, delle,
zgbmc, CAXIL; orden, sodio, muvor, dcpng, CEC()N; causa,
fogdn, plame, drcpf, CEFRI; hielo, trama, mocer, dmgbp, CELUR;
oeste, fiera, prujo, dslmn, CILBE; trago, rigor, ficle, Ifrgs, CLELE;

traje, cutis, pusto, trfbd, CLUFE; baile, vejez, mante, stldb,
COLCI; sefal, pudor, faubo, Ifrnt, CRAMS; total, pompa, rargo,
gzdrn, CUFER; sefior, musgo, vimal, dngtc, CUPAC; novia, tripa,
carre, qremg, DAENO; punto, fauna, mobun, mgcjt, DIBEO;
nuevo, pasto, relio, rnlmf, DILCI; honor, fibra, zuche, qdjpz,
DOBUR; banda, prosa, fanel, tqjdc, DOCHI; doble, folio, erdin,
sqcfm, DRUFI; gusto, miope, mogre, fpzrj, DUIPA; lleno, momia,
gopia, tpbqg, DUSPE; parte, vigor, miaco, jslrf, ECAZO; madre,
térax, cunra, rbnjg, EGACA; hogar, lirio, mapre, nzrsf, ELGON;
valor, rosal, lorna, mrbqt, ENEBA; capaz, bambu, vaipe, drnzj,
ENOZO; banco, ansia, imaso, brqmt, EPEJA; corte, dardo, trida,
nlrqt, ERTOL; campo, trapo, ruezo, lgcrd, ESOCO; reina, palmo,
meper, sldfp, ETOXA; leche, funda, nonte, mdtbj, ETUMA; papel,
fresa, leluz, Irsqg, EUCOR; clase, suela, firia, bzrnd, EVE()N;
coche, boina, vomon, lbctr, EVUMA; santo, casta, mucor, nbmlf,
FAIBA; joven, gasto, ruena, nzftr, FALGI; prisa, saldo, drolo,
grjds, FAGPE; medio, secta, fluja, Isgfd, FANIR; buena, jarra,
pasno, jdgfz, FEFAR; fuego, farol, goren, gfrdm, FEGUZ; grupo,
verbo, badén, fnbgs, FESMA; llave, andén, bejua, mgqbn, FLAFE;
sitio, cauce, arnia, rlfnd, FLEFI; falta, faena, fazén, dpqtm,
FLONI; noche, grifo, legor, mrbtf, FOLFE; feliz, gruta, tabez,
tzpgl, FOLMU; mujer, limbo, gosal, tfcrr, FOLUZ; calle, aleta,
maver, rbltj, FOMOR; golpe, peine, pudes, sfbrn, FOSDI; tnico,
fobia, filza, scrzg, FROXA; pelea, ttero, bomal, rgncd, FUEVI;
brazo, manto, cergo, ldgrc, FULPI; razén, cojin, broga, mrbnr,
GALSf; cielo, cisne, mepla, mnrbj, GAZUR; negro, mareo, ralmo,
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zlngt, GEAJA; reloj, cloro, runco, crrzf, GEFUN; barco, pavor,
orazo, rbsdl, GERFO; color, ancla, valbo, fgrrd, GILZO; final,
muslo, prana, tnbms, GLEME; vista, tacén, lorio, srfnm, GOPIS;
mayor, mueca, baero, qpnjf, GUGOZ; suefio, 4mbar, croja, cmrdt,
GUNGO; fécil, cuota, delle, zgbme, GUNTI; orden, sodio, muvor,
dcpng, GUPEN; causa, fogdn, plame, drcpf, GUSNA; hielo, trama,
mocer, dmgbp, HANAC; oeste, fiera, prujo, dslmn, HARUR;
trago, rigor, ficle, lfrqs, HECRE; traje, cutis, pusto, trfbd, HESNE;
baile, vejez, mante, stldb, HESUR; sefial, pudor, faubo, lfrnt,
HIBUR; total, pompa, rargo, gzdrn, HOLTO; sefior, musgo, vimal,
dngtc, HUOTE; novia, tripa, carre, qrcmg, HUSCE; punto, fauna,
mobun, mgcjt, IBAFE; nuevo, pasto, relio, rnlmf, ILAPU; honor,
fibra, zuche, qdjpz, ILASI; banda, prosa, fanel, tqjdc, INENO;
doble, folio, erdin, sqcfm, ISGER; gusto, miope, mogre, fpzrj,
ITOBO:; lleno, momia, gopia, tpbqg, IXTAR; parte, vigor, miaco,
jslrf, JAESO; madre, térax, cunra, rbnjg, JEGER; hogar, lirio,
mapre, nzrsf, JELUA; valor, rosal, lorna, mrbqt, JIDUO; capaz,
bambu, vaipe, drnzj, JILPE; banco, ansia, imaso, brqmt, JIUTA;
corte, dardo, trida, nlrqt, JOMBE; campo, trapo, ruezo, lgecrd,
JOSMO; reina, palmo, meper, sldfp, JUALE; leche, funda, nonte,
mdtbj, JUCIL; papel, fresa, leluz, lrsqg, JUFUS; clase, suela,
firia, bzrnd, LAFLA; coche, boina, vomén, lbctr, LAVOX;
santo, casta, mucor, nbmlf, LEDUL; joven, gasto, ruena, nzftr,
LEPAZ; prisa, saldo, drolo, grjds, LIRGI; medio, secta, fluja,
Isgfd, LITEN; buena, jarra, pasno, jdgfz, LOAJO; fuego, farol,
goren, gfrdm, LOPIL; grupo, verbo, badén, fnbgs, LORME;
llave, andén, bejua, mgqbn, LUATE; sitio, cauce, arnia, rlfnd,
LUSUR; falta, faena, fazén, dpqtm, MEIPE; noche, grifo, legor,
mrbtf, MILGE; feliz, gruta, tabez, tzpgl, MIVOR; mujer, limbo,
gosal, tfcrr, MOFUL; calle, aleta, maver, rbltj, MONIZ; golpe,
peine, pudes, sfbrn, MOSPE; tnico, fobia, filza, scrzg, MOZUR;
pelea, ttero, bomal, rgncd, MUMET; brazo, manto, cergo, ldgrc,
NAOCE; razon, cojin, broga, mrbnr, NESAX; cielo, cisne, mepla,
mnrbj, NIPLO; negro, mareo, ralmo, zIngt, NOROL; reloj, cloro,
runco, crrzf, NORZI; barco, pavor, orazo, rbsdl, NOVOD; color,
ancla, valbo, fgrrd, NUGUL; final, muslo, prana, tnbms, NULGE;
vista, tacén, lorio, srfnm, OBUAL; mayor, mueca, baero, qpnjf,
OCOBO; suefio, dambar, croja, cmrdt, ODUER; ficil, cuota, delle,
zqbmc, OGEFA; orden, sodio, muvor, dcpng, OJUBA; causa,
fogén, plame, drcpf, OLZIO; hielo, trama, mocer, dmgqbp,
ATECE; oeste, fiera, prujo, dslmn, ORSIN; trago, rigor, ficle,
Ifrgs, ORZUN; traje, cutis, pusto, trfbd, OSIZO; baile, vejez,
mante, stldb, OTURI; sefial, pudor, faubo, lfrnt, OVAZU; total,
pompa, rargo, gzdrn, OZABO; sefior, musgo, vimal, dngtc,
OZIAL; novia, tripa, carre, qremg, PAFIE; punto, fauna, mobun,
mgcjt, PEBIO; nuevo, pasto, relio, rnlmf, PECRE; honor, fibra,
zuche, qdjpz, PIEMO; banda, prosa, fanel, tqjdc, CILEA; doble,
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folio, erdin, sqcfm, PIMUA; gusto, miope, mogre, fpzrj, PLIJE;
lleno, momia, gopia, tpbqg, PLIME; parte, vigor, miaco, jslrf,
POPOZ; madre, térax, cunra, rbnjg, PUCIZ; hogar, lirio, mapre,
nzrsf, PUMUR; valor, rosal, lorna, mrbqt, PURVI; capaz, bambd,
vaipe, drnzj, REBAZ; banco, ansia, imaso, brqmt, REBUR; corte,
dardo, trida, nlrqt, REMPE; campo, trapo, ruezo, lgcrd, REM(JN;
reina, palmo, meper, sldfp, RIJUR; leche, funda, nonte, mdtbj,
ROESO; papel, fresa, leluz, lrsqg, RUFUR; clase, suela, firia,
bzrnd, RUPAE; coche, boina, vomon, lbctr, RUPUQO; santo, casta,
mucor, nbmlf, RURME; joven, gasto, ruena, nzftr, SASIL; prisa,
saldo, drolo, grjds, SAZUQO; medio, secta, fluja, 1sgfd, SECRI;
buena, jarra, pasno, jdgfz, SEPUE; fuego, farol, goren, gfrdm,
SEUNE; grupo, verbo, badén, fnbgs, SIBUN; llave, andén, bejua,
mggbn, SICIR; sitio, cauce, arnia, rlfnd, SILUR; falta, faena,
fazén, dpqtm, SOBLI; noche, grifo, legor, mrbtf, TAJUR; feliz,
gruta, tabez, tzpgl, TELMU; mujer, limbo, gosal, tfcrr, LEFUR;
calle, aleta, maver, rbltj, TIBUI; golpe, peine, pudes, sfbrn,
TISCE; tnico, fobia, filza, scrzg, TISDO; pelea, ttero, bomal,
rgncd, TUGER; brazo, manto, cergo, ldgrc, TULME; razén, cojin,
broga, mrbnr, TULZA; cielo, cisne, mepla, mnrbj, TURVI; negro,
mareo, ralmo, zlngt, TUSGA; reloj, cloro, runco, crrzf, UCOBO;
barco, pavor, orazo, rbsdl, UDAFE; color, ancla, valbo, fgrrd,
UFAVI; final, muslo, prana, tnbms, UFUTA; vista, tacén, lorio,
srfnm, UGABO; mayor, mueca, baero, qgpnjf, IjGEHO; suefio,
ambar, croja, cmrdt, ULFIR; fécil, cuota, delle, zgbmc, ULGER;
orden, sodio, muvor, dcpng, ULINA; causa, fogén, plame, drcpf,
UMIVO; hielo, trama, mocer, dmgbp, UPACI; oeste, fiera, prujo,
dslmn, URRIZ; trago, rigor, ficle, lfrgs, UTRAN; traje, cutis,
pusto, trfbd, UZIJO; baile, vejez, mante, stldb, VADAZ; sefial,
pudor, faubo, Ifrnt, VAVIL; total, pompa, rargo, gzdrn, VvIiDOY;
seflor, musgo, vimal, dngtc, VIRMI; novia, tripa, carre, qrcmg,
VOFUR; punto, fauna, mobun, mgcjt, VOHON; nuevo, pasto, relio,
rnlmf, VORRI; honor, fibra, zuche, qdjpz, VOSfA; banda, prosa,
fanel, tqjdc, VUCEL; doble, folio, erdin, sqcfm, VUGEO; gusto,
miope, mogre, fpzrj, VUJON; lleno, momia, gopia, tpbqg,
VUOBA; parte, vigor, miaco, jslrf, VUOJA; madre, térax, cunra,
rbnjg, TLUPO; hogar, lirio, mapre, nzrsf, XACOA; valor, rosal,
lorna, mrbqt, YORPO; capaz, bambd, vaipe, drnzj, ZACUO;
banco, ansia, imaso, brqmt, ZADAO; corte, dardo, trida, nlrqt,
ZIECA; campo, trapo, ruezo, lgcrd, ZIOVE; reina, palmo, meper,
sldfp, ZOLIL; leche, funda, nonte, mdtbj, ZOROL,; papel, fresa,
leluz, Irsqg, FENDU
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Abstract

The masked priming technique (which compares #####-house-HOUSE vs. #####-fight-HOUSE) is the gold-
standard tool to examine the initial moments of word processing. Lupker and Davis showed that adding a pre-prime
identical to the target produced greater priming effects in the sandwich technique (which compares #####-HOUSE-
house-HOUSE vs #####-HOUSE-fight-HOUSE). While there is consensus that the sandwich technique magnifies
the size of priming effects relative to the standard procedure, the mechanisms underlying this boost are not well
understood (i.e., does it reflect quantitative or qualitative changes?). To fully characterise the sandwich technique, we
compared the sandwich and standard techniques by examining the response times (RTs) and their distributional features
(delta plots; conditional-accuracy functions), comparing identity versus unrelated primes. The results showed that the
locus of the boost in the sandwich technique was two-fold: faster responses in the identity condition (via a shift in the
RT distributions) and slower responses in the unrelated condition. We discuss the theoretical and methodological

implications of these findings.
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Forster and Davis’s (1984) masked priming technique has
become the gold-standard tool for researchers interested in
the initial moments of letter and word processing. This
technique allows researchers to manipulate the relationship
between a forwardly masked and briefly presented prime
(approximately 30-50ms) and a target item, while mini-
mising the non-automatic processes induced by visible
primes (see Grainger, 2008, for a review). The type of
prime—target relationship depends on the ingenuity of the
researchers’ working hypothesis (e.g., to cite three
instances: phonological priming: #####-hint-MINT
vs. #####-pint-MINT; translation priming: ####4#-
maison-HOUSE vs. #####-appel-HOUSE; and
identity priming;: #####-house-HOUSE Vs.
#####-f1ight-HOUSE). Proof of the ubiquity of this
technique is that it has been employed in a wide range of
approaches, from behavioural research—with response
times (RTs) and accuracy as dependent variables (e.g.,
Forster et al., 1987; Grainger & Ferrand, 1994)—to compu-
tational modelling (e.g., Gomez et al., 2013) and cognitive

neuroscience (e.g., functional magnetic resonance imaging
[fMRI]: Dehaene et al., 2001; enterprise resource planning
[ERPs]: Grainger & Holcomb, 2009; magnetoencephalog-
raphy [MEG]: Monahan et al., 2008).

Because of the short stimulus-onset asynchrony
between prime and target, the magnitude of masked prim-
ing effects is small, in the range of 10-50ms in behav-
ioural studies. Thus, a problem faced by researchers using
this technique is that it may not be sensitive enough to
detect subtle manipulations or interactions (e.g., 1ght-
LIGHT vs. 1iht-LIGHT; see Grainger, 2008). This issue
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Sandwich masked priming
HOUSE HOUSE
RT
house fight
50 ms
HOUSE HOUSE
33ms
HHHH#H #HHHH
500 ms
Identity Unrelated
Standard masked priming
HOUSE HOUSE
RT
house fight
50 ms
#HH#HH A
500 ms
Identity Unrelated

Figure |. Sequence of events with the sandwich masked priming technique (top panel) and the standard masked priming technique

(bottom panel).

is more prominent when designing experiments with
developing readers or special populations (e.g., readers
with dyslexia or deaf readers), for whom there tends to be
more within-participant variability in the RTs compared
with university students (i.e., the typical participants
recruited in research studies; see Lété & Fayol, 2013). One
approach to overcome this intrinsic limitation of masked
priming is statistical, by conducting over-powered large-
scale experiments (e.g., Adelman et al.’s, 2014, mega-
study with more than 1,000 participants, each responding
to 840 stimuli). While highly valuable, this approach is
costly in resources and in time, and it does not fully address
the within-participant variability.

Another approach is to modify the technique to mag-
nify the effects; this was a basic idea underlying the incep-
tion of the Lupker and Davis (2009) sandwich technique.
The sandwich technique consists of a modification of the
standard masked priming paradigm. The forward mask is
followed by an initial masked prime identical to the target
(the so-called pre-prime), followed by the prime of interest
(see Figure 1 for an example). As in the standard

technique, the target replaces the prime and is displayed
until the participant responds. Note that both methods
involve a prime that is pre-masked (by the pre-prime in the
sandwich method and by the hash marks in the standard
method) and post-masked (by the target in both methods),
so strictly speaking, both procedures are forms of masked
priming; hence, in the remainder of the article, we will
refer to them as standard and sandwich techniques.

As first shown in a series of form-priming experiments
conducted by Lupker and Davis (2009), the sandwich
technique produces greater priming effects than the stand-
ard technique. This boost has since been replicated with
various types of prime—target relationships (e.g., see
Comesania et al., 2016; Perea et al., 2014; Stinchcombe
et al., 2012; Trifonova & Adelman, 2018, for behavioural
evidence, and Ktori et al., 2012, for electrophysiological
evidence). Indeed, because of the larger priming effects,
the sandwich methodology has become the preferred
option in many recent masked priming studies (e.g.,
Campos et al., 2021; Colombo et al., 2020; Gutierrez-Sigut
et al., 2017; Ktori et al., 2014; Lupker et al., 2015, 2020a,
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Lexical Unit — fight (unrelated prime) — house (TARGET)

Sandwich

0.20
0.15 HOUSE
0.10
0.051

ool | —]

—0.05

fight

HOUSE

Activity

Standard

0.20
0.15 fight
0.101
0.05
0.00
-0.05

HOUSE

Time (cycles)

40

Figure 2. Example of the initial processing cycles of an unrelated trial in the sandwich technique (top panel, pre-prime: house [10
cycles], prime: fight [20 cycles], and target [until response]) and in the standard masked priming technique (bottom panel, prime:
fight [20 cycles] and target [until response]) in a leading competitive network model of visual word recognition (SCM; C. J. Davis,
2010). The thick horizontal line represent a response threshold, and the coloured lines represent the activation levels of the

corresponding lexical units.

2020b; Meade et al., 2020; Taikh & Lupker, 2020; Ziegler
etal., 2014).

Notwithstanding its utility in amplifying priming
effects, the sandwich technique requires some further
examination. The specific mechanisms at play and how
they differ from the standard technique, have not been
fully elucidated (see Lupker & Davis, 2009 vs. Trifonova
& Adelman, 2018). Thus, it is not yet well understood
whether the priming effects in the sandwich technique are
simply magnified or, instead, the underlying processes are
fundamentally altered. Exploring this question is the main
goal of the present work. In the original Lupker and Davis
(2009) experiments, task procedure (sandwich vs. stand-
ard) was manipulated between subjects, making it difficult
to compare the nuances of the two techniques. Trifonova
and Adelman (2018) have been the only researchers to date
who employed a within-subject design for task procedure.
However, their form-priming experiments focused on
whether the characteristics of the pre-prime influenced
word processing (e.g., how the pre-prime PROTECT influ-
ences the processing of the target PROJECT) rather than a
direct comparison of the two techniques using their most
common set-up as in Figure 1.

To compare the two techniques, we manipulated the
procedure (standard vs. sandwich) in a within-subject
design where we compared the largest and most robust
form of masked priming: identity priming (i.e., identity vs.
unrelated primes). Our comparison aims to shed light on
the processing differences between the two techniques. To
do so, we also examine the distributional features of the
RT data and the relative speed of correct and error
responses in the two paradigms.

For identity primes, the activation from the pre-primes
in the sandwich technique would naturally help word pro-
cessing: the target word is presented as a pre-prime and as
a prime (e.g., compare pre-prime: HOUSE, prime: house,
target: HOUSE in the sandwich method vs. prime: house;
target: HOUSE in the standard method). Thus, word recog-
nition times in the identity condition should be faster in the
sandwich technique than in the standard technique. For the
unrelated primes, the presence of the pre-prime in the
sandwich technique does not generate such a straightfor-
ward prediction (e.g., pre-prime: HOUSE, prime: fight,
target HOUSE in the sandwich technique vs. prime:
fight, target: HOUSE in the standard technique). As sug-
gested by Trifonova and Adelman (2018), in the standard
technique one would expect unrelated primes to push the
target’s activation below resting level after prime offset in
interactive activation models of word recognition (e.g.,
SCM, C. J. Davis, 2010; see bottom panel of Figure 2). In
contrast, because of the residual activation caused by the
pre-prime in the sandwich technique, the target’s activa-
tion would be higher than with the standard technique after
prime offset (see top panel of Figure 2). Thus, one would
predict that unrelated pairs would be identified faster in the
sandwich than in the standard technique—note that this
mechanism would reduce the boost (i.e., reduce the prim-
ing effect) of the sandwich technique.

The above pattern was confirmed by simulations on the
spatial coding model (C. J. Davis, 2010). We used the tar-
get words of C. J. Davis and Lupker’s (2016) Experiment
2—they were all five-letter words—paired with identity
versus unrelated primes.! For the sandwich method, we
simulated a scenario with a 33-ms pre-prime followed by a
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50-ms prime, whereas for the standard technique, we sim-
ulated a scenario with a 50-ms prime. We found a greater
identity priming effect in the sandwich technique than in
the standard technique (69 vs. 47 processing cycles). This
boost was exclusively due to the identity condition (an
advantage of 24 processing cycles in the sandwich tech-
nique). For the unrelated condition, the sandwich tech-
nique produced slightly faster responses than the standard
technique (an advantage of two processing cycles in the
sandwich technique). Of note, in a form priming experi-
ment, Trifonova and Adelman (2018, Experiment 2) found
the opposite trend for unrelated pairs in the error rates (i.e.,
better performance in the standard technique); if this
advantage for the standard technique becomes the domi-
nant pattern of results, this would suggest that the way
models simulate masked priming with the standard and
sandwich techniques many need to be reevaluated.

To get a richer picture of the differences between the
two techniques, we also aim to fully describe the distribu-
tional features of the RTs in the sandwich technique and
standard methods; in the present work, we report delta
plots (De Jong et al., 1994) and conditional accuracy func-
tions (Bonnet & Dresp, 1993; Ollman, 1977). Critically,
the study of RT distributions offers rich information to elu-
cidate the time course of an effect (Balota et al., 2008; see
also Heathcote et al., 1991; Ratcliff, 1979; Townsend &
Ashby, 1983, for early research), because many theories of
word processing make claims of the sequence and timing
of mental operations, as can be seen in Figure 2. However,
all previous studies with the sandwich technique only
focused on the analysis of the mean RTs.

In the standard technique, masked identity priming has
repeatedly shown a shift between the RT distributions of
the identity and unrelated conditions (i.c., identity prim-
ing), with the magnitude of identity priming being close to
that of the prime duration (e.g., Gomez et al., 2013; Gomez
& Perea, 2020; Perea et al., 2018, for a similar finding).
This pattern supports Forster’s (1998) claim that the iden-
tity prime produces a “head start” advantage when pro-
cessing the target word: The identity pair house-HOUSE
would enjoy an advantage over the unrelated pair fight-
HOUSE of approximately the prime duration. In contrast,
when using visible primes (150-ms prime duration), iden-
tity priming elicits a shift in the RT distributions and a
change in their shape as it is more skewed for the unrelated
condition. This pattern is consistent with the idea that
unmasked visible primes affect core decision processes
(see Gomez et al., 2013). Here, we tested whether masked
identity priming effects in the sandwich technique also
reflect a shift in the RT distributions (i.e., a head-start
advantage, as in the standard masked priming technique,
simply of a larger size) or whether they are larger in the
higher quantiles (i.e., activation of the lexical units grow
over time as a consequence of the identity primes). The
former outcome would support the view that the two

techniques tap the same core processes, whereas the latter
result would imply that the sandwich technique taps core
processes other than a “head-start” advantage.

In sum, to provide the first full description of the sand-
wich technique, we designed a lexical decision experiment
that examined the similarities and differences in masked
identity priming with the standard and sandwich tech-
niques. The findings of this study are also relevant to
inform us of whether the sandwich technique taps similar
encoding processes (i.e., a head-start advantage) as the
standard priming technique or whether the two tasks are
more different than originally thought. Keep in mind that,
in the sandwich technique, the pre-prime presentation adds
complexity to the information processing; that is, the sys-
tem must handle with three strings in brief succession (see
Forster, 2009; Trifonova & Adelman, 2018). To rephrase
our research question, an apt analogy might be that the two
methods can be thought of as measuring devices for cogni-
tive processes and the present study aims to understand
whether these devices are qualitatively different as they
detect different signals, or quantitatively different, as they
may magnify the same signal to different levels.

Method

Participants

A total of 36 undergraduate students from the University
of Valencia volunteered to participate in the experiment—
this ensured 2,160 observations per condition, in line with
Brysbaert and Stevens’s (2008) suggestion for masked
priming experiments. All participants were native speakers
of Spanish with normal/corrected vision and no history of
reading disorders. This study was approved by the
Experimental Research Ethics Committee of the University
of Valencia, and all participants signed an informed con-
sent form.

Materials

We selected 240 word targets of 5 letters, which were
extracted from Fernandez-Lopez et al.’s (2019) Experiment
1. The average Zipf frequency was 4.15 (range 3.74—4.61)
and the mean OLD20 was 1.41 (range: 1.00-2.65) in the
EsPal Spanish database (Duchon et al., 2013). Each target
word (e.g., PASTA [pasta]) was paired with an identity
prime (e.g., pasta) or an unrelated prime (e.g., suelo
[floor]). The pre-primes in the sandwich method were
always the same as the targets (see Figure 1). To act as
foils, we selected 240 orthographically legal pseudowords.
These were also extracted from the Fernandez-Lopez
et al.’s (2019) Experiment 1. Each target nonword (e.g.,
JARSA) was paired with an identity prime (jarsa) or an
unrelated prime (ruezo). We created four lists to counter-
balance the prime—target combinations across the two
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Table |. Mean correct response times (in ms) and accuracy
(in brackets) for words and pseudowords with the standard
and sandwich masked priming techniques.

Standard technique Sandwich technique

Identity Unrelated ldentity Unrelated

Words 589 (96.9) 629 (93.9)
Pseudowords 704 (91.6) 717 (92.6)

563 (96.9) 642 (91.2)
695 (92.7) 709 (92.0)

priming conditions and the two techniques—they are
available at the OSF link https://osf.i0/83x9t

Procedure

Testing took place in groups of 4-6 participants in a quiet
laboratory room. Computers equipped with DMDX soft-
ware (Forster & Forster, 2003) displayed the stimuli and
registered the timing/accuracy of the responses. Each trial
started with a pattern mask (#####) displayed for 500 ms
in the centre of a computer screen. In those trials with the
sandwich technique, the uppercase target stimulus was
presented for 33 ms as a pre-prime, followed by a 50-ms
lowercase prime stimulus which, in turn, was replaced by
the uppercase target stimulus—this was presented until
response or 2s had elapsed. In the trials with the standard
technique, the pattern mask was followed by the 50-ms
prime, and then replaced by the target (see Figure 1). All
stimuli were presented in 14-pt Courier New black font on
a white background. Participants were instructed to decide
whether the uppercase stimulus was a word or not by
pressing a green button (“word”) or a red button (“non-
word”) with their index fingers. Both speed and accuracy
were stressed in the instructions. Instructions did not men-
tion the existence of any briefly presented primes. A total
of 16 practice trials preceded the 480 experimental trials.
Each participant received a random sequence of trials. The
session lasted 18—22 min.

Results

Error responses and anticipations (RTs faster than 250 ms:
2 correct responses and 4 incorrect responses) were omit-
ted from the latency analyses. Timeouts after 2.5s were
categorised as errors (there were 32 timed out responses
and 1,091 error responses out of 17,280 trials). Table 1 dis-
plays the mean RTs for correct responses and the accuracy
in each condition. We first present the inferential analyses
using Bayesian linear mixed-effects models, and then we
present the exploratory data analyses.

Bayesian linear mixed-effects analyses

The RT and accuracy data were modelled with Bayesian
linear mixed-effects models in R (R Core Team, 2020)

using the brms package (Biirkner, 2020). This package,
which uses the programming language Stan as its core,
allows us to fit the maximal random effect structure mod-
els allowed by the experimental design (see Barr et al.,
2013). The fixed effects were relation (identity vs. unre-
lated; coded as —0.5 and 0.5) and procedure (sandwich vs.
standard; coded as —0.5 and 0.5). As usual in masked prim-
ing experiments, we conducted separate analyses for word
and nonword trials.
The fitted model was as follows:

Dep. variable [RT or accuracy] ~ rela-
tion * procedure+ (l+relation*procedur
elsubject)+(l+relation*procedure]|i
tem)

We used the ex-Gaussian family function to model the
RT data and the Bernoulli family function (1=correct,
O=incorrect) to model the accuracy data. For the fits of
each model we employed four chains, each with 5,000
iterations (1,000 warmup + 4,000 sampling). All R values
were 1.00, thus meaning that the four chains converged
successfully. In the output, the Bayesian linear mixed-
effects models indicate the estimate of each fixed effect,
its standard error, and its 95% credible interval. For infer-
ence purposes, those intervals that did not include zero
were interpreted as significant. In the case of a significant
interaction, we computed the simple effect tests with the
emmeans package (Lenth et al., 2020)—this package pro-
vides the 95% highest (posterior) density (HPD) interval
for each effect. Note that this method yields what is called
Bayesian shrinkage, which means that posterior estimates
might be shifted from the empirical effects due to the prior
and the data from other conditions.

Word targets

Response times were faster for identity pairs than for unre-
lated pairs (b=72.35, SE=3.78, 95% credible interval
[CrI] [64.58, 79.56]) and responses were faster in the sand-
wich than in the standard technique (5=25.65, SE=2.70,
95% Crl [20.74, 31.29]). As expected, there was clear evi-
dence of an interaction between the two factors (b=-32.76,
SE=4.09, 95% Crl [-40.80, —24.78]). This interaction
reflected that, for identity pairs, responses were substan-
tially faster in the sandwich than in the standard technique
(95% HPD [-31.29, —20.7]); in contrast, for unrelated
pairs, responses were faster in the standard than in the
sandwich technique (95% HPD [0.75, 13.6]).

The analyses on the accuracy data showed that partici-
pants were more accurate for identity pairs than for unre-
lated pairs (b=—1.16, SE=0.19, 95%CrlI [-1.52, —0.79]).
While the 95% credible intervals of the other parameters
included zero, accuracy was lower in the sandwich than in
the standard technique (h=0.18, SE=0.23,95%CrI [-0.28,
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0.65]) and the size of the identity priming effect was
greater in the sandwich than in the standard technique
(interaction: =0.40, SE=0.26, 95%CrI [-0.11, 0.90]).

Nonword targets

Responses to nonwords were faster in the trials with the
sandwich technique than in the trials with the standard
technique (b=17.54, SE=3.67, 95% Crl [10.37, 24.72)).
We also found a small advantage of identity over unrelated
pairs (b=9.83, SE=5.07, 95% Crl [0.22, 19.93]). There
were no clear signs of an interaction between the two fac-
tors (b=—4.21, SE=5.11, 95% Crl [-14.30, 5.7]).

The analyses on the accuracy data did not show any
effects (relation: b=-0.14, SE=0.16, 95% Crl [-0.45,
0.18]; procedure: b=-0.14, SE=0.16, 95% Crl [-0.45,
0.17]; relation*procedure: 5=0.21, SE=0.21, 95% Crl
[-0.20, 0.61]).

To summarise, the results with the Bayesian linear mixed-
effects models on word trials showed that, for identity
primes, the presentation of the target word in the sandwich
technique yielded faster responses than the standard tech-
nique (HOUSE-house-HOUSE<house-HOUSE). In
contrast, the sandwich technique slowed down word
responses for unrelated primes (fight-HOUSE<HOUSE-
fight-HOUSE). Thus, the boost in the sandwich technique
is caused by faster responses in the identity condition and
slower responses in the unrelated condition. Regarding the
nonword trials, we found faster responses in the sandwich
technique, accompanied by a small identity priming effect.

Exploratory data analyses

To further examine the nature of the priming effects under-
lying the sandwich and standard techniques, we compared
the empirical RT distributions for both techniques. We
focused on delta plots and conditional accuracy functions,
as they describe how the latency distributions differ. Note
that these methods do not have established inferential
properties, so in our discussion we focus only on large
effects.

Delta plots. Delta plots are frequently used to display how
a latency effect (e.g., identity priming, or task) evolves
across time (see De Jong et al., 1994; Ridderinkhof et al.,
2004). These plots are constructed as follows:

1.  We obtain the RTs at the desired quantiles (here we
use.1,.2,.3, .4,.5,....9) for every participant for
each of the conditions to be compared, only for
correct responses.

2.  We average the RTs obtained in Step 1 across par-
ticipants (these averaged quantiles are also called
vincentiles in the RT literature; see Ratcliff,
1979).

3. For each of the quantiles in the vincentiles (a) we
find the average between the two conditions, and
(b) then compute the differences (i.e., the delta)
preserving the sign.

4. The last step is to plot the points (as many points as
there are quantiles), with the averages (Step 3a) on
the x-axis, and the delta (Step 3b) on the y-axis.

As is evident from Step 3b, delta plots are based on
residual quantiles (i.e., RTs at quantiles in condition A
minus condition B), and hence can provide us with some
indication of the temporal dynamics of an effect when
interpreted within the lens of process models. For exam-
ple, a flat line at around y =50 ms would mean that there
is a 50-ms shift in the RT distributions—this could be
interpreted as faster encoding times in evidence accumu-
lation models (see Gomez et al., 2013, for an example of
such interpretation in the standard masked priming tech-
nique). Alternatively, an ascending function would indi-
cate that the effect grows for slower responses, and it
could be interpreted as a difference in the rate of evi-
dence accumulation.

As just indicated, in delta plots, one needs to contrast
two conditions; in our analysis of the two priming meth-
ods, it makes sense to perform two separate comparisons
that are presented in two different delta plots: (a) the effect
of prime type in the standard and sandwich techniques
(across condition comparison: unrelated vs. identity;
Figure 3), and (b) the effect of procedure for identity and
unrelated pairs (within-condition comparison: standard vs.
sandwich; Figure 4).

Effect of prime type (Figure 3). For word trials, when cal-
culating priming effects as RT for unrelated primes minus
RT for identity primes, we found a relatively flat line for
the identity priming effect in the standard technique (all
points liec between 38 and 51 ms), thus replicating earlier
research. In contrast, in the sandwich technique, the iden-
tity priming effect was not only greater than in the standard
technique (as attested by the higher values in the y-axis),
but it progressively increased from the .1 quantile (63 ms)
to the .7 quantile (95ms)—it decreased slightly in the .9
quantile, though. For the nonword trials, we found a small
identity priming effect that slowly grew across quantiles,
with a steeper slope in the sandwich technique.

Effect of technique (Figure 4). For word trials, when
calculating the effect of technique as standard minus
sandwich, we found an approximate flat line for the
identity primes (around 25*5ms for all quantiles).
This pattern indicates that responses were overall faster
in the sandwich than in the standard technique. In con-
trast, we found a line that lies on the negative numbers
for the unrelated primes (i.e., responses were slower in
the sandwich than in the standard technique)—note that
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Figure 3. Delta plot comparing unrelated primes to identity primes. The points represent the difference RT, . .i—RT,s., at the
1,.2,.3, 4, .5, .6, .7, .8, and .9 quantiles.
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Figure 4. Delta plot comparing the standard and sandwich techniques. The points represent the residual of RT__ . —RT__ . . at

the .1, .2,.3, 4, .5, .6, .7, .8, and .9 quantiles.

this difference effect grew as quantiles increased from .1
quantile (—.5ms) to .8 quantile (—.16ms; i.e., a negative
slope). We found functions with negative slopes for the
nonword targets, but with points above zero for the most
part. This pattern reflected that responses were faster in
the sandwich technique, but this advantage decreases (or
even reversed, in the unrelated condition) for the slower
responses.

Note that delta plots highlight the dynamics of effects
across different points of the latency distributions.
However, they do not convey information about accuracy
as they are only built with correct responses; hence, we

resort to conditional accuracy functions to explore accu-
racy issues as explained below.

Conditional accuracy functions. Conditional accuracy func-
tions (Bonnet & Dresp, 1993; Ollman, 1977) allow us to
visualise how accuracy evolves as latencies increase.
These plots were generated as follows:

1. For each type of item and each participant, we
divide all responses into 5 equal-sized bins based
on their latency; to do so, we included both correct
and error responses.
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Figure 5. Conditional accuracy functions, the points represent the accuracy and average RT of the responses within equal-sized

bins (20% of responses per bin).

2.  We averaged the RTs and accuracies for each bin
across all participants, and then calculate (a) the
average RT for each of the bins and (b) the accu-
racy within each bin.

3. The last step is to plot the points (as many points as
there are quantiles), with the averages (Step 3a) on
the x-axis, and the conditional accuracies (Step 3b)
on the y-axis.

As is evident from Step 3b, conditional accuracy func-
tions can indicate whether the accuracy in the responses
for a given condition varies across the latency of the
responses to such condition. For example, a flat line at
around y=.90 would mean that the accuracy for that condi-
tion (90%) is equal for fast and for slow responses. In addi-
tion, an ascending function would indicate that the fast
responses tend to be less accurate, and a descending func-
tion would indicate that slow responses tend to be less
accurate.

The panels in Figure 5 show the conditional accuracy
for all the conditions in our experiment. Two patterns are
worth highlighting: for words, the fastest 20% of responses
in the unrelated condition in the sandwich method tend to
be less accurate than slower responses, which is reversed
for the identity condition. For nonwords, the conditional
accuracy functions are remarkably similar in the two

techniques: fastest responses tend to be less accurate for
the identity primes than for the unrelated primes, but this
pattern reverses for the slower responses. This is consist-
ent with the idea that familiarity influences lexical deci-
sion (e.g., Masson & Bodner; cf compound-cues),
particularly for fast responses, which could be sensitive to
the orthographic match of the prime and target. A match
could bias for “word” responses, and fast responses might
be most affected by this bias.

Discussion

An increasing number of masked priming researchers now
opt for the sandwich technique due to its promise of greater
effect sizes than the standard technique. However, the
mechanisms underlying this boost are still not well under-
stood. To fully characterise the sandwich technique, we
conducted a lexical decision experiment comparing the
sandwich and standard techniques in a within-subject
design. We focused on masked identity priming effects for
three reasons: (a) theoretical models offer straightforward
predictions (Forster, 1998); (b) it has already been mod-
elled with the standard masked priming technique (Gomez
et al., 2013); and (c) the magnitude of the effects is much
larger than with other types of prime—target relationships
(i.e., we may capture more easily potential interactions).
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To elucidate whether the differences between the standard
and sandwich methods were merely quantitative or also
qualitative, we examined the locus of the boost in the sand-
wich technique and the time course of the effects for both
techniques via delta plots and conditional accuracy
functions.

For word trials, we found the expected boost in the
sandwich technique (a 79-ms priming effect with the sand-
wich technique vs. a 40 ms priming effect with the stand-
ard method; i.c., a 39-ms boost), thus replicating earlier
research (see Lupker & Davis, 2009, for the first demon-
stration). Critically, the use of a within-subject design
allowed us to discover that while the major component of
the 39-ms boost in the magnitude of priming effects in the
sandwich technique was due to the faster responses to
identity pairs (26 ms: 563 vs. 589 ms in the sandwich and
standard techniques, respectively), there was also a com-
ponent due to the slower responses to unrelated pairs
(13 ms: 642 vs. 629 ms, in the sandwich and standard tech-
niques, respectively)—note that Trifonova and Adelman
(2018) also found an effect in this direction for unrelated
pairs in the accuracy data. As indicated in the Introduction,
C.J. Davis’s (2010) spatial coding model would have pre-
dicted not only substantially faster responding in the iden-
tity condition in the sandwich than in the standard
technique, but also slightly faster responding in the unre-
lated condition. Thus, the effect of the unrelated priming
conditions predicted by the spatial coding model does not
match the observed data. We found that the responses were
slower in the sandwich technique than in the standard tech-
nique after an unrelated prime. The discrepancy in the
unrelated trials suggests that the pre-prime in the sandwich
technique may influence target processing in a way that
cannot be captured in the present implementations of
masked priming in interactive activation models like the
spatial coding model.

In addition, the exploratory data analyses (both delta
plots and conditional accuracy functions) offer valuable
information on the underlying processing differences
between the standard and sandwich techniques. For word
targets, the delta plot on the standard technique showed, as
expected, that masked identity priming reflects essentially
a shift in the RT distributions (see Figure 3; see also Gomez
etal., 2013; Gomez & Perea, 2020). This pattern is entirely
consistent with the commonly shared assumption that
masked identity primes have a “head start” advantage dur-
ing an early encoding stage (i.e., a “savings” effect; Forster,
1998; see also Gomez et al., 2013). In contrast, the delta
plot with the sandwich technique showed a different pic-
ture: the magnitude of masked identity priming grows
stronger in the higher quantiles (see Figure 3). At first
glance, one might interpret this last pattern as being due to
some involvement of decision processes for identity
primes in the sandwich technique. However, this interpre-
tation misses the critical information provided by within-
condition comparisons (see Jacobs et al., 1995). The

advantage of the identity primes in the sandwich technique
is approximately constant along quantiles (see left panel of
Figure 4), thus reinforcing the idea that the identity primes
are processed similarly in the two techniques (i.e., an
encoding effect; Forster, 1998). Instead, the largest differ-
ences across tasks occur in the unrelated priming condi-
tion, where there is a costlier processing in the sandwich
technique as latency increases. Of note, the delta plot in
the left panel of Figure 4 also allows us to visualise that the
difference between the sandwich and the standard method
manifests itself in both identity and unrelated primes: the
sandwich technique yields faster responses for the identity
primes and slower responses for the unrelated primes.

The conditional accuracy functions shown in Figure 5
provide further clues on the differences between the two
techniques. The fast responses in the sandwich method for
the unrelated condition are much less precise than the fast
responses for any other condition in the experiment. This
pattern suggests that the pre-prime interacts with the prime
in ways that affect the early moments of processing of the
target. One possible explanation for the divergent pattern
in the unrelated primes across technique is the following.
Because of the briefness of the pre-prime, its processing
may overlap with the prime, creating a jumbled ortho-
graphic code that would impair the first moments of target
processing—note that this interpretation has some resem-
blance with the legibility effect described by C. Davis and
Forster (1994). For instance, for HOUSE-fight-HOUSE
(sandwich technique), when participants initially encoun-
ter HOUSE-fight, they might perceive a fused ortho-
graphic code that might initially hinder target recognition,
occasionally leading to fast error responses. This early dif-
ficulty would be later overwhelmed by lexical activation.?
Importantly, this is a post hoc explanation that can be inter-
preted in different ways. What do we mean by a “jumbled
orthographic code”? Two implementations of this idea
come to mind: the first one is that the orthographic features
of both the pre-prime and the target are partially available,
and hence there might be at least some benefit for the sand-
wich technique over the standard technique; unfortunately,
this idea does not seem to be supported by the data because
RTs for the sandwich technique are slightly longer than for
the standard technique. Another way to think about this
“jumbling” is that the orthographic codes mutually inhibit
each, thus diminishing lexical activation for both entries.
This question, however, is well beyond the scope of the
present article. Nevertheless, it raises interesting issues
around how information from the strings integrates versus
contrast in the type of fast presentation displays in this
type of paradigms. These questions will be central in future
analyses of the sandwich technique, which was developed
to explore rather fine-grained orthographic processes that
yield much smaller effects than identity versus unrelated
primes.

In sum, the present experiment has both theoretical and
practical implications. On the theoretical side, the shift in
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the RT distributions for identity pairs in the sandwich and
standard technique strongly suggests that the extra time
from the pre-prime does not alter the underlying processes
beyond encoding. Notably, the story is different from unre-
lated primes: the pre-prime in the sandwich technique hin-
ders the processing of unrelated prime-target pairs. Further
research with a better temporal resolution (i.e., ERPs) is
necessary to uncover these differences—note that the
Ktori et al. (2012) ERP sandwich experiment did not
include a block with the standard technique. On the applied
side, one basic question is shall we continue using the
sandwich technique? The answer from the present experi-
ment is “yes.” Even in the largest manipulation in priming
experiments (i.e., identity primes), we found a similar pat-
tern in the two techniques for identity pairs—except for
the expected processing advantage in the sandwich tech-
nique due to the pre-prime. At the same time, researchers
should be cautious in interpreting some of the across-con-
dition priming effects in subtle manipulations in the sand-
wich technique, as these effects may derive not from
facilitation in the related condition but rather from some
inhibition in the unrelated condition and might consider
using both the identity and unrelated conditions as controls
when exploring more subtle manipulation (e.g., does corn
prime ACORN?). Perhaps an analogy from the physical
sciences is apt. We explored whether the sandwich tech-
nique is a more powerful microscope than the standard
masked priming technique. Our results indicate that a bet-
ter way to think about it is as a different catalyst that trig-
gers related but slightly processes.
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Notes

1. The simulator is available at http://www.pc.rhul.ac.uk/
staff/c.davis/Spatial CodingModel/

2. While the main focus of this work is the words, no com-
plete account of the tasks can exclude a description of the
responses to pseudowords. In our data, the conditional accu-
racy function and the delta plots are remarkably similar,
with effects augmented in the sandwich condition.

References
Adelman, J. S., Johnson, R. L., McCormick, S. F., McKague,
M., Kinoshita, S., Bowers, J. S., ... Davis, C. J. (2014).

A behavioral database for masked form priming. Behavior
Research Methods, 46, 1052—-1067. https://doi.org/10.3758/
s13428-013-0442-y

Balota, D. A., Yap, M. J., Cortese, M. J., & Watson, J. M. (2008).
Beyond mean response latency: Response time distribu-
tional analyses of semantic priming. Journal of Memory
and Language, 59, 495-523. https://doi.org/10.1016/].
jml.2007.10.004

Barr, D.J., Levy, R., Scheepers, C., & Tily, H. J. (2013). Random
effects structure for confirmatory hypothesis testing: Keep it
maximal. Journal of Memory and Language, 68, 255-278.
https://doi.org/10.1016/j.jm1.2012.11.001

Bonnet, C., & Dresp, B. (1993). A fast procedure for study-
ing conditional accuracy functions. Behavior Research
Methods, Instruments, & Computers, 25, 2-8. https://doi.
org/10.3758/BF03204443

Brysbaert, M., & Stevens, M. (2018). Power analysis and
effect size in mixed effects models: A tutorial. Journal of
Cognition, 1(9), 1-20. http://doi.org/10.5334/joc.10

Biirkner, P. C. (2020). Analysing standard progressive matrices
(SPM-LS) with Bayesian item response models. Journal of
Intelligence, 8, 5. https://doi.org/10.3390/jintelligence8010005

Campos, A. D., Oliveira, H. M., & Soares, A. P. (2021). Syllable
effects in beginning and intermediate European-Portuguese
readers: Evidence from a sandwich masked go/no-go lexical
decision task. Journal of Child Language, 48(4), 699-716.
https://doi.org/10.1017/S0305000920000537

Colombo, L., Spinelli, G., & Lupker, S. J. (2020). The impact of
consonant—vowel transpositions on masked priming effects
in Italian and English. Quarterly Journal of Experimental
Psychology, 73, 183—198. https://doi.org/10.1177/4174072
0121881986677636838

Comesafia, M., Soares, A. P., Marcet, A., & Perea, M. (2016).
On the nature of consonant/vowel differences in letter posi-
tion coding: Evidence from developing and adult readers.
British Journal of Psychology, 107, 651-674. https://doi.
org/10.1111/bjop.12179

Davis, C., & Forster, K. 1. (1994). Masked orthographic prim-
ing: The effect of prime-target legibility. Quarterly Journal


https://orcid.org/0000-0001-5814-5104
https://orcid.org/0000-0002-3291-1365
https://orcid.org/0000-0001-8755-5903
https://orcid.org/0000-0003-4180-1560
https://osf.io/83x9t
https://osf.io/83x9t
http://www.pc.rhul.ac.uk/staff/c.davis/SpatialCodingModel/
http://www.pc.rhul.ac.uk/staff/c.davis/SpatialCodingModel/
https://doi.org/10.3758/s13428-013-0442-y
https://doi.org/10.3758/s13428-013-0442-y
https://doi.org/10.1016/j.jml.2007.10.004
https://doi.org/10.1016/j.jml.2007.10.004
https://doi.org/10.1016/j.jml.2012.11.001
https://doi.org/10.3758/BF03204443
https://doi.org/10.3758/BF03204443
http://doi.org/10.5334/joc.10
https://doi.org/10.3390/jintelligence8010005
https://doi.org/10.1017/S0305000920000537
https://doi.org/10.1177/41740720121881986677636838
https://doi.org/10.1177/41740720121881986677636838
https://doi.org/10.1111/bjop.12179
https://doi.org/10.1111/bjop.12179

Ferndndez-Lépez et al.

of Experimental Psychology, 47, 673—697. https://doi.
org/10.1080/14640749408401133

Davis, C. J. (2010). The spatial coding model of visual word
identification. Psychological Review, 117, 713-758. https://
doi.org/10.1037/a0019738

Davis, C. J., & Lupker, S. J. (2006). Masked inhibitory prim-
ing in English: Evidence for lexical inhibition. Journal
of Experimental Psychology: Human Perception and
Performance, 32, 668—687. https://doi.org/10.1037/0096-
1523.32.3.668

Dehaene, S., Naccache, L., Cohen, L., Le Bihan, D., Mangin, J.,
Poline, J., & Riviere, D. (2001). Cerebral mechanisms of
word masking and unconscious repetition priming. Nature
Neuroscience, 4, 752—758. https://doi.org/10.1038/89551

De Jong, R., Liang, C.-C., & Lauber, E. (1994). Conditional and
unconditional automaticity: A dual-process model of effects
of spatial stimulus-response correspondence. Journal
of Experimental Psychology: Human Perception and
Performance, 20, 731-750. https://doi.org/10.1037//0096-
1523.20.4.731

Duchon, A., Perea, M., Sebastian-Gallés, N., Marti, A., &
Carreiras, M. (2013). EsPal: One-stop shopping for Spanish
word properties. Behavior Research Methods, 45, 1246—
1258. https://doi.org/10.3758/s13428-013-0326-1

Fernandez-Lopez, M., Marcet, A., & Perea, M. (2019). Can
response congruency effects be obtained in masked prim-
ing lexical decision? Journal of Experimental Psychology:
Learning, Memory, and Cognition, 45, 1683—1702. https://
doi.org/10.1037/xIm0000666

Forster, K. 1. (1998). The pros and cons of masked priming.
Journal of Psycholinguistic Research, 27, 203-233. https://
doi.org/10.1023/A:1023202116609

Forster, K. I. (2009). The intervenor effect in masked priming:
How does masked priming survive across an intervening
word? Journal of Memory and Language, 60, 36—49. https://
doi.org/10.1016/j.jm1.2008.08.006

Forster, K. 1., & Davis, C. (1984). Repetition priming and fre-
quency attenuation in lexical access. Journal of Experimental
Psychology: Learning, Memory, and Cognition, 10, 680—
698. https://doi.org/10.1037/0278-7393.10.4.680

Forster, K. 1., Davis, C., Schoknecht, C., & Carter, R. (1987).
Masked priming with graphemically related forms:
Repetition or partial activation? Quarterly Journal of
Experimental  Psychology, 39, 211-251. https://doi.
org/10.1080/14640748708401785

Forster, K. 1., & Forster, J. C. (2003). DMDX: A Windows
display program with millisecond accuracy. Behavior
Research Methods, 35, 116—124. https://doi.org/10.3758/
BF03195503

Gomez, P., & Perea, M. (2020). Masked identity priming reflects
an encoding advantage in developing readers. Journal of
Experimental Child Psychology, 199, 104911. https://doi.
org/10.1016/j.jecp.2020.104911

Gomez, P., Perea, M., & Ratcliff, R. (2013). A diffusion model
account of masked versus unmasked priming: Are they qual-
itatively different? Journal of Experimental Psychology:
Human Perception and Performance, 39, 1731-1740.
https://doi.org/10.1037/a0032333

Grainger, J. (2008). Cracking the orthographic code: An intro-
duction. Language and Cognitive Processes, 23, 1-35.
https://doi.org/10.1080/01690960701578013

Grainger, J., & Ferrand, L. (1994). Phonology and orthography
in visual word recognition: Effects of masked homophone
primes. Journal of Memory and Language, 33, 218-233.
https://doi.org/10.1006/jmla.1994.1011

Grainger, J., & Holcomb, P. J. (2009). Watching the word go by:
On the time-course of component processes in visual word
recognition. Language and Linguistics Compass, 3, 128—
156. https://doi.org/10.1111/j.1749-818X.2008.00121.x

Gutierrez-Sigut, E., Vergara-Martinez, M., & Perea, M. (2017).
Early use of phonological codes in deaf readers: An ERP
study. Neuropsychologia, 106, 261-279. https://doi.
org/10.1016/j.neuropsychologia.2017.10.006

Heathcote, A., Popiel, S. J., & Mewhort, D. J. (1991). Analysis
of response time distributions: An example using the Stroop
task. Psychological Bulletin, 109, 340-347. https://doi.
org/10.1037/0033-2909.109.2.340

Jacobs, A. M., Grainger, J., & Ferrand, L. (1995). The incremen-
tal priming technique: A method for determining within-
condition priming effects. Perception &Psychophysics, 57,
1101-1110. https://doi.org/10.3758/BF03208367

Ktori, M., Grainger, J., Dufau, S., & Holcomb, P. J. (2012). The
“electrophysiological sandwich”: A method for amplifying
ERP priming effects. Psychophysiology, 49, 1114-1124.
https://doi.org/10.1111/j.1469-8986.2012.01387.x

Ktori, M., Kingma, B., Hannagan, T., Holcomb, P. J., & Grainger,
J. (2014). On the time-course of adjacent and non-adjacent
transposed-letter priming. Journal of Cognitive Psychology,
26, 491-505. https://doi.org/10.1080/20445911.2014.9220
92

Lenth, R., Singmann, H., Love, J., Buerkner, P., & Herve,
M. (2020). emmeans: Estimated marginal means (R
Package Version 1.4.8). https://CRAN.R-project.org/
package=emmeans

Lété, B., & Fayol, M. (2013). Substituted-letter and transposed-
letter effects in a masked priming paradigm with French
developing readers and dyslexics. Journal of Experimental
Child Psychology, 114, 47-62. https://doi.org/10.1016/].
jecp.2012.09.001

Lupker, S.J., & Davis, C. J. (2009). Sandwich priming: A method
for overcoming the limitations of masked priming by reduc-
ing lexical competitor effects. Journal of Experimental
Psychology: Learning, Memory, and Cognition, 35, 618—
639. https://doi.org/10.1037/a0015278

Lupker, S. J., Spinelli, G., & Davis, C. J. (2020a). Is zjudge a bet-
ter prime for JUDGE than zudge is? A new evaluation of cur-
rent orthographic coding models. Journal of Experimental
Psychology: Human Perception and Performance, 46(11),
1252-1266. https://doi.org/10.1037/xhp0000856

Lupker, S. J., Spinelli, G., & Davis, C. J. (2020b). Masked form
priming as a function of letter position: An evaluation of cur-
rent orthographic coding models. Journal of Experimental
Psychology: Learning, Memory, and Cognition, 46, 2349—
2366. https://doi.org/10.1037/xIm0000799

Lupker, S. J., Zhang, Y. J., Perry, J. R., & Davis, C. J. (2015).
Superset versus substitution-letter priming: An evaluation of
open-bigram models. Journal of Experimental Psychology:
Human Perception and Performance, 4, 138—151. https://
doi.org/10.1037/a0038392

Meade, G., Grainger, J., Midgley, K. J., Holcomb, P. J., &
Emmorey, K. (2020). An ERP investigation of orthographic
precision in deaf and hearing readers. Neuropsychologia,


https://doi.org/10.1080/14640749408401133
https://doi.org/10.1080/14640749408401133
https://doi.org/10.1037/a0019738
https://doi.org/10.1037/a0019738
https://doi.org/10.1037/0096-1523.32.3.668
https://doi.org/10.1037/0096-1523.32.3.668
https://doi.org/10.1038/89551
https://doi.org/10.1037//0096-1523.20.4.731
https://doi.org/10.1037//0096-1523.20.4.731
https://doi.org/10.3758/s13428-013-0326-1
https://doi.org/10.1037/xlm0000666
https://doi.org/10.1037/xlm0000666
https://doi.org/10.1023/A:1023202116609
https://doi.org/10.1023/A:1023202116609
https://doi.org/10.1016/j.jml.2008.08.006
https://doi.org/10.1016/j.jml.2008.08.006
https://doi.org/10.1037/0278-7393.10.4.680
https://doi.org/10.1080/14640748708401785
https://doi.org/10.1080/14640748708401785
https://doi.org/10.3758/BF03195503
https://doi.org/10.3758/BF03195503
https://doi.org/10.1016/j.jecp.2020.104911
https://doi.org/10.1016/j.jecp.2020.104911
https://doi.org/10.1037/a0032333
https://doi.org/10.1080/01690960701578013
https://doi.org/10.1006/jmla.1994.1011
https://doi.org/10.1111/j.1749-818X.2008.00121.x
https://doi.org/10.1016/j.neuropsychologia.2017.10.006
https://doi.org/10.1016/j.neuropsychologia.2017.10.006
https://doi.org/10.1037/0033-2909.109.2.340
https://doi.org/10.1037/0033-2909.109.2.340
https://doi.org/10.3758/BF03208367
https://doi.org/10.1111/j.1469-8986.2012.01387.x
https://doi.org/10.1080/20445911.2014.922092
https://doi.org/10.1080/20445911.2014.922092
https://CRAN.R-project.org/package=emmeans
https://CRAN.R-project.org/package=emmeans
https://doi.org/10.1016/j.jecp.2012.09.001
https://doi.org/10.1016/j.jecp.2012.09.001
https://doi.org/10.1037/a0015278
https://doi.org/10.1037/xhp0000856
https://doi.org/10.1037/xlm0000799
https://doi.org/10.1037/a0038392
https://doi.org/10.1037/a0038392

Quarterly Journal of Experimental Psychology 00(0)

146, 107542.
£ia.2020.107542

Monahan, P. J., Fiorentino, R., & Poeppel, D. (2008). Masked
repetition priming using magnetoencephalography. Brain
and Language, 106, 65-71. https://doi.org/10.1016/].
bandl.2008.02.002

Ollman, R. T. (1977). Choice reaction time and the problem
of distinguishing task effects from strategy effects. In S.
Domic (Ed.), Attention & performance VI (pp. 99-113).
Erlbaum.

Perea, M., Abu Mallouh, R., & Carreiras, M. (2014). Are
root letters compulsory for lexical access in Semitic lan-
guages? The case of masked form-priming in Arabic.
Cognition, 132, 491-500. https://doi.org/10.1016/j.cogni-
tion.2014.05.008

Perea, M., Marcet, A., Lozano, M., & Gomez, P. (2018). Is
masked priming modulated by memory load? A test of the
automaticity of masked identity priming in lexical deci-
sion. Memory & Cognition, 46, 1127-1135. https://doi.
org/10.3758/s13421-018-0825-5

Ratcliff, R. (1979). Group reaction time distributions and an
analysis of distribution statistics. Psychological Bulletin,
86, 446—-461. https://doi.org/10.1037/0033-2909.86.3.446

R Core Team. (2020). R: A language and environment for sta-
tistical computing. R Foundation for Statistical Computing.
http://www.R-project.org/

https://doi.org/10.1016/j.neuropsycholo-

Ridderinkhof, K. R., van den Wildenberg, W. P. M., Wijnen, J.,
& Burle, B. (2004). Response inhibition in conflict tasks is
revealed in delta plots. In M. 1. Posner (Ed.), Cognitive neu-
roscience of attention (pp. 369-377). The Guilford Press.

Stinchcombe, E. J., Lupker, S. J., & Davis, C. J. (2012).
Transposed-letter priming effects with masked subset
primes: A re-examination of the “relative position priming
constraint.” Language and Cognitive Processes, 27, 475—
499. https://doi.org/10.1080/01690965.2010.550928

Taikh, A., & Lupker, S. J. (2020). Do visible semantic primes
preactivate lexical representations? Journal of Experimental
Psychology: Learning, Memory, and Cognition, 46(8),
1533-15609. https://doi.org/10.1037/xIm0000825

Townsend, J. T., & Ashby, F. G. (1983). Stochastic modeling of
elementary psychological processes. Cambridge University
Press.

Trifonova, 1. V., & Adelman, J. S. (2018). The sandwich prim-
ing paradigm does not reduce lexical competitor effects.
Journal of Experimental Psychology: Learning, Memory,
and Cognition, 44, 1743-1764. https://doi.org/10.1037/
xIm0000542

Ziegler, J. C., Bertrand, D., Lété, B., & Grainger, J. (2014).
Orthographic and phonological contributions to reading
development: Tracking developmental trajectories using
masked priming. Developmental Psychology, 50, 1026—
1036. https://doi.org/10.1037/a0035187


https://doi.org/10.1016/j.neuropsychologia.2020.107542
https://doi.org/10.1016/j.neuropsychologia.2020.107542
https://doi.org/10.1016/j.bandl.2008.02.002
https://doi.org/10.1016/j.bandl.2008.02.002
https://doi.org/10.1016/j.cognition.2014.05.008
https://doi.org/10.1016/j.cognition.2014.05.008
https://doi.org/10.3758/s13421-018-0825-5
https://doi.org/10.3758/s13421-018-0825-5
https://doi.org/10.1037/0033-2909.86.3.446
http://www.R-project.org/
https://doi.org/10.1080/01690965.2010.550928
https://doi.org/10.1037/xlm0000825
https://doi.org/10.1037/xlm0000542
https://doi.org/10.1037/xlm0000542
https://doi.org/10.1037/a0035187







	Which Factors Modulate Letter Position Coding in Pre-literate Children?
	Introduction
	Materials and Methods
	Participants
	Procedure
	Materials

	Results
	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions

	References
	How Resilient Is Reading to Letter Rotations? A Parafoveal Preview Investigation
	Method
	Participants
	Apparatus
	Materials
	Procedure
	Data Analyses

	Results
	First Fixation Duration
	Single Fixation Duration
	Gaze Duration

	Discussion
	References
	Sentences Used in the Experiment


