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Fórmula falangeal, abordajes topológicos y simetría en la mano de Lepidosauria

Gabriela FONTANARROSA , Daniel Andrés DOS SANTOS  & Diego RASSKIN-GUTMAN

Abstract: The phalangeal formula (PF) describes the skeletal configuration of the digital 
regions of the autopodia. The plesiomorphic phalangeal formula (PPF) for the Lepidosauria 
manus is 2-3-4-5-3. Previous research identified 53 unique PFs in lepidosaurians. 
Here, we propose a new analytical method treating the PF as a matrix, applying image 
processing techniques to analyze new organizational patterns including symmetry. We 
quantified the degree of symmetry of the 53 lepidosaurian PFs through a symmetry score 
capturing the overlap between the original images and their transformed counterparts after 
specific geometric operations. We found that the PPF revealed a previously unnoticed 
diagonal axis of symmetry, a pattern highly improbable compared to thousands of 
randomly generated PFs. In a PCA of the 53 lepidosaurian PFs symmetry scores, PC1 
was significantly correlated with the total number of phalanges whereas PC2 reflected the 
variability in phalangeal counts among different digits. The PCA effectively summarized the 
underlying variance of the symmetry scores data, elucidating a reduction trend in phalanx 
count (PC1) and the degree of diversity of PF arrangements (PC2). This approach is useful 
for addressing symmetry in meristic characters and systems of articulated pieces which 
could reveal hidden symmetry patterns in other lineages.

Resumen: La fórmula falangeal (FF) describe la configuración esquelética de las regiones 
digitales del autopodio. Investigaciones previas identificaron 53 fórmulas únicas en las 
manos de Lepidosuauria siendo 2-3-4-5-3 la fórmula falangeal plesiomorfica (FFP). Aquí 
proponemos un nuevo método analítico que trata a la FF como una matriz, aplicando 
técnicas de procesamiento de imágenes para analizar nuevos patrones organizativos, 
incluida la simetría. Cuantificamos el grado de simetría de las 53 FFs mediante una 
puntuación de simetría que captura la coincidencia entre las imágenes originales y sus 
versiones transformadas tras ciertas operaciones geométricas. Descubrimos que la 
FFP revela un eje de simetría diagonal no advertido anteriormente, un patrón altamente 
improbable comparado con miles de FFs generadas aleatoriamente. En un análisis de 
componentes principales (PCA) de los valores de simetría de las 53 PFs, el CP1 mostró 
una correlación significativa con el número total de falanges, mientras que el CP2 reflejó 
la variabilidad en la cantidad de falanges entre los distintos dedos. El PCA resumió 
eficazmente la variabilidad subyacente de los datos, revelando una tendencia de reducción 
en el número de falanges (CP1) y el grado de diversidad de arreglos de FF (CP2). Este 
enfoque podría revelar patrones de simetría ocultos en otros linajes.
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INTRODUCTION

The autopod is the distal end of the characteristic 
tetrapod limb. It may have originated in the Late 
Devonian period (385–359 Ma) and it is considered, at 
least partially, homologous to the sarcopterygian fish 
fins (Coates, 1994; Shubin et al., 2006; Hall, 2007; 
Boisvert et al., 2008; Nakamura et al., 2016; Cloutier 
et al., 2020). The skeleton of the manual autopod is 
regionalized and includes the carpals, metacarpals, 
and the series of phalanges that make up each finger 
(Romer, 1956; Hopson, 1995). The phalangeal formula 
(PF) has been used to characterize phalangeal 

organization for at least two centuries. This formula 
is a numerical expression that encodes a manus or 
foot skeletal configuration by indicating, sequentially 
from medially to laterally, the number of phalanges 
of each digit of the manus/pes of a tetrapod taxon 
(Romer, 1956). There exists a consensus that the 
Amniota and Lepidosauria manual plesiomorphic 
phalangeal formula (PPF) is 2-3-4-5-3 (Greer, 1991; 
Fedak & Hall 2004; Fontanarrosa et al., 2021a, 
2024a). Thus, considering the number of phalanges 
per digit, the PPF reflects an ectaxonic condition, with 
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digit IV having the most phalanges. Deviations from 
this plesiomorphic formula within Amniota include 
reductions and additions (hyperphalangy), the latter 
being a rare condition in terrestrial amniotes (Greer, 
1992; Shapiro, 2002; Shapiro et al., 2003; Fedak 
& Hall, 2004; Kohlsdorf & Wagner, 2006; Russell & 
Bauer, 2008; Fontanarrosa et al., 2021a, 2024a).
In previous work, Fontanarrosa et al. (2021a) analyzed 
the PFs in Lepidosaurian’s manus and found a list 
of 53 unique formulations. This work shows that the 
set of known PFs comply (to a proportion associated 
with an extremely low probability of being due to 
chance) with two properties of phalangeal count per 
digit, namely the ordering rule (DI ≤ DII ≤ DIII ≤ DIV 
≥ DV), and the contiguity relationship (neighbor digits 
differ on average in one phalanx). These patterns 
exhibited by the known PFs suggest that, rather than 
each digit evolving an independent character, they are 
highly integrated, in line with Klingenberg and Zaklan 
(2000). Both properties are easily observed in the 
PPF. Fontanarrosa et al. (2024a) demonstrate that the 
evolutionary trajectories of PFs across Lepidosauria 
lineages predominantly follow a pattern of evolutionary 
stasis. Among the 53 known manual PFs within this 
clade, the PPF exhibits a greater tendency to remain 
identical across successive phylogenetic tree nodes, 
i.e., it is inherited without changes in the descendant 
nodes.
The manual skeletal elements can be described 
by their organization regarding their main axes 
(lateromedial and proximodistal). A main pattern 
shared by the tetrapod lineages is that the autopodial 
elements are polarized following the proximodistal 
axis. Moreover, frequently, anatomists have described 
the tetrapod manus acropodium (i.e., the region 
containing the phalanges) as bilaterally symmetrical 
organized about a proximodistal axis traversing digit 
III, which divides the preaxial and postaxial regions 
(known as the mesaxonic condition; Hopson, 1995; 
Russell et al., 1997; Russell & Bauer, 2008).
Symmetry implies proportionality within a whole 
and among its parts, referring to the distribution of 
equivalent components repeated with regularity in 
a system (Lederman & Hill, 2004). Morphological 
symmetry, resulting from the repetition of parts in 
different orientations, is common in the body plans of 
most organisms (Savriama & Klingenberg, 2011). It 
is mathematically defined as the invariance of results 
obtained by applying a series of transformation 
operations on various systems: material objects, 
geometric shapes, or abstract entities (e.g., 
bi-dimensional objects, tri-dimensional objects, 
mathematical equations, musical chords). Thus, a 
system is symmetrical if, when such a transformation 
is applied to it, it results in a system indistinguishable 
in appearance from the original system (Weyl, 1952; 
Lederman & Hill, 2004). Transformations include 
rotation, reflection, and translation of the original 
geometric shape. According to the transformations 

applied to the entity, various types of symmetry are 
obtained: spherical, reflective, cylindrical, translational, 
anti-translational, and roto-reflective, among others 
(Weyl, 1952; Martin, 1996). For example, reflective or 
bilateral symmetry is characterized by the presence 
of a single plane (or axis if bidimensional), around 
which a reflection transformation (or flip) produces a 
final shape identical to the original. A geometric shape 
with perfect bilateral symmetry implies a distribution 
concerning a single symmetry plane/axis in which 
each point of the shape is associated with another 
point (its image), meeting the following conditions: 
(1) the distance from a point and its corresponding 
image point to the symmetry plane/axis is the same, 
and (2) the segment that joins a point with its image 
counterpart is perpendicular to the symmetry plane/
axis. In natural systems, it is reasonable to expect 
slight misalignments concerning idealized forms, and 
in fact, there are approaches for measuring the degree 
of departure from bilateral symmetry (Zabrodsky et 
al., 1995; Köhler, 1993) as well as subtleties due to 
fluctuating asymmetry (Palmer & Strobeck, 1986; 
Klingenberg, 2015).
Studies of symmetry have traditionally relied on 
measuring lengths or angles on the left and right 
sides of organisms. However, with the introduction 
of geometric morphometrics, Klingenberg et al. 
(2002) provided a mathematical and computational 
framework for analyzing biological symmetry based 
on shape. This approach focuses on the geometric 
configuration of landmarks, ignoring differences due to 
position or orientation (Klingenberg & McIntyre, 1998; 
Klingenberg, 2015). While geometric morphometrics 
offers clear advantages, it is limited to complete 
structures without movable parts, making it unsuitable 
for articulated skeletal systems like the autopod, 
which contains numerous joints and mobile elements 
(Nebreda et al., 2020).
Here, we propose an approach to mathematically 
capture the organizational patterns of the acropodium 
that filters out non-essential information regarding 
the acropodial configurations related to size, shape, 
and orientation. The proposal uses the positional 
information of each phalanx to construct a matrix in 
which columns represent consecutive digits along 
the lateromedial axis (abscissa) and rows represent 
phalangeal positions within the proximodistal 
axis (ordinates). Each entry or cell of the matrix 
corresponds to a pixel in the respective image. By 
doing this, image processing techniques such as 
symmetry operation transformations can be applied to 
analyze possible patterns. This work aims to recognize 
global organizational patterns after geometric image 
operations involving reflections and rotations. We ask 
whether some organization pattern is hidden within the 
structure of the PPF and how the set of PFs observed 
within the lepidosaurian clade is ordered according to 
symmetry operations.
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METHODS

Data

We used the PFs dataset (Fontanarrosa et al., 2021a, 
2024b) of manus configurations of Lepidosauria. This 
PF data set has been compiled using information 
from specialized literature and own records from 
x-rays, CT scans, cleared and stained specimens, and 
dried osteological specimens. The sample included 
members of 33 extant families within Squamata of 
every main clade (Gekkota, Scincoidea, Lacertoidea, 
Anguinomorpha, Iguania, and Serpentes), the extinct 
family Aigialosauridae (Anguimorpha), members of the 
Stem clades of extant representatives (Stem Gekkotan 
and Stem Serpentes), and members (both extinct and 
extant) of the squamate sister group Rhynchocephalia 
(Sphenodontidae).

From phalangeal formula to images

We propose to represent the acropodium as a two-
dimensional square matrix using two axes: the lateral 
dimension for sequential digit arrangement along 
the x-axis (columns) and the proximodistal axis for 
sequential phalanx organization within each digit 
along the y-axis (rows). For similar approaches, see 
for instance Fontanarrosa et al. (2021b) and Fratani 
et al. (2025). This allows us to encode the phalangeal 
formula into a binary matrix, representing the presence 
or absence of phalanges in each cell of the matrix (Fig. 
1). Each cell in the matrix can have one of two possible 
states: 1 (indicating the presence of a phalanx) or 0 

(indicating the absence of a phalanx). Cells filled are 
the relevant ones. Finally, we generate an image 
where pixels represent the cells, with contrasting colors 
indicating the presence or absence of a phalanx in the 
pertinent position.

Transformation operations and measurement of 
symmetry

Matrix transformation operations involve altering 
the arrangement of elements within the matrix 
through rotation, reflection, and translation. These 
transformations produce isomorphic results; i.e., 
they preserve the neighborhood relationships among 
homologous pixels and maintain a one-to-one 
correspondence among all pixels of the matrix (Martin, 
1996). The application of transformation operations 
is a methodological step used in other approaches 
to study symmetry such as geometric morphometric 
symmetry analyses (Klingenberg, 2015). Similarly, in 
this study, we apply a series of predefined rotations 
and reflections (Martin, 1996) to the original matrix 
(input). Specifically, we implement a series of three 
basic types of transformation operations (TOs): vertical 
reflection, horizontal reflection, and 90° clockwise 
rotation as well as a trivial instance that involves no 
transformations. We exemplify these actions using the 
PPF as the input image at the onset of several series 
of three consecutive symmetry operations (Fig. 2). 
The outcome derived from the first TO step is used 
as the input for the next transformation, and so on. 
Thus, the final output for each series results from the 

Figure 1. From Phalangeal Formula to Image. A, The figure shows a schematic representation of the right autopodium in 
dorsal view of Phymaturus sp. (Squamata: Liolaemidae) depicting the plesiomorphic phalangeal formula for Lepidosauria 
(2-3-4-5-3). Phalanges are highlighted in yellow; B, matricial image derived from the phalangeal formula configuration in A. 
The X-axis (columns) represents digits I-V. The Y-axis (rows) represents successive phalanges from proximal to distal in each 
digit. The matrix is binary-filled. Each cell in B is colored yellow if the corresponding element is present in A; otherwise, it is 
colored gray. This binary matrix image, derived from the phalangeal formula, will serve as our study object in subsequent 
analyses.



Fontanarrosa, G. et al. - Symmetry behind Phalangeal Formula - Spanish Journal of Palaeontology 40 (1), 115–124, 2025118

concatenation of TOs steps. Since we carry out three 
types of TOs, each occurring or not, we end up with 
2^3 = 8 final outputs. Each triad of transformations is 
aimed at testing specific symmetrical properties of the 
image under study.
As mentioned above, the invariance of an object 
after a particular transformation applied to it defines 
its symmetry. The degree of agreement between the 
original input and final output images was measured 
to assess the degree of symmetry adjustment across 
the different series of TOs. For that purpose, we 
calculated a Symmetry Coefficient (SC) based on 
the recall or sensitivity index in information retrieval 
(Powers, 2011). In this context recall measures the 
proportion of relevant cells in the original matrix that 
are also occupied in the final output matrix. The SC 
quantifies the similarity between the transformed 

image and the original, achieving a value of SC = 1 
when the images are identical following the symmetry 
operations.
The different series of TOs are arranged in rows 
across Figure 2. Each series can be identified by a 
combination of symbols {H:0, H:1}, {V:0, V:1}, and 
{R:0, R:1}, denoting the occurrence or absence of 
horizontal flip, vertical flip, and 90° clockwise rotation, 
respectively. These combinations allow us to assess 
the following eight types of possible symmetry 
operations (see also Figure 2):
1.	H:0 V:0 R:0 - Identity operation, no transformations 

(baseline).
2.	H:0 V:0 R:1 - 90° clockwise rotational symmetry.
3.	H:0 V:1 R:0 - Reflective symmetry along the proximo-

distal axis.

Figure 2. The figure shows the successive transformation operations over the matrix representation of the plesiomorphic 
phalangeal formula of the lepidosaurian manus through three transformation steps (gray columns 1TO-3TO; each type of 
transformation is indicated by an icon). Input: Displays the initial matrix representation. All images are identical here, ensuring 
consistency for comparisons among symmetry operations. After each transformation step, the matrix is updated from the result 
of the previous transformation. The third result (Output (R3)) is the final output and is exclusive of each symmetry type (S-t 1-8) 
showing the matrix representation in blue color. Input-Output Overlap: Displays the overlapping of the input and output matrices. 
Both gray and orange pixels denote discordance, with the orange pixels indicating cells originally marked in the input but lacking 
correspondence in the output. Symmetry Coefficient (SC): Shows percentage bars of the recall or sensitivity, indicating the 
pairwise overlap of occupied cells between input and output matrices. It measures the fraction of cells of the input that remain 
occupied in the output.
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4.	H:0 V:1 R:1 - Reflective symmetry along the inverse 
diagonal from SW to NE corner.

5.	H:1 V:0 R:0 - Reflective symmetry along the latero-
medial axis.

6.	H:1 V:0 R:1 (transpose) - Reflective symmetry along 
the main diagonal from NW to SE corner.

7.	H:1 V:1 R:0 - 180° rotational symmetry.
8.	H:1 V:1 R:1 - 90° counter-clockwise rotational 

symmetry.

Analysis of patterns in the phalangeal formula

To explore the PPF organizational properties, we 
identified the symmetry operation that maximizes SC 
scores. The transformation resulting in the highest 
overlap percentage is designated as the leading 
TO series for this specific plesiomorphic manus 
configuration. A high SC score associated with this 
TO series suggests it represents the predominant 
symmetry type within the image. Statistical significance 
was assessed by computing SC values for the target 
symmetry operation across randomized scenarios of 
PFs. In these scenarios, phalangeal formulae (PFs) 
were generated by randomly sampling counts from a 
truncated Poisson distribution (Plackett, 1953; Singh, 
1978) with a mean (lambda) of 3.4, which matches 
the mean phalangeal count observed in the PPF. The 
distribution was constrained between 0 and 5 to reflect 
the typical variation in most lepidosaurian species 
(Fontanarrosa et al., 2021), thus providing a realistic, 
statistically sound, and manageable framework for 
generating the null model.
We also examined the symmetry profiles across the 
comprehensive dataset of observed PFs compiled 
by Fontanarrosa et al. (2021a, 2024a, 2024b). We 
computed SC values for various transformation 
operations, excluding the trivial series with no 
transformations. Each type of symmetry explored 
corresponds to an analytical variable. Subsequently, 
a Principal Component Analysis (PCA) was applied to 
this multivariate dataset, reducing its dimensionality 
by summarizing the variance across the symmetry 
variables. This projection into a reduced dimensional 
space allows for the study of general patterns and 
typologies of PFs based on their positions within 
the factor map. All analyses and visualizations were 
performed using the R software (R Core Team, 2023; 
version 4.2.2), leveraging packages such as ade4 
(version 1.7-20) and extraDistr (1.10.0).

RESULTS
Implementing the three-step transformation operations 
series on the PPF configuration generates eight 
different output matrices (Fig. 2). Excluding the trivial 
case of no transformations, the sixth action (H:1 V:0 
R:1 = vertical flip followed by a 90° clockwise rotation) 
yields the highest degree of symmetry (~88%), as 

measured by the recall rate of relevant instances in 
the input (red cells) retrieved in the output (blue cells). 
This action is equivalent to the transposition of the 
original matrix and corresponds to assessing symmetry 
along the main diagonal running from the NW to the 
SE corner of the image (considering the right manus 
in the dorsal view). The second-highest symmetry 
score corresponds to the reflective symmetry along the 
proximodistal axis (82.4%).

Singularity of the plesiomorphic phalangeal 
formula as indicated by a symmetry operation

Upon conducting the null generation of 10,000 
phalangeal formulae with counts drawn from a 
truncated Poisson distribution, we obtained a left-
skewed distribution for the Symmetry Coefficient 
(SC; mean = 0.626, SD = 0.168, median = 0.647) 
associated with the sixth operation for assessing 
symmetry along the main diagonal (Fig. 3). Notably, the 
empirical SC value calculated for the PPF (~88%) falls 
in the rejection area at the 5% significance level on the 
right tail. Therefore, we can confidently reject the null 
hypothesis that suggests no organizational pattern of 
phalangeal counting across digits.

Figure 3. Distribution of the Symmetry Coefficient (SC) under 
randomized scenarios (null generative model of phalangeal 
formulae involving 10,000 repetitions). Each phalangeal 
formula is translated into a binary square matrix and then 
into an image. Here, the SC estimates the degree of overlap 
between input and output images after mirroring along the 
main diagonal from the NW to SE corner in each squared 
image. SC measures the fraction of occupied cells that have 
been retrieved after this transformation over the total amount 
of occupied cells in the input. The red dotted line indicates 
the observed SC value. The probability of observing an SC 
as extreme as or more extreme than the observed value is 
less than 0.05.
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Ordination of the empirical set of phalangeal 
formulae

A Principal Component Analysis (PCA) was performed 
on a dataset comprising the unique phalangeal 
formulae known from lepidosaurian species and the 
calculated coefficients of the symmetry operations. The 
input data submitted to PCA consisted of 53 rows and 
7 columns (symmetry scores derived from TOs series), 
excluding the trivial transformation operation. Thus, 
each point data corresponds to a single phalangeal 

formula. The very first two components (i.e., Axes 1 and 
2) accounted for a substantial amount (= 88.45%) of 
the total variance held by the data (Fig. 4A). Except for 
the 3rd TO regarding vertical flipping (for assessing a 
mirror condition across the manus proximo-distal axis), 
the remaining operations load heavily on the Axis 1 
(Fig. 4B). Overall patterns of change can be recognized 
throughout the scatter diagram of the PCA. Reduction 
in the number of phalanges proceeds from left to right 
in the factor map (Fig. 3C), while homogenization or 
equalization occurs from bottom to top (Fig. 4D).

Figure 4. Principal Component Analysis (PCA) for variables underlying the transformation operations of the input image for the 
lepidosaurian dataset. A, Scatter Plot of the set of phalangeal formulae projected on the first two axes of PCA. Inlet: bar plot 
for eigenvalues; B, correlation circle. It shows the relationships between all variables of the symmetry operations. Positively 
correlated variables are grouped. The distance between variables and the origin measures the quality of the variables on the 
factor map. The closer a variable is to the circle of correlations, the better its representation on the factor map; C, relationship 
between the total count of phalanges and the scores of point data along PCA Axis 1. The overall trend shows a reduction 
from left to right; D, relationship between the dispersion of phalangeal counts and the scores of point data along PCA Axis 2. 
Homogenization occurs from bottom to top.
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DISCUSSION
Comparative analysis of morphological features is 
helped by the use of a mathematical abstraction. 
Quantifying anatomical parts can be considered as the 
construction of a model that represents such parts, a 
process of abstraction that highlights some features 
while disregarding others. This applies to the phalangeal 
formula, a simple integer sequence (a unidimensional 
vector representing the number of phalanges in each 
digit of the manus or pes). PF represents a model that 
has yielded important information about the evolution 
of many tetrapod lineages, including lepidosaurians 
(Richardson & Chipman, 2003; Shapiro et al., 2007; 
Russell & Bauer, 2008; Fontanarrosa et al., 2021a, 
2024a). Phalangeal evolution can be effectively 
examined through various mathematical approaches. 
For instance, Nebreda et al. (2020) tackled digital 
evolution by representing phalangeal variation in the 
Maniraptoran manus as an X-Y coordinate matrix and 
utilizing Euclidean distances.
The organization of the manus reverberates in the 
information encoded in a phalangeal formula. As 
already mentioned before, previous work has found 
that lepidosaurians have a repertoire of 53 unique 
formulations and two properties: an ordering rule and 
a contiguity relationship (Fontanarrosa et al., 2021a), 
which are very apparent in the 2-3-4-5-3 plesiomorphic 
condition. Even though the number of phalanges could 
indicate adaptation to a specific ecological niche, the 
analysis in Fontanarrosa et al. (2021a), showed that 
the PF tends to show, instead, a phylogenetic constraint 
(i.e., the exploration of the phylogenetic tree reveals 
that lineages often share the phalangeal configuration 
of their ancestral node). In the present work, we have 
expanded the representation of the PF to generate a 
matrix model; each formula is represented as an image 
of pixels that can be manipulated using simple invariant 
transformations to find more complex organizational 
symmetry patterns embedded in each one of them. Two 
main results were obtained by transforming and further 
analyzing this model: (1) the plesiomorphic manus of 
lepidosaurians (the same formula for the plesiomorphic 
amniote condition) exhibits a strong fit to a diagonal axis 
of symmetry, and (2) the reduced symmetry space of 
phalangeal formulae in lepidosaurians is ordered along 
two main factors that can be interpreted as surrogates 
of eco-evo-devo signals.

Symmetry

The evolution of morphological symmetry is of interest 
in and of itself (Klingenberg, 2015). In multicellular 
organisms, symmetry is an instance of how meristic, 
repeated characters are organized (Rasskin-Gutman, 
2003). For example, in the tetrapod skeleton, the 
repetition of carpal elements in the manus can generate 
symmetrical arrangements. When this arrangement is 
the same around the axis provided by the digit III, a 
symmetry known as “mesaxonic” occurs; whereas 

other “ectaxonic” imply a predominant development in 
some morphological attribute such as length, width or 
phalangeal number. This difference can be functionally 
significant in some cases, although some studies have 
reported that both conditions can carry out similar 
functions; for example, in primates (Lemelin & Schmitt, 
1998). Although there are no specific studies on the 
bilateral symmetry of anatomical parts within manus 
(that is, particular to each manus), several authors 
recognize the presence of a pattern of bilaterality in 
some tetrapod lineages. Hopson (1995) reported a 
higher degree of symmetry in the manus of therapsids 
compared to other synapsids and interpreted this 
pattern as a morpho-functional advantage for the 
particular parasagittal body posture of that clade.
There has been an extensive development of 
methodologies to measure radial and bilateral 
symmetry in living organisms based on various 
techniques, with geometric morphometrics being the 
most developed. These methodologies have greatly 
contributed to the theoretical framework related to 
embryonic development, environmental stress, and 
hybridization and or fitness (Savriama & Klingenberg, 
2011). However, when attempting to address an 
articulated skeletal system, geometric morphometrics 
encounter difficulties. Our approach, unlike geometric 
morphometrics, disregards shape and focuses on 
topology and meristic series.
Our results have found a new kind of symmetry in 
the ectaxonic condition of the plesiomorphic manus. 
Indeed, after performing a series of rotational composite 
transformation operations, the highest symmetry 
score for the plesiomorphic condition corresponded 
to the combination of vertical flip and 90º clockwise 
rotation. This particular combination of these two basic 
transformations is equivalent to a single reflection 
transformation operation over a diagonal axis crossing 
the autopodium from proximo/lateral to distal/medial. We 
further supported this finding by performing an analysis 
of 10,000 randomly generated phalangeal formulas, 
confirming that this diagonal axis of symmetry is not 
common. This strongly suggests that the ectaxonic 
plesiomorphic phalangeal formula has a preferred 
symmetry that is diagonal. How can we interpret this 
symmetry pattern? As the patterns of topological 
relationships of each phalanx in a given phalangeal 
formula can be reminiscent of local self-organizational 
processes during embryonic development (Raspopovic 
et al., 2014; Fontanarrosa et al., 2021a; Hentschel et 
al., 2024), an explanation for this new finding could be 
based on the morphogenetic processes that form the 
manus. The interplay between the growth axes of the 
limb bud (proximodistal and lateromedial) could explain 
the identified diagonal symmetry. This pattern may reflect 
an underlying organization in limb development, where 
the two growing axes influence the final distribution of 
phalanges in the digits. Moreover, it has been noted 
that the digital arc begins to form posteriorly and turns 
anteriorly across the distal mesenchyme (Shubin & 
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Alberch, 1986; Gilbert, 2000). This “diagonalization” 
that occurs during development can be translated into 
the final pattern of the adult manus, as shown by our 
results.
The above-mentioned interplay leads us to consider 
that the two conceptual domains of symmetry in 
biology intermingle here, namely symmetry as a 
pattern and symmetry as a process (Palmer, 1994; 
Rasskin-Gutman, 2003). The former encompasses 
the morphological expression of symmetrical traits in 
organisms, which emerge as a property of multicellular 
life. The latter refers to the conditions, whether 
symmetrical or not, that shape the form of embryos and 
adults. Further studies may evaluate the evolutionary 
and developmental relevance of the diagonal axis 
found in our results.

Dimensions of a Symmetry Space

An empirical morphospace can highlight interesting 
patterns within a large phylogenetic group. By studying 
how forms occupy a morphospace in discrete areas, 
we can infer the existence of internal constraints that 
prevent an even distribution (Fontanarrosa et al., 
2021a). Our principal component analysis of the seven 
non-trivial symmetry variables delivered an ordering 
of the 53 unique phalangeal formula configurations 
of Lepidosauria along the first two components, 
which accounted for 88.4% of the variance. Thus, 
we generated an empirical symmetry space in which 
PC1 suggested a trend of phalanx reduction, possibly 
reflecting a phylogenetic signal, while PC2 differentiated 
PFs into homogeneous (forms with similar or identical 
phalangeal counts across digits such as 2-2-2-2-2) 
and heterogeneous groups (forms with more dissimilar 
phalangeal counts across digits such as 0-0-2-4-0), 
which could be considered as carrying an adaptive 
signal. This result reinforces the existence of general 
trends of bone number reduction across reptilian limbs, 
a phenomenon underscoring a fundamental principle of 
morphological evolution observed in various tetrapod 
lineages (Hall, 2007; Shapiro et al., 2007) as well as with 
studies suggesting that the autopod form is subject to 
a cascade of related phenomena, including ecological 
diversity and locomotory patterns (Delfino et al., 2010). 
The scatter plot further suggests that lepidosaurians 
with a higher number of phalanges seem to diverge 
along the phylogenetic axis into two groups: while both 
of them reduce their number of phalanges, one is a 
homogenous group (Fig. 4A, upper-right quadrant) and 
the other a heterogeneous group (Fig. 4A, lower-right 
quadrant).

CONCLUSION
To conclude, we have shown that the information 
encoded in the phalangeal formula can be expanded 
from a unidimensional vector to a richer 5 × 5 matrix. 
This analysis unveils the inherent structural properties 

of the image, offering insights into its organizational 
characteristics. This model has allowed us to perform 
image analysis operations that have shown the 
existence of a neglected diagonal axis of symmetry in 
the plesiomorphic phalangeal formula, maybe obscured 
by shape, size, and a wide range of interdigit angles. 
In addition, we have shown that in the morphospace 
of symmetry operations, all lepidosaurian formulae can 
be sorted in order of decreasing number of phalanges 
that have evolved purportedly into two distinct groups 
of homogeneous versus heterogeneous forms. Several 
questions arise that should be addressed in the future; 
for example, are there equivalent phalanges from one 
side to the other of the diagonal axis of symmetry? 
Is the equivalence based on development or do they 
carry some functional significance? To date, there are 
no well-documented homologies between phalanges, 
but it could be conceived that different phalanges 
have equivalent functions in different fingers. Future 
work using this representation model and other forms 
of image filtering analysis could lead us to study 
symmetry patterns that remain hidden from other form 
abstractions.
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