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Digital holographic microscopy (DHM) is a very popular interferometric technique for quantitative phase im-
aging (QPI). In DHM, an interferometer is combined with a microscope to create interference between an im-
aging beam containing information about the analysed sample and a clear reference beam carrying no sample
information. To exploit the capability of reference beam in terms of useful sample information, we have recently
proposed Cepstrum-based Interferometric Microscopy (CIM) [Opt. Las. Tech. 174, 110,626 (2024)] as a novel
methodology involving the interference of two imaging beams carrying different sample information and to
accurately retrieve quantitative phase data of both beams. In the earlier implementation, proof-of-concept of CIM
was demonstrated for a Michelson-based layout requiring manual adjustments during the CIM methodology and
validated only for low numerical aperture (NA) microscope lenses. In this contribution, we present a new CIM
arrangement that provides precise QPI with medium NA microscope lenses and avoids manual intervention of
the user during the hologram recording. This new approach incorporates a compact quasi-common-path Mach-
Zehnder configuration at the output port of an infinity corrected microscope system to interfere two imaging
beams containing information from different regions of the sample. By sequentially recording three off-axis
holograms and applying the Spatial-Shifting Cepstrum (SSC) algorithm, decoupled QPI of both complex fields
are retrieved, doubling the accessible field of view (FOV). The effectiveness of the approach is experimentally
validated using two medium NA microscope lenses with distinct features (20x/0.42NA and 50x/0.55NA). The
approach is first validated with calibrated phase objects, and then assessed for imaging of various biological
samples.

1. Introduction achieved by diverse techniques based on different interferometric and

non-interferometric basic principles [6-13], being interferometric

Quantitative phase imaging (QPI) is a valuable label-free and wide-
field optical microscopy method with outstanding possibilities for
biomedical applications [1,2]. QPI exploits the intrinsic phase shift of
light passing through transparent samples, such as cells and tissues, to
provide high endogenous contrast imaging and to quantify different
biophysical parameters such as, for example, refractive index (RI),
topography or dry mass [3,4]. Hence, QPI can provide valuable infor-
mation about cell size, morphology, behavior, cellular viscoelasticity,
drug efficacy, biomass accumulation or transport mechanics, which are
supporting studies of development, physiology, neural activity, cancer
and additional physiological processes and disease [5]. QPI can be
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techniques, in particular digital holographic microscopy (DHM), maybe
the most widely used for QPI [11,14-16].

DHM merges high-quality imaging, interferometric accuracy and
computational processing and analysis, provides extended depth of
field, enables numerical refocusing, and allows whole-object wavefront
recovery with nanometer sensitivity [11,17-19]. In addition, DHM en-
ables QPI using a wide-field, real-time, non-invasive, non-contact, and
static operating principle. In DHM, a clean external reference beam with
known complex amplitude distribution interferes with the original ob-
ject beam in the recording plane forming a hologram, from which QPI is
achieved by numerical reconstruction [15].
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Various classical interferometric configurations, including Mach-
Zehnder [20,21], Michelson [22], Linnik [23], Mirau [24], Twyman-
Green [25] and common-path arrangements [26] are commonly used
in DHM, with Mach-Zehnder being the most widely used architecture in
practice. Historically, the requirement of a clean reference beam for
interferometric recording in DHM-based QPI has been mandatory,
regardless of the specific interferometric setup utilized. In essence, the
success of DHM imaging relies on prior knowledge of the complex
amplitude distribution of one of the interferometric beams, the reference
one. With this prior knowledge, one can subsequently retrieve the
complex amplitude information of the other beam involved, the object
one. Until now, the necessity of a reference beam with a known complex
amplitude distribution has been a universal requirement in all holo-
graphic approaches.

Recently, we have proposed a DHM technique that achieves QPI from
both unknown/arbitrary interferometric beams [27]. The technique is
named Cepstrum-based Interferometric Microscopy (CIM) and supposes
a huge step forward not only in DHM but also in holography and
interferometry, to remove the barrier of using clean/known reference
beams for interferometric recording and QPI reconstruction [27]. CIM
provides accurate QPI of all arbitrary interferometric beams involved in
the recording process. In our previous approach, CIM was able to
recover QPI of the three complex fields involved in the recording pro-
cess, thus also tripling the field of view (FOV) [27]. In [27], proof-of-
concept of CIM technique was reported using a Michelson-based
layout and a low numerical aperture (NA) and magnification micro-
scope lens (7.5x/0.21NA).

In this contribution, we present a new CIM approach based on a
Mach-Zehnder arrangement and medium NA/magnification microscope
lenses. The approach implements a quasi-common-path interferometric
configuration at the output port of a microscopy system based on a
compact Mach-Zehnder interferometer, where both interferometric
beams carry information of different regions of the sample. The
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methodology records three off-axis holograms, where one of the inter-
ferometric beams is shifted in both transversal directions (x and y) a
small amount (1-pixel of the digital sensor) around a starting position.
Afterwards, the approach implements the Spatial-Shifting Cepstrum
(SSC) algorithm introduced in our previous paper [27] and performs a
decoupling procedure to provide separate QPI of both interferometric
beams. The proposed approach is a step forward in the potential of CIM
to be applied to real biomedical applications, which commonly make use
of optical microscopes with medium NA and magnification microscope
lenses, such as in cell biology, microbiology or histology. In addition, the
new arrangement increases flexibility and versatility, avoids manual
adjustment of the optical components between acquisitions because
automatizes completely the recording process. As result, the new auto-
mated CIM approach significantly increases the acquisition speed and
robustness of CIM technique while ensures repeatability of the results.
This opens new possibilities to CIM for, for instance, pseudo real-time or
time-lapse biological applications. The manuscript is organized as fol-
lows. Section 2 describes the experimental layout and methodology for
interferometric recording and QPI reconstruction and FOV decoupling.
Section 3 includes the experimental validations for different samples
(phase resolution test target and biological fixed cells and tissue sec-
tions). Finally, Sections 4 and 5 discusses and concludes the manuscript,
respectively.

2. System analysis and methodology
2.1. Automated CIM layout description

Fig. 1 includes an optical scheme [Fig. 1(a)] and a picture [Fig. 1(b)]
of the experimental setup utilized for validation of automated CIM. The
layout was composed of a common-path Mach-Zehnder interferometer
together with an infinity corrected microscope arranged on an optical
table. For illuminating the sample with coherent light, we utilized a laser

|

BS1 CIM
S 5,\"'2 MODULE
‘l -
l X SENSOR

o o o o & NSRRI

Eeinn | ,
P e )

e toe

. DIGITAL |}
. | SENSOR ||

..

Fig. 1. Experimental system for automated CIM implementation. (a) Schematic representation of the optical scheme including the main components of the layout
and highlighting the CIM module. (b) Picture of the complete system and enlarged image of the CIM module, marked with a green rectangle. Orange rectangles
included in (a) and (b) highlight the components with a joint movement. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)
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source (He-Ne, A = 632.8 nm, optical power 35 mW). The lab-made
microscopy arrangement consisted of a microscope objective (20x /
0.42NA and 50x / 0.55NA, infinity corrected, LD, Mitutoyo, Japan) and
a tube lens (TTL180-A, 180 mm focal length, Thorlabs, US). Behind the
tube lens, we assembled a compact Mach-Zehnder interferometer for
automated CIM implementation, having dimension of 12 x 12 cm
(excluding motorized stages).

The CIM module [marked with green rectangles in Fig. 1(a) and (b)]
was composed of two beam splitter cubes (BS013, 50:50 R-T, 25.4 mm
side, non-polarizing, Thorlabs, US) and two mirrors (PF10-03-G01, 25.4
mm diameter, round protected aluminum, Thorlabs, US). For automated
CIM implementation, precise vertical and horizontal movements of
interferometric beams were produced by two linear translation stages
(8500G-HL, Newport, US) controlled by high precision actuators (SP300
Motion Controller/Driver, Newport, US). The mirror M1 was moved
along z-axis direction by means of a linear translation stage to provide
the horizontal shift along the x-axis direction. Furthermore, another
linear translation stage controlled together the mirror M2 and the
recombining beam splitter cube BS2 along the x-axis direction to induce
the vertical movement of the FOV in the y-axis direction. This vertical
shift provided by the combination of M2-BS2 components was due to M2
was tilted in the vertical y-axis direction to induce the off-axis holo-
graphic configuration in such a vertical direction. This vertical off-axis
holographic configuration can be better identified in the Fourier

(@)

SHIFT IN HORIZONTAL DIRECTION

(1) l FFT (d1) (d2)

FOURIER
FILTERING
+FFT

Optics and Laser Technology 177 (2024) 111121

transforms of the recorded holograms included in Fig. 2(c1) and (c2).
This mechanical configuration avoids the manual adjustment of one of
the mirrors and enables the automatization of the recording process,
which increases the recording speed and ensures repeatability in the
recording process, unlike the previously reported arrangement [27].
Digital recording of the three distinct holograms was sequentially done
with a complementary metal-oxide-semiconductor (CMOS) sensor
(Alvium 1800U-811 m, monochrome, USB3.0, pixel size 2.74 pm, res-
olution 2848 x 2848 pixel, global shutter, frame rate 51 fps, Allied
Vision, Germany). Subsequent digital image processing was carried out
in a laptop (XPS15 9550, Dell, US) employing a numerical computing
platform (MATLAB 2021b).

2.2. CIM holographic recording

In the new automated CIM implementation we are presenting, a total
of three off-axis holograms are needed. These three holograms are
sequentially recorded starting from two independent complex fields.
After an initial off-axis recording, one of those interferometric images is
first vertically and after horizontally shifted by one pixel providing the
two additional recordings. In our case, the shift was produced by a
precision motor actuator with high enough displacement accuracy
running at a constant speed. As in previous CIM implementation, 40
frames integrating a displacement of one pixel were recorded after
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Fig. 2. Flow chart of the recovery process of the proposed automated CIM approach. (a) Scheme of the calibrated phase object involved in the experimental
validation indicating the 2 FOVs involved in the process (green and orange squares, with colored arrows showing the shift). (b) Arrangement of the FOVs in the phase
target after off-axis holographic configuration in vertical direction. (c1) and (c2) Fourier transforms of the holograms recorded considering the horizontal and vertical
shifts, respectively. (d1)-(d3) QPIs recovered from the three distinct holograms after Fourier filtering [white circles included in (c1) and (c2)] and inverse Fourier
transform. (el) and (e2) Fourier transforms recovered after application of the SSC algorithm considering the image combinations (d1)-(d2) and (d2)-(d3), respec-
tively. (f1) and (f2) bow-tie masks applied to Fourier transforms of (el) and (e2) to remove spatial frequency singularities in vertical and horizontal directions,
respectively. (g1) and (g2) phase reconstructions from the combination (e1)-(f1) and (e2)-(f2) after ICC, respectively. (h1) and (h2) Final QPIs recovered after high-
pass filtering process to (g1) and (g2), respectively. Note that in images (d1)-(d3) and (h1)-(h2) contrast was increased for shake of clarity in the visualization, proper
phase images are depicted in Fig. 3. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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reaching the steady velocity of the motor, thus having an estimated
determination confidence of 1/40 of pixel [27]. This process was per-
formed in both vertical and horizontal directions and the accuracy and
repeatability were determined using an amplitude object (USAF reso-
lution target, Newport, US) and a subpixel cross-correlation image
registration algorithm in an initial calibration process.

2.3. CIM image reconstruction: SSC algorithm

Once recorded the three off-axis holograms required for CIM appli-
cation, we implemented the following numerical reconstruction for QPI
of the two interferometric beams. Fig. 2 depicts a flow chart of the
reconstruction procedure, showing an example with a calibrated phase
object. Fig. 2(a) shows a representation of the phase structures of the
calibrated target, including green and orange squares to highlight the
FOVs considered for reconstruction. In this case, the green and orange
squares refer to FOV; and FOV,, respectively. Furthermore, the color-
coded arrows included in Fig. 2(a) indicate the shift direction of each
FOV. In addition, Fig. 2(b) includes a representation of the arrangement
of the FOVs after vertical off-axis holographic configuration, where the
black square marks the area recorded by the digital sensor. First,
considering the Fourier transforms of the recorded off-axis holograms
[see two examples in Fig. 2(c1) and (c2)], we performed conventional
Fourier filtering recovery process [28] to each hologram for the obten-
tion of one of the cross-correlation terms of the hologram, which can be
denoted as

~ ~%

U(u,v) = 0y(u,v) @ O, (u,v) (€8]

where ® denotes convolution and 61(u, v) and 6;(u, v) are the Fourier
transforms of the unknown complex amplitudes O, (x,y) and Oz(x,y) of
the interferometric beams including FOV; and FOVs, respectively. In
addition, u and v are the spectral coordinates, and x and y are the spatial
coordinates. Representations of the three phase images obtained after
Fourier filtering are included in Fig. 2(d1), (d2) and (d3). In Eq. (1), we
can see that the cross-correlation term presents the information coming
from the different beams coupled, so that we must decouple this mixed
information to properly retrieve the complex images. In addition, the

convolution of Eq. (1) of one complex fields O, (u,v) with the complex

conjugate of the other complex field (A);(u, v) makes that the phase dis-
tributions coming from the different beams have opposite sign, which
can derive in phase cancellation in the image regions where object
structures, with the same phase values, overlap each other. This mixture
of information can be also seen in the phase images of Fig. 2(d1)-(d3),
where the spatial overlapping of phase structures coming from the
different FOVs induce phase cancellation in some regions of the images.

Decoupling of the images is carried out with the Spatial-Shifting-
Cepstrum (SSC) algorithm [27]. As demonstrated in Ref. [27], the
amplitude |01 x(x,y) | and phase ¢, ,(x,y) distributions of the complex
amplitude O .(x,y) recovered when considering the shift xo in the
horizontal direction are given by

R = e VI
R e

where ¢ ,(x,¥), ¢y(x,y) and ¢y (x,y) are the phases of the complex
fields O1x(x,y), U(x,y) and Ux(x,y), respectively, being U.(x,y) the
complex amplitude of the cross-correlation term after shifting 1-pixel
O1x(x,y) in x direction. Afterwards, O (x,y) is recovered from
O1x(x,y) as
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024(x,y) = log™* [7‘ {f/(u, V) — Oy(u, v) } ] ®)

being U(u,v) and Oy «(u, v) the complex Cepstra of U(x, y) and O1x(x,y),
defined as described in [27]. Similar numerical procedure is performed
considering the shift y, in the vertical direction and the complex fields
O1y(x,y), O2y(x,y) and Oz (x,y —¥o). In this case, the shift is performed
in the complex amplitude O2y(x,y), so that we first recover Ozy(x,y)
considering Eqgs. (6) and (7), and then Oy y(x,y) is achieved taking into
account Eq. (8). In Fig. 2(el) and (e2), we can see the complex Cepstra
recovered for O; x(x,y) and O2x(x,y), and for O ,(x,y) and Oz, (x,y),
respectively.

As we can see in Fig. 2(el) and (e2), the complex Cepstra present a
centered line of indeterminate values along vertical and horizontal di-
rections, respectively, which is called the zero-ambiguity problem [27].
These lines with indeterminate values can be reduced only to the central
DC spatial frequency at the Fourier domain (u = 0,v = 0) by averaging
both complex reconstructions coming from both horizontal and vertical
shifts. On one hand, O; x(x,y) is combined with O;,(x,y) and, on the
other hand, O2x(x,y) is merged with O, (x,y). To avoid indeterminate
values and to ensure smooth transition between determinate-
indeterminate values, we apply a bow-tie masking procedure by
considering the complex Cepstra showed in Fig. 2(el) and (e2) and the
masks Wy (u,v) and Wy (u,v) depicted in Fig. 2(f1) and (f2), respectively,
which are mathematically represented as

W, (u,v) = cos* {arctan (E) ] )

W, (u,v) = sin® [arctan (g) ] (10)

Then, complex amplitudes of both interferometric beams O; (x,y) and
O;(x,y) are obtained after inverse complex Cepstrum (ICC) application
[27]. Afterwards, QPIs of both beams are achieved by application of a
numerical phase unwrapping algorithm [29]. The resulting phase im-
ages after ICC and phase unwrapping implementation are included in
Fig. 2(gl) and (g2) for the case of the FOV; and FOVy, respectively.

Since in practice, indeterminate values are also expanded to u and v
values in the close neighbourhood, background inhomogeneities appear
in the recovered complex images [see Fig. 2(g1) and (g2)], which are not
critical to retrieve the object information. Removal of background noise
is overcome by applying a high-pass filtering process to the recovered
complex fields, thus achieving the final QPIs [p;(x,y) and ¢,(x,y)]
corresponding to O (x,y) and Oz (x,y). Such QPIs are included in Fig. 2
(h1) and (h2) for the case of FOV; and FOV,. With this procedure, CIM
decouples the information coming from both interferometric beams,
thus also doubling the analysed FOV in comparison with conventional
DHM techniques.

3. Experimental validation

The automated CIM approach was experimentally validated
involving diverse samples and considering several microscope lenses
having different NAs and magnifications (20x/0.42NA and 50x/
0.55NA). First, we validated the decoupling capability and the QPI
performance of the CIM approach with calibrated phase objects. After-
wards, the proposed approach was evaluated for imaging of diverse
biological samples containing fixed cells and tissue sections.

3.1. Experimental validation with calibrated phase objects

First validation for successful FOV decoupling and accurate QPI in-
volves a calibrated phase object. In particular, we employed a
commercially available quantitative phase target (QPT™) (http
s://benchmarktech.com/quantitativephasemicroscop/, Benchmark
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Technologies, MA, USA), which contained several structures with seven
distinct feature thicknesses from 50 nm to 350 nm with nominal in-
crements of 50 nm. According to the manufacturer, the phase structures
were raised on a Corning Eagle XG glass substrate, having a RI value of
~ 1.51 at A = 632.8 nm. Estimated thickness values of the phase target
features were measured by the manufacturer with atomic force micro-
scopy (AFM).

In a first experiment, a square grid (250 x 250 pm), typically used by
the manufacturer for AFM measurements, having a thickness of 300 nm
and a spatial period of 2 pm, was imaged with a 20x/0.42NA microscope
lens. Fig. 3 shows the results obtained for the FOVs indicated in Fig. 2
from the decoupling procedure performed with the SSC algorithm. Fig. 3
(a) includes the QPI recovered after application of the Fourier filtering
method to one of the three recorded off-axis holograms, where the
overlapping between the phase structures within the different FOVs is
evident. Indeed, due to the opposite sign of the phase presented in the
interferometric beams, such overlapping of the structures induced phase
cancellation in the region of interest (ROI) marked with a red rectangle,
as we can better identify in the enlarged image of such ROI [see Fig. 3
(a)]. In addition, Fig. 3(b) and (c) present QPI reconstructions of FOV;
and FOV; after implementation of the SSC decoupling algorithm,
respectively. In the QPIs, we can notice that both FOVs are successfully
decoupled each other by SSC method. Furthermore, the application of
the SSC algorithm removed the phase cancellation effect, as we can
better identify in the enlarged images of the ROIs within the green and
blue rectangles included in Fig. 3(b) and (c), respectively. In fact, QPI
reconstructions after SSC implementation exhibit spatial distributions
expected for such a kind of periodic structure.

To validate the technique from a quantitative point of view, we
compared the experimental results provided by the proposed automated
CIM approach with those provided by a conventional off-axis DHM
layout (a Mach-Zehnder configuration with a clear reference beam and
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Fig. 3. Experimental results of the SSC decoupling process of the proposed
automated CIM approach involving a grid square of the QPT™ and a 20x/
0.42NA microscope lens. (a) QPI reconstruction after Fourier filtering including
both coupled FOV; and FOV, where enlarged ROI within red rectangle shows
the phase cancellation. (b) and (c) QPIs of FOV; and FOV,, respectively, after
SSC implementation exhibiting proper decoupling, where enlarged images of
green and blue ROIs show successful removal of phase cancelation and proper
QPI reconstruction. Scale bars are 20 pm. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of
this article.)
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standard QPI reconstruction based on Fourier filtering) as ground-truth
method. Fig. 4 includes the results for the case of FOVy. Fig. 4(a) and (c)
include the QPIs recovered from the proposed CIM and conventional
DHM, respectively, where we also include enlarged (and rotated) images
of the ROIs enclosed in blue and green rectangles, respectively. From
QPIs, we computed the 3D thickness distributions t(x, y) according to the
relation

Px, )4
2wAn

H(x,y) = (10)
being A the illumination wavelength, An = nyg —ng; the RI difference
between the test structures and the air, and ¢(x, y) the phase distribution
of those structures. Fig. 4(b) and (d) include the rotated 3D thickness
distributions computed from Eq. (10) and within the blue and green
ROIs, respectively. From Fig. 4(a)-(d), we can realize that both CIM and
DHM methods provided equivalent results. Finally, we performed phase
and thickness profiles along the red and black dashed lines included in
enlarged images of Fig. 3(a) and (c), respectively. The results are
included in Fig. 4(e), exhibiting a good agreement between the profiles
provided by both methods. In Table 1, the average thickness values of
such structures computed from Fig. 4(e) are compared with the nominal
value and the value estimated by atomic force microscopy (AFM) both
provided by the manufacturer. The errors in the thickness values are
provided by computing the standard deviation (SD) of the maximum and
minimum thickness values achieved from the different periods of the
grating. The agreement between values demonstrates that automated
CIM approach provides accurate QPI and thickness values when
considering a 20x/0.42NA microscope lens.

Additional validation of the proposed automated CIM approach is

CIM
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Fig. 4. Quantitative comparison of experimental results provided by the pro-
posed automated CIM approach against standard off-axis DHM for the case of a
square grid structure imaged with a 20x/0.42NA microscope lens. (a) and (c)
Retrieved QPIs and (b) and (d) thickness distributions provided by CIM and
DHM, respectively. (e) Quantitative phase-thickness profiles along red and
black dashed lines marked in enlarged images of (a) and (c), respectively. Scale
bars are 20 pm. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Table 1

Quantitative analysis of the new automated CIM approach with 20x/0.42NA
microscope lens involving a quantitative phase target. Comparison of thickness
values provided by automated CIM, conventional off-axis DHM and the
manufacturer (nominal and estimated by AFM) for the phase structures of
FOV.,.

Optics and Laser Technology 177 (2024) 111121

Table 2

Quantitative analysis of the new automated CIM approach with 50x/0.55NA
microscope lens involving a quantitative phase target. Comparison of thickness
values provided by automated CIM, conventional off-axis DHM and the
manufacturer (nominal and estimated by AFM) for the phase structures of
FOV,.

Thickness + SD (nm)

Thickness + SD (nm)

Nominal 300
Estimated by AFM 329.5
Measured by automated CIM 314 £ 30
Measured by conventional DHM 306 + 24

Nominal 200
Estimated by AFM 223.4
Measured by automated CIM 236 £ 15
Measured by conventional DHM 227 £9

reported using a 50x/0.55NA microscope lens. In this case, a square grid
of the same QPT™ with a nominal thickness of 200 nm was involved.
The results are included through Fig. 5. Fig. 5(a) shows the QPI recov-
ered after Fourier filtering of one of the three recorded holograms
required for SSC application, including an enlarged ROI to better iden-
tify phase cancellation effect. After SSC decoupling algorithm, we ach-
ieved the QPIs included in Fig. 5(b) and (c) for FOV; and FOVj,
respectively. As we can see in the enlarged images of the RIOs enclosed
within the green and blue regions in Fig. 5(b) and (c), respectively, the
SSC algorithm successfully decoupled both FOVs each other, even in the
ROIs with phase cancellation, thus making the grid structures visible.
Furthermore, the accuracy for QPI reconstruction was validated, as
before, through the comparison of the QPI values of the FOV3 with the
provided by conventional DHM as ground-truth technique. In particular,
we compared the QPI distributions provided by both techniques in the
ROI within the white rectangle marked in Fig. 5(c). The recovered QPIs
are included in Fig. 5(d) and (e) for the case of CIM and DHM, respec-
tively, whereas the 3D thickness distributions, computed from Eq. (10)
and the QPI values, are shown in Fig. 5(f) and (g), respectively. As we
can see, although the QPIs and thickness distributions recovered from
CIM appeared noisier than the provided by standard DHM, both tech-
niques provided similar distributions. Finally, we computed the quan-
titative phase-thickness profiles along the dashed red and black lines
included in Fig. 5(d) and (e), whose results are included in Fig. 5(h).
Looking at Fig. 5(h), we can realize that both techniques provided
comparable phase-thickness values each other. As before, we compare
the average thickness values computed from Fig. 5(h) with the provided
by the manufacturer, and the results are shown in Table 2. Again, the
results of Table 2 exhibit a high concordance one another, validating the

[(b)  Fov,

7

new CIM approach for accurate QPI employing the 50x/0.55NA mi-
croscope lens. Hence, with these two experimental validations, we
demonstrated the feasibility of CIM to be successfully performed with
microscope lenses having medium magnifications and NAs.

3.2. Experimental validation with biological samples

The automated CIM approach was also evaluated for imaging of
biological samples. To demonstrate that the approach reported here can
also provide QPI in diverse biological scenarios, it was validated with
diverse type of samples (prostate cancer cells, red blood cells, and mouse
fatty live tissues) with the previous microscope lenses (20x/0.42NA and
50x/0.55NA).

In a first experiment involving biological samples, we imaged two
different cell lines (PC-3 and LNCaP) of fixed prostate cancer cells using
the 20x/0.42NA microscope lens. Prostate cancer cells were prepared as
follows. Cells were first cultured in RPMI 1640 medium with 10 % fetal
bovine sertum, 100 U/ml Penincillin and 0.1 pg/ml Streptomycine at
standard cell culture conditions (37 °C in 5 % CO, in a humidified
incubator). After cell confluent stage was reached, cells were released
from the culture support and centrifuged. Finally, supernatant fluid was
discarded by centrifugation and cells were resuspended in a cytopre-
servative solution and mounted in a microscope slide for imaging.

Fig. 6 presents an example of the experimental results provided by
the proposed CIM approach for the case of PC-3 (left half — number 1 of
Fig. 6) and LNCaP (right half — number 2 of Fig. 6) prostate cancer cells.
Looking through Fig. 6, we can observe that PC-3 cells were mostly
presented as individual cells, whereas LNCaP cells tended to aggregate
each other and to conform clusters. Hence, two different cellular cases

CIM DHM
rad @ rad © rad
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0 -1 -1

, A. 7 @ .
\[100 100
AR BB
¢ A rad (h) -
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Fig. 5. Experimental validation of the proposed automated CIM approach with a 50x/0.55NA microscope lens and involving a grid square of the QPT™. (a) QPI
reconstruction after Fourier filtering including both coupled FOV; and FOV, where enlarged ROI within red rectangle shows the phase cancellation. (b) and (c) QPIs
of FOV; and FOVy, respectively, after SSC implementation exhibiting proper decoupling, where enlarged images of green and blue ROIs show successful removal of
phase cancelation and proper QPI reconstruction. (d) and (e) QPIs retrieved from CIM and DHM, respectively, of the ROI marked with white rectangle in (c). (f) and
(g) 3D thickness distributions computed considering Eq. (10) and QPIs included in (d) and (e) for the case of CIM and DHM, respectively. (h) Quantitative phase-
thickness profiles along red and black dashed lines marked in enlarged images in (d) and (e), respectively. Scale bars are 10 pm. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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LNCaP cell line
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Fig. 6. Experimental results provided by automated CIM system involving PC-3 (1) and LNCaP (2) prostate cancer cell lines imaged with a 20x/0.42NA microscope
lens. (a) and (b) Intensity images of FOV; and FOV, recorded from each interferometric beam, respectively. (c) Reconstructed QPI of the coupled FOVs after Fourier
filtering implementation. (d) and (e) Reconstructed QPIs of the decoupled FOV; and FOV; after SSC application, respectively. (f) and (g) Enlarged perspective QPI
views of cells included in white rectangles of (d) and (e), respectively. Scale bars are 20 pm.

() SI DHM rad
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Fig. 7. Experimental results provided by the proposed CIM approach involving RBCs imaged with a 50x/0.55NA microscope lens. (a) QPI reconstruction of the
coupled FOVs after Fourier filtering. (b) and (c) QPI reconstructions of the FOV; and FOV, decoupled by SSC application, respectively. (d) and (e) Enlarged
perspective QPI views of cells included in red and green squares of (b) and (c), respectively. (f) Enlarged perspective QPI view of the cell included in the blue square
of (a) for comparison with the results provided by ground-truth SI DHM. Scale bars are 10 pm. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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were studied in this case. Fig. 6(a) and (b) include the intensity images
recorded from each individual beam (named as FOV; and FOVj,
respectively) to show that both interferometric branches contained
sample information. In addition, we present in Fig. 6(c) one of the three
QPI reconstructions achieved after Fourier filtering, showing the over-
lapping between both FOVs. Furthermore, QPI reconstructions of FOV;
and FOV;, after application of SSC method are depicted in Fig. 6(d) and
(e), respectively. Moreover, to clearly show the successful decoupling of
both FOVs, we include in Fig. 6(f) and (g) enlarged perspective views of
QPI reconstructions of the cells within the regions marked with white
rectangles in Fig. 6(d) and (e), respectively. Comparing Fig. 6(d) and (e)
with Fig. 6(a) and (b), respectively, we can see that the proposed CIM
method provided successful separation of the FOVs coming from the
different interferometric beams. In addition, QPI reconstructions pre-
sented through Fig. 6(d)-(g) demonstrate that the proposed approach
provided satisfactory QPI reconstructions of biological samples con-
taining individual cells as well as cell cluster aggregations.

In a second experiment, a sample of red blood cells (RBCs) was
imaged using the 50x/0.55NA microscope lens. RBCs, freely donated by
a cell biology laboratory, were obtained from a puncture drop on the
finger skin and smeared onto a microscope slide for imaging. An
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example of the experimental results is included in Fig. 7. Fig. 7(a) shows
one of the QPI reconstructions achieved after Fourier filtering imple-
mentation including both coupled FOVs. In addition, Fig. 7(b) and (c)
present QPI reconstructions, in positive phase contrast, of the decoupled
FOV; and FOV;, after application of SSC method, exhibiting successful
separation between both FOVs. To emphasize successful decoupling of
overlapping individual cells, we include in Fig. 7(d) and (e) magnified
perspective views of the QPI reconstructions for the RBCs within the red
and green squares included in Fig. 7(b) and (c), respectively. For visual
comparison, Fig. 7(f) includes a perspective view of the QPI recon-
struction for a non-overlapped RBC, marked with blue square in Fig. 7
(a), which can be considered as a QPI provided by standard self-
interference (SI) DHM, considered in this case as the ground-truth
method. Although QPIs included in Fig. 7(d)-(f) correspond to
different RBCs, we can notice a high concordance between the results
provided by the proposed CIM approach and the results provided by the
ground-truth SI DHM technique.

And finally, we evaluated the presented approach for QPI of a bio-
logical sample consisting of a mouse fatty liver histology. The sample
was prepared as follows. First, liver was processed by fixation with 4 %
PFA for 4 h, followed by tissue dehydration and paraffin embedding.

Fig. 8. Experimental results provided by the automated CIM approach with a 20x/0.42NA microscope lens for the case of a mouse fatty liver tissue with 100 %
confluency. (a) and (b) Intensity images of FOV; and FOV, recorded from each individual beam, respectively. (c) Reconstructed QPI of the coupled FOVs after Fourier
filtering implementation. (d) and (e) Reconstructed QPIs of the decoupled FOV; and FOV, after SSC application, respectively. Scale bars are 20 pm.
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Then, liver tissue was cut with a microtome to obtain slides with sections
of 5 um. Finally, slides with liver sections were deparaffinised and hy-
drated before mounting with coverslips and mounting media for imag-
ing. This sample was different to the samples previously studied and was
considered as challenging due to its high confluency. Briefly, confluency
can be defined as the percentage area covered by cells in a culture dish
or flask [30]. According to this definition, the sample here analysed had
a confluency of 100 %.

Fig. 8 shows an example of the experimental results achieved for that
liver sample utilizing the 20x/0.42NA microscope lens. For easy iden-
tification of the two FOVs to be reconstructed, Fig. 8(a) and (b) include
the intensity images recorded for each individual FOV; and FOVy,
respectively, before setting the interferometric configuration. Further-
more, Fig. 8(c) shows one of the three QPI images recovered after
Fourier filtering procedure, where the lipid droplets of the fatty liver
tissue contained in the different FOVs can be identified due to their
opposite phase contrast. Moreover, decoupled QPI images of FOV; and
FOV; after SSC reconstruction are shown in Fig. 8(c) and (d). In this
case, comparison against results provided by a standard common-path
DHM approach was not possible due to the high confluence nature of
the tissue sample. Nevertheless, visual comparison between the intensity
images of Fig. 8(a) and (b) and QPIs of Fig. 8(d) and (e) suggests that
both FOVs were successfully decoupled and reconstructed.

4. Discussion

In this contribution, we have extended the use of our recently pro-
posed CIM concept to medium NA microscope lenses. In particular, we
have presented and experimentally validated a new automated CIM
layout based on a quasi-common-path Mach-Zehnder interferometer.
The method achieves QPI of two FOVs by sequentially recording three
off-axis holograms, incorporating a 1-pixel shift (both horizontally and
vertically) in one of the interferometric beams between consecutive
holograms. Through Fourier filtering and SSC procedures applied to
these holograms, the decoupling and QPI of both beams was successfully
accomplished. Experimental validations with calibrated phase objects
demonstrated the approach’s effectiveness in separating information
from both complex beams, thereby doubling the achievable FOV
compared to conventional DHM. The proposed method also provided
accurate QPI and 3D thickness distributions, even in challenging sce-
narios with phase cancellation. Evaluations with diverse types of fixed
cells and tissue sections demonstrated the suitability of the approach for
biological imaging, even in cases of high sample confluency.

In CIM technique, a critical consideration is how to generate lateral
shifts (both horizontal and vertical) required for SSC implementation in
one of the FOVs. On the previous implementation with a Michelson
arrangement [27], such shifts were achieved through using precise
displacements performed with a motorized linear translation stage (1-
pixel shift between consecutive holograms) while manual interaction by
the user was needed to change the off-axis direction in one of the mirrors
in the Michelson configuration. This manual mirror manipulation pre-
sents several drawbacks. On one hand, it reduces considerably the
acquisition time of the full sequence of recorded images (around 1 min)
since the off-axis angle needs to be properly adjusted for the second
direction (recording of one hologram, inspection of its Fourier transform
and readjusting the off-axis angle repeating the procedure). On the other
hand, the manual control of the mirror arrangement prevented repeat-
ability in the recording conditions, which is a critical issue for spreading
CIM to real application scenarios. On the contrary, in this contribution,
the recording process is fully automatized, ensuring both reduced
acquisition times (only a few seconds for whole recording process) and
high repeatability, therefore approaching CIM to the conditions
encountered in real technical and biomedical applications.

As in previous CIM approach [27], holograms were recorded
considering FOV shifts along vertical and horizontal directions but
alternative pair of orthogonal (or even non-orthogonal) directions could
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also be considered. This is because the shift in the second direction is
only required to reduce the indeterminate line in the complex Cepstrum
to the DC term, making it analogous to the zero-ambiguity problem
encountered in transport of intensity equation (TIE) QPI methodologies
[13]. Nevertheless, various strategies, including high-pass filtering
(utilized here for simplicity), Zernike functions, polynomial fitting,
principal component analysis, and machine learning, can be employed
to address this issue [31-35].

Similar to DHM, CIM is a versatile technique adaptable to different
interferometric layouts (Michelson, Mach-Zender, common-path, etc.)
and holographic configurations (not only off-axis but also slightly off-
axis or on-axis configurations). In terms of temporal resolution, auto-
mated CIM implementation requires three off-axis holograms, one ho-
logram less than previous CIM methodology [27] and comparable again
to the holograms needed for phase-shifting (PS) methods in DHM. In
addition, the optomechanical components required for CIM to induce
the shift between FOVs are also similar to the equipment needed in PS-
based DHM techniques to provide the phase shift between interfero-
metric beams. However, CIM stands out favourably compared to PS
methods by increasing the FOV (doubling or tripling depending on CIM
implementation) and eliminating reference beam constraints. On the
other hand, CIM under off-axis holographic configuration limits the
pixel size of the digital sensor due to the wider circular mask defined in
the Fourier filtering process compared to classical off-axis DHM. In CIM,
the cross-correlation term contains information about two complex
fields with spatial distribution, doubling the cut-off spatial frequency for
this term, unlike classical DHM approaches where clear reference beams
have a planar spatial distribution (delta function at the Fourier domain).
However, modern QPI methodologies based on Hilbert-Huang transform
[36,37] or Kramers-Kronig relations [38,39] can be applied to optimize
spatial bandwidth usage.

In comparison to common-path DHM techniques, CIM enhances
flexibility in the recording interferometric process by avoiding sample
constraints (sparse, confined, etc.) typically imposed in common-path
DHM approaches. Standard common-path DHM techniques, such as
spatially-multiplexed [40-42] or self-interference [43-45] approaches,
require clean reference beams obtained directly from the transmission of
light through sample regions without object information. These con-
straints are critical when applied to biological studies where samples are
often large and exhibit high confluency, as seen in histology, involving
tissue studies with lengths of millimetres and confluences up to 100 %.
In contrast, the CIM technique is well-suited for such biological appli-
cations not only because it avoids the need for clear regions in the
sample but also because it increases the analysed FOV. Moreover, no
bulky/complex setups are required to generate a clear reference beam.
Consequently, the proposed automated methodology stands as a prom-
ising candidate for integration into existing commercial bright-field
microscopes, facilitating the enhancement of coherence sensing capa-
bilities with minimal modifications. This aligns with the current trend of
democratizing science, enabling QPI in biological experiments for lab-
oratories with constrained budgets.

5. Conclusions

In summary, this contribution reported on a step forward in the
development of the CIM methodology, specifically for its application in
real biological scenarios with pseudo real-time capabilities where the
manual user’s interaction for the interferometric conditions (required in
previous approach [27]) is no longer needed. Additional differences
with previous implementation [27] come from the use of a quasi-
common-path Mach-Zehnder interferometric configuration (instead of
a Michelson layout), the usage of medium NA microscope lenses (20x/
0.42NA and 50x/0.55NA) instead of low NA ones, and the recording of 3
off-axis holograms (instead of 4). As consequence, the FOV is doubled in
comparison with the tripled one reported in Ref. [27] but the use of
medium NA objectives, process automatization and measurement
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repeatability are desirable requirements in most applications in cell
biology. Notice that the fact that this new CIM implementation has been
validated with medium NA microscope objectives does not prevent its
use with low NA lenses as in previous work [27] meaning that both
manuscripts are complementary and not exclusive one each other, pre-
senting implementations of a novel QPI method under different exper-
imental conditions.

As any ground-breaking interferometry-based QPI methodology,
CIM challenges the conventional requirement in most interferometry
fields for a clear reference beam with no sample information. CIM
achieves the information from decoupling the different complex fields
involved in the interferometric process, providing accurate QPI and FOV
doubling in the automated implementation here presented or even
tripling its value [27]. In consequence, CIM imposes no restrictions or
prior knowledge about the interferometric beams, eliminating the need
of a clear (or with known complex distribution) reference beam, a
common requirement in conventional DHM approaches. Next steps of
the technique include fast imaging (video rate), noise reduction and
implementation in real microscope setups.
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