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A B S T R A C T

Quantitative phase imaging (QPI) has proven to be a valuable tool for advanced biological and pharmacological
research, providing phase information for the study of cell features and physiology in label-free conditions.
The next step for QPI to become a gold standard is the quantitative assessment of the phase gradients over the
different microscopy setups. Given the large variety of QPI systems, a systematic comparison is a challenging
task, and requires a calibration target representative of the living samples. In this paper, we introduce a tailor-
made 3D-printed phantom derived from phase images of eukaryotic cells. It comprises typical morphologies
and optical thicknesses found in biological cultures and is characterized with digital holographic microscopy
(reference measurements). The performance of three different full field QPI optical systems, in terms of optical
path difference and dry mass accuracy, were evaluated. This phantom opens up other possibilities for the
validation of reconstruction algorithms and post-processing routines, and paves the way for calibration targets
designed ad hoc for specific biological questions.
. Introduction

Quantitative phase imaging (QPI) is a label-free microscopy ap-
roach providing quantitative maps of optical path length delays in-
roduced by a specimen [1]. Even though the fundamentals of this
echnique have been known for almost a century [2], QPI has devel-
ped dramatically over the last 10–15 years thanks to the technological
rogresses of imaging sensors and increase in computer power [3].
PI is now transitioning to many biomedical laboratories as valuable

echnique for measuring fundamental cellular properties including cell
ry mass and growth rate [4–6], viscoelastic properties [7,8], cell
igration [9], and intracellular transport [10]. Despite these advances,

he field is still lacking systematic comparisons between instruments,
hase reconstruction methods, acquisition protocols, and image post-
rocessing algorithms. This evaluation is of paramount importance to
raw biological conclusions based on QPI measurements [11,12].

At present, the gold standard for calibration is the USAF test
hart [13,14]. These standards are typically made of thin metal films,
hich are mainly adapted for quantifying the spatial resolution in
bsorption and do not function as pure phase objects [15]. There

∗ Corresponding authors.
E-mail addresses: ondrej.mandula@cea.fr (O. Mandula), malgorzata.kujawinska@pw.edu.pl (M. Kujawińska).

are bar or spoke charts adapted for phase contrast [16,17], however,
they are typically measured in air, which create distinct measurement
conditions, sharp edges and high refractive index (RI) contrasts not
related to biological samples. Polystyrene beads can also be used as
calibration objects for different QPI methods [14,18], however, the typ-
ically large refractive index difference between polystyrene (RI ≈ 1.59
at 632 nm wavelength) and cell culture media (RI ≈ 1.33), which can
lead to phase unwrapping artifacts together with the round shape of the
beads, which is too simple, means they cannot be considered as good
representation of biological samples [15]. Phase calibration can also
be achieved with biological objects of known dry mass variation. As an
example, mouse red blood cells could serve as an informative standard
because of the established average cell mass range, but they cannot be
a calibration tool [19–21]. Recently, 3D-printing techniques have been
used to create phantoms for a wide range of imaging instruments [22–
26], including structures featuring refractive index and dimensional
properties typically found in mammalian cells [27]. These micro-
phantoms hold great potential to standardize the characterization of
QPI systems, however, they lack the typical biological morphologies
seen in complex biological models.
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We propose here a novel 3D-printed micro-phantom to assess the
etrological performance of QPI systems for biological experiments.
he phantom has been conceived with phase images of eukaryotic
ells (HeLa cells) acquired with digital holographic microscopy (DHM).
he target was designed to encode typical cellular heterogeneity as
aptured on 2D systems, namely morphology and optical thickness,
hile ensuring that the range of values and measurement conditions
atch the biological experiments. This approach offers the opportunity

o tailor the phantom to the particular biological task, as well as test
utomatic data processing routines to ascertain their influence on the
easured features. We demonstrate how the phantom can be used as
 calibration standard for different QPI methods: quadri-wave lateral
hearing interferometer (QWLSI) [28], lensfree microscopy (LFM) [29],

and defocused microscopy (DFM) [30].

2. 2D cell phantom

2.1. Scope and motivation

For QPI techniques to become commonly used in biological re-
earch, the reliability of their results and their acceptance by the

scientific community should be ensured. Best practices, as reported for
luorescence microscopy [31], are essential to ensure reproducibility
nd accurate data interpretation. To that aim, metrics, such as accuracy

and repeatability could be retrieved using calibrated phantoms made
ad hoc for the specific application. Taking into account the diversity of
biological research, which may e.g. focus on the study of individual
cells, cell cultures, tissue slices or 3D organoids of different organs,
design a unique phantom would be impractical. Even within single
cell lines and sparse cultures, the diverse cell features (e.g. nucleus,
organelles) can show different morphological details, thus impacting
the phase information of the studied phenomenon. We thus propose
that the phantom should be designed upstream, according to the tar-
eted application. At the scale of an individual study, it may guide the
hoice toward the best suited QPI method available and set its scope of
pplication. For inter laboratory comparison, it may provide a robust
ool to quantify errors and evaluate the reproducibility of results over
ifferent measurement campaigns.

Our study focuses on the comparison of full field QPI techniques for
maging of adherent cells with morphological heterogeneity, namely
WLSI, LFM, and DFM. Results from these techniques have been com-
ared to the respective DHM reference. An overview of the system
pecifications is given in Table 1 (for detailed description, see Methods

5.2). While methods such as DHM and QWLSI provide high spatial
resolution, particularly interesting to investigate small changes at the
individual cell level, DFM and LFM large fields of view (FOV) facilitate
the imaging of a cell culture over time. These techniques operating
rather differently, the designed phantom should allow the independent
evaluation of several parameters, both qualitatively and quantitatively,
in an easy manner. Here we focus on the optical path difference (OPD)
in each (x,y) position within the cell as well as the cell dry mass
obtained by integrating the OPD values over the entire projected cell
area, as detailed in Section 5.3. These are common parameters retrieved
from QPI measurements, which should be determined with accuracy to
alidate statistical analysis on large biological samples. The range of
PD and dry mass values covered by the phantom should be set ac-

cording to the state of the art related to the biological application. Cells
f various shapes and areas should be included in order to investigate
he impact of such morphological heterogeneity on the accuracy of the
hase retrieval. In principle the utility of the phantom can be expanded
o incorporate additional sample variabilities such as cell confluence,
ultilayered culture or internal refractive index variability.
2

Table 1
QPI systems main specifications.

System FOV (μm2) Wavelength (nm)

Digital holographic microscope 120 × 120 632
Quadri-wave lateral shearing interferometer 596 × 504 530
Defocused microscope 2364 × 1586 450
Lensfree microscope 6413 × 4542 450, 540, 630

2.2. Phantom design

The phantom presented in this work has been developed based on
16 measurements of adherent HeLa cells imaged with a DHM. This
initial measurement needs to contain essential phase and morphological
details that will be used for inferring the targeted biomedical informa-
tion. Cells have been segmented by hand to represent different shapes
nd sizes. The original phase maps were then adjusted to cover larger

range of OPD and phase variability profile, and finally assembled in
22 test groups (for a total of 176 cells) divided in three main fields
(see Fig. 1(a) for details and supplementary Fig. A.1 for the complete
phantom design):

• Field 1 – OPD accuracy with respect to the cell shape. The field
consists of flat cells at approximately 100 nm OPD, obtained from
the segmented masks from all 16 cells. Their area ranges from
100 to 1100 μm2.

• Field 2 – OPD accuracy with respect to the OPD value. The field
consists of 16 groups of 5 flat cells (80 cells in total). The average
OPD per group is ranging from 10 to 416 nm. The selected cells
have different shapes and similar OPD value within each group.

• Field 3 – dry mass accuracy with respect to the OPD profile and
the cell shape. This field has 5 groups of 16 cells (same area masks
as field 1) each with variable height (phase) profiles (80 cells in
total). The average dry mass of cells in each group is ranging
from 61 pg ([min, max]=[11,136] pg) to 521 pg ([min, max]=[59,
1257] pg).

These profiles were then printed with a 3D lithography system on a
standard glass coverslip (details given in Section 5.1).

3. Results

3.1. Experimental procedure

In most QPI systems it is assumed that the complex field is a good
epresentation of the measured object. This is only true if the object is
n focus and does not exceed the depth of field. Large depth of focus
equires low NA and therefore low spatial resolution. The proposed
HM system (in laboratory 1) utilizes optical diffraction tomography
ardware setup and additional processing steps for integrated phase
easurements (see Methods 5.2.1). As a result, it overcomes limitations
entioned above and provides both high resolution, extended depth

f field and interferometric accuracy of the phase. In this study, such
HM results are treated as reference values for the validation of the

hree other full field methods (QWLSI, DFM, LFM: in laboratory 2).
he percent error (PE), calculated as defined in Section 5.4, is used

as metric for quantifying OPD accuracy in fields 1 and 2 and dry mass
accuracy in field 3, with respect to DHM results. OPD and dry mass in
each cell are retrieved applying the same post-processing pipeline to
the reconstructed OPD (phase) maps of all systems. It includes cell seg-
mentation on the theoretical mask and additional post-processing steps,
as described in Section 5.3. Direct comparison of the different hardware
and phase reconstruction software can this way be emphasized.
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Fig. 1. Overview of the cell phantom design. It consists of three fields as shown in (a), where field 1 and field 2 only include flat cells (constant OPD profile) and field 3 only
cells with variable height profiles (non constant OPD profile). (b) Scanning electron microscopy images of a single cell printed with both of these profiles (*1 flat, *2 variable
height). Field 1 is made of 16 different cells with approximately same OPD value to test OPD accuracy with respect to shape. Field 2 consists of 16 groups (only 4 groups shown
here) of 5 different cells with increasing OPD value to test OPD accuracy with respect to OPD. Field 3 consists of 5 groups (only one group shown here) of 16 different cells with
increasing dry mass values to test dry mass accuracy with respect to shape and OPD. The full printed phantom is given in supplementary Fig. A.1. (c) Images from field 3 (group
4) acquired with each modality.
3.2. Field 1: OPD accuracy with respect to cell shape

OPD accuracy and precision were estimated for each flat cell of
field 1 (as defined in Fig. 1(a)). Their mean OPD values, as measured
with DHM, range from 60 nm to 109 nm. In Fig. 2(a), the PE obtained
for each cell (bars) is given along with the relative standard deviation
(RSD) within each cell (errobars). High accuracy is achieved using
QWLSI, with the PE ranging from −7% to 4% and a mean RSD (over
the 16 cells) of 6%. This last value is similar to the one obtained for the
ground truth, i.e. mean RSD of 7% and individual value per cell given
by the dashed line on Fig. 2(a). Qualitatively, these results correspond
to an overall good homogeneity in the cell phase maps, independently
of the cell shape, as shown in Fig. 2(b). LFM and DFM are less reliable
when imaging such flat cells. Mean OPD values appears to generally
be overestimated in DFM, with PE ranging from −3% to 58%, while
they are always underestimated in LFM, with PE ranging from −27%
to −4%. Phase homogeneity is lost in some cells measured with both
of these techniques as shown in the maps, which is consistent with
the higher mean RSD of 21% and 10% calculated for LFM and DFM,
respectively. The lack of fidelity of the reconstruction can be explained
by the lack of signal content in the measurement. Indeed, diffraction
intensity measurement is not sensitive to low frequency components
of the OPD, such as in those flat cells. This can also be explained by
the fact that the image reconstruction algorithms were fine tuned for
real experimental conditions, i.e. with cells of variable height profiles
rather than flat cells. Elongated cells seem to generally exhibit such
non-homogeneous phase distribution. These deviations may, however,
be seen in cells of other shapes, without a clear pattern. Overall, no
clear dependence between cell shape (e.g. based on area or eccentricity)
and OPD precision and accuracy can therefore be claimed from these
results. The phase maps of all 16 cells are given in supplementary
material, Fig. A.2.
3

3.3. Field 2: OPD accuracy with respect to OPD value

Measurement accuracy depending on OPD was then evaluated in
field 2 (as defined in Fig. 1(a)). For each group of this field (consisting
of 5 flat cells of different shape), the mean OPD value was progressively
increased from 10 nm to 416 nm. The PE per cell was calculated
using Eq. (3). Fig. 3(a) summarizes the results as mean PE within each
group (data points) along with the SD of the PE within each group
(shaded area). For all tested modalities, the PE is within 30% when
the cell OPD ranges from 50 nm to 300 nm. In the case of QWLSI, OPD
values are overall slightly underestimated as compared to the reference
(PE ≈ 5%–10%) and high precision is achieved over this entire range
(SD ≈ 4%). LFM best accuracy is obtained for cells with OPD from
200 nm to 300 nm (PE< 6% with SD ≈ 6%). For thinner cells, the
accuracy drops and OPD values are underestimated by around 20%.
In the case of DFM, the mean error is around 10% in the OPD range of
50–300 nm, however, comparatively large shaded area reveals much
lower precision that the other systems (SD up to ≈ 20%). The phase
maps of a cell at different OPD values, given in Fig. 3(b), underline
these differences between systems. The inhomogeneity in the phase
maps seems generally larger in DFM, independently of the OPD value.
For low OPD values (< 40 nm), the cell phase cannot be properly
differentiated from the noise level anymore and the obtained results
cannot be exploited directly, in particular using LFM and DFM. At
high OPD values (> 300 nm) the reconstructions for QWLSI and DFM
dropped in accuracy, while LFM failed to retrieve the cell shape due to
phase wrapping errors.

3.4. Field 3: Dry mass accuracy with respect to variable OPD profiles

In experimental conditions, the biological cells under evaluation
commonly have variable height profiles rather than flat ones. In such
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Fig. 2. Results obtained from field 1. (a) Quantitative OPD accuracy analysis with respect to cell shape: bar graph of the percent error PE (relative to DHM measurement) and
relative SD for each flat cell. DHM SD is plotted in dashed line. (b) Qualitative comparison of the phase maps of selected cells obtained with each QPI modality. All phase maps
are given in supplementary material (Fig. A.2). Scale bar: 20 μm. Color bar: OPD values in nm.
samples, dry mass accuracy and precision can be accessed with respect
to height and shape. These conditions were tested using field 3 (con-
sisting of 5 groups of 16 cells with variable height profiles, as defined
in Fig. 1(a)). Mean dry mass per field ranges from 61 pg to 512 pg.
On the plot of Fig. 4(a), mean PE (data points) and SD (shaded area)
were calculated similarly as in field 2, but expressed as dry mass of
the cell rather than OPD. The absolute mean PE per group is overall
± 20% or less for all tested modalities. As seen in Fig. 4(a), the zero
PE value is reached for a mean dry mass per group of about 200
pg, 300 pg and 400 pg, respectively for QWLSI, LFM and DFM. The
dry mass seems generally underestimated for all modalities below this
zero PE value and slightly overestimated after it, except for DFM. No
critical reconstruction failure was observed at high dry mass values as
compared to the results of field 2 at high OPD values, owing to the
much lower phase gradients at the edges of the cells. The largest cell
mean OPD value in these profiled cells is, however, lower than the
largest OPD plateau value in flat cells, with values of 248 nm (with
local pixel maxima > 550 nm) vs. 442 nm. The accuracy of the phase
results is expected to be higher in field 3 due to the presence of higher
4

frequency components of the OPD (induced by height variations) and
the similarity between the training set used for the neural network in
LFM and DFM reconstruction and the cells being analyzed.

4. Discussion

This research paves the way to a new gold standard phase-calibration
target that can be defined ad hoc for different biological applications.
The phantom presented here was designed to encompass typical het-
erogeneity found in adherent cells, in terms of morphological diversity
and refractive index ranges, not accessible in standard calibration
tools. As an outcome of this study, no clear correlation between cell
shape and OPD accuracy was established. Quantitatively, it was shown
that measurement errors are generally below or about 10% and 20%,
respectively for QWLSI and for DFM and LFM, in flat cells with mean
OPD ranging from 100 to 300 nm. With either of the three techniques, a
sudden drop in accuracy at higher OPD values is seen. Higher accuracy
(PE 10%–15%) is generally achieved in cells with variable height
profiles for dry masses of 100 pg and above. This is expected due to
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Fig. 3. Results obtained from field 2. (a) OPD accuracy with respect to the OPD value: scatter plot of the mean percent error PE (relative to DHM measurement) and corresponding
SD per group (insert *). (b) Phase maps of a single cell at selected OPD values obtained with each QPI modality. Phase maps for all OPD values can be found in the supplementary
materials (Fig. A.3). Scale bar: 20 μm. Color bar: OPD values in nm.
the presence of higher frequency components of the OPD (induced by
height variations) and the similarity between the training set used for
the neural network in LFM and DFM reconstruction and the cells being
analyzed.

The phantom may further be used to evaluate repeatability as well
as the impact of different imaging protocols on the phase measure-
ments, e.g. changing the focus, the magnification or the phantom
position in the FOV (distortion) [15,32]. Software performances can
also be investigated to compare different phase reconstruction or seg-
mentation algorithms, especially when combining QPI with machine
learning [33–35]. Especially, we decided to manually register the phase
maps of the cells to their corresponding shapes of the design maps for
direct comparison of the imaging modalities. The shape and area of
the cells measured with DHM correspond well to the design, where
e.g. thin and elongated features of the cell are retrieved, as shown in
5

the phase maps of supplementary Fig. A.2. We have concluded that the
cell masks from design are adequate based on this visual assessment.
We have additionally verified that if we expand the cell masks to
encompass more area (and thus eventual parts of the cells exceeding
the masks), the calculated dry mass increases only by up to 3% in
field 3. The cell shape is, however, not always equally preserved in
modalities with lower resolution or showing higher field distortion
and using a segmentation software instead of the masks may require
a further evaluation of the processing algorithm.

Stated accuracy refers to the measurements obtained from the
DHM. Alternative methods that are often metrologically traceable and
paired with DHM, such as white-light profilometry or atomic force
microscopy, could also be used as reference techniques. They, however,
only provide height and would require additional measurements in
order to provide optical thickness. Designed values should only be used
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Fig. 4. Results obtained from field 3. (a) Dry mass accuracy with respect to shape and OPD: scatter plot of the mean percent error PE (relative to DHM measurement) and
corresponding SD per group (linearly extrapolated in-between subsequent groups). (b) Phase maps of a single cell at different dry mass values obtained with each QPI modality.
Scale bar: 20 μm. Color bar: OPD values in nm.
when direct measurements are not feasible, as not all errors introduced
by the two-photon polymerization technique can properly be predicted
and compensated [36,37]. In such cases, calibration and limitations of
the fabrication technique should carefully be evaluated to avoid any
bias results. For this phantom, a relatively large printing area was used,
resulting in higher deviations from the design at the edges and bottom
side of the printed field, as detailed in Methods 5.1.

The flexibility to create a phantom for validating QPI systems in
a wide range of measurement scenarios, as well as for isolating indi-
vidual parameters is a powerful advantage. The phantom design may
evolve in the future, with the initial cell phase maps undergoing some
adjustments such as scaling (lateral size, phase value) or local density
variations. While our study focused on the analysis of individual cells,
cell culture features may also be evaluated by changing confluence
6

(e.g. to estimate eventual degradation of the phase measurement at
large cell population density) or merging cells from various dishes
(e.g. different cell types or experimental conditions). Free-floating cell
phantoms could also be fabricated using this approach to accommodate
QPI imaging of cells in suspension (e.g. non-adherent, flow cytome-
try). For example, the phantoms could be released from the substrate
when coated with a sacrificial layer (such as polyvinyl alcohol) that is
dissolvable in water. Another approach is to fabricate detached cells
directly in the microfluidic channel at high printing speed, so that
any displacement errors during printing are minimized. Compared to
common phase calibration tools, e.g. polystyrene beads, our 3D printed
phantoms give a more realistic representation of various biological
samples. While they may appear beyond reach for some users, in
terms of access to printing facilities and fabrication costs, different
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approaches may be considered to overcome these issues. On one side,
rinting-on-demand services may accommodate fabrication of such

phantom design. On the other side, the fabrication cost per piece may
dramatically be lowered using molding and replication techniques [38].

Using such phantom, experimental protocols and post-processing
pipelines can therefore be refined by tuning the appropriate parame-
ers in order to maximize accuracy and precision prior to any large
cale biological study. The scope of applications and limitations can

methodologically be defined, which is essential to exclude potential
sources of errors. This way, it may help opening up novel directions on
the use of QPI methodologies to identify fluctuations at different order
of magnitudes and decipher the interplay between cellular features
and their cell cycle regulation [12]. Finally, it can enhance inter-
laboratories comparison where the same 3D printed phantom can be
maged with multiple set-ups as in this study, providing it can easily be
ransferred between facilities. Thereby, it may strengthen the validity

of new results, providing a common reference when addressing a
articular biological question, pointing out reasons between eventual
isparities in reproducibility and replicability studies and establishing
est practises.

5. Methods

5.1. Phantom fabrication

The fabrication was performed using two-photon polymerization
lithography [39] system (Photonic Professional GT2, Nanoscribe GmbH
& Co. KG, Germany). In short, tightly focused femtosecond laser beam
induces local polymerization of the photosensitive resin. By scanning
he focus across the resin in line-by-line and layer-by-layer fashion it

is possible to 3D-print transparent microstructures with submicrometer
resolution. This approach enables fabrication on top of microscopy
slide, coverslip or inside Petri micro-dish, which it is compatible with
most QPI systems. In order to define the phantom in terms of height
profile required for the lithography system, the phase map (𝜙) has
been converted to height map (h) using the following relationship: ℎ =
𝜆𝜙∕(2𝜋 𝛥𝑅𝐼), where 𝜆 is the wavelength of light and 𝛥𝑅𝐼 refers to the
refractive index difference between the fabricated structures and the
surrounding medium. In this case the targeted was 𝛥𝑅𝐼 = 0.038 and 𝜆 =
632 nm. In terms of the fabrication accuracy, the electron microscopy
images confirmed the lateral size of the features at the order of 100 nm
(Fig. 1b). In terms of OPD accuracy, we have noticed 5%–50% error

hen compared to the designed OPD as shown in supplementary Fig.
.4, most likely due to the anisotropic shrinkage (depending on the cell
hape and height), as well as variable energy dose of the polymerization
eam that depends on the location of the cell within the printed field of
iew [38–41]. Higher variations (> 30 %) are obtained in the bottom
ow of cells for all printed fields while the error is usually lower in

centered and upper cells (<15% for flat cells and <20% for cells with
ariable height profiles), likely due to the imperfect adjustments of the

galvo scanners. For this reason, the evaluation is performed relative to
the best available QPI system, as it is robust against any fabrication
errors that could occur. Sample roughness for this printing setup is
estimated at 10–50 nm. Even at the worst case of 50 nm, it is equivalent
o 1.9 nm OPD at 0.038 refractive index contrast, which is below
ractical considerations and lower than the measured precision, which
s 4 nm OPD at its minimum (and on average 6 nm OPD from the data
n Fig. 2).

The designed phantom has been fabricated on top of the 25 × 25 ×
0.7 mm fused silica substrate, immersed in Immersol 518F (Carl Zeiss
AG, Germany) and covered with a 24 × 60 × 0.17 mm coverslip with
a 80 μm spacer inbetween.
7

5.2. QPI systems, measurements and reconstruction

5.2.1. Digital holographic microscope
The DHM results were captured using a Mach–Zehnder-based micro-

scope (Fig. 5d) capable of angular scanning of the illumination beam,
essentially performing an optical diffraction tomography reconstruc-
tion. This approach enables measurements of phase maps with superior
accuracy, spatial resolution, signal-to-noise and extended depth of field
when compared to the standard DHM [42]. The 633 nm wavelength
ingle longitudinal mode laser beam (Necsel/Ushio, USA) is delivered
ith an optical fiber, collimated and then split into object and refer-
nce arm. The object beam is steered with a dual-axis MEMS mirror
Mirrorcle Technologies Inc., USA) into the illumination 4f system
custom 140 mm tube lens and NA 1.0, 40x water objective), passes
hrough the sample and is captured by another 4f system that relays

the object’s plane to the camera plane (NA 1.3 oil immersion imaging
bjective and 200 mm tube lens). The beams recombine at a slight angle
orming an off-axis hologram recorded by the 2/3" CMOS camera with
 pixel of 3.45 μm (JAI). A single tomographic acquisition comprise of
1 holograms, 90 of which are captured at the angle near the maximal
A (zenith angle 𝜃 = 30°) forming a circular pattern at the back focal
lane of the objective. One additional image is captured for the axial
bject beam as in typical DHMs. Complex amplitude of each hologram
s retrieved using Fourier transform method [43]. Optical aberrations

and systematic errors are compensated using the measurement with no
objects visible in the measurement volume. Finally, the phase maps
re obtained from the reconstructed 3D refractive index distribution by

integrating phase delays resulting from the refractive index variations
within the sample volume. The phase map retrieved this way is best
described as ‘‘integrated phase’’, and it features numerous advantages
ompared to the regular DHM or any other QPI system in general:

• High accuracy of the phase on individual projections, since the
OPD is compared directly to the accurate and precise wave-
length [44];

• high lateral resolution (∼150 nm half-pitch) owing to high-NA of
both objectives and synthesized objects’ frequencies via diffrac-
tion tomography reconstruction [45];

• improved precision and signal-to-noise due to the synthetic aper-
ture and averaging of multiple projections;

• minimized diffraction artifacts from objects being out-of-focus or
exceeding the depth of field, since the final phase is obtained
from the refractive index distribution by integrating phase delays
introduced by each voxel along the Z (axial) direction (𝛥𝜙 =
2𝜋 𝛥𝑧𝛥𝑅𝐼∕𝜆).

5.2.2. Quadri-wave lateral shearing interferometer
QWLSI (Fig. 5c) was performed on a home-built inverted micro-

scope, with a 0.35 NA air objective (Olympus SLMPLN50X) matched
with a 100 mm focal length achromatic doublet (Thorlabs AC254-100-
A-ML), yielding an optical magnification of 27.78. Kohler-type illumi-
nation at 530 nm is used, fed by a LED (Thorlabs M530L4) through
a multi-mode 1500 μm diameter core, 0.39 NA optical fiber (Thorlabs
M93L01). The interferometry was performed on a SID4-sC8 wavefront
sensor (Phasics SA, Saint-Aubin, France) mounted as a camera on
the microscope: the wavefront sensor contains a 2D grating (modified
Hartmann mask) placed in front of a sCMOS sensor. The grating repli-
cates the incident wavefront and an interferogram is recorded on the
sensor. The interferogram is analyzed in real time by Fourier transforms
to extract (i) an intensity image at order 0 and (ii) phase gradients
along X and Y at order 1. Through a proprietary API provided by
the manufacturer, these gradients are integrated in two dimensions to
yield a wavefront measurement, which corresponds to an OPD image
n the projective approximation [28]. The intensity and phase images

obtained have effective pixel pitches of 19.5 μm on the sensor plane,
due to a necessary 2x2 binning with respect to the physical pixels,
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Fig. 5. QPI systems: (a) lensfree microscope (LFM), (b) defocused microscope (DFM), (c) quadri-wave lateral shearing interferometer (QWLSI), (d) digital holographic microscope
(DHM). LS — light source, S — sample, C — camera, P — pinhole, O+TL — objective with tube lens, K — Köhler illumination, H — modified Hartmann mask, GM — galvanometric
mirrors, BE — beam expander.
corresponding to 0.702 μm∕pixel in the object plane.
This imaging technique requires the sample to be in-focus. The focus

position is adjusted using a piezoelectric stage after performing an
autofocusing sequence, as described in the next Section 5.2.3. It also
requires a reference image, to be taken in conditions as close as possible
to the imaging conditions of the sample, but without a sample. It was
recorded on an background area of the sample (i.e with no printed
pattern) and with the same illumination and exposure conditions as
used for the sample measurements. A unique reference measurement
was used for the whole sample.

5.2.3. Defocused microscope
DF imaging (Fig. 5b) was performed on a home-built inverted

microscope, with a 0.25 NA air objective (Olympus PLN10X) matched
with a 100 mm focal length achromatic doublet (Thorlabs AC254-
100-A-ML), yielding an optical magnification of 5.56. Illumination was
provided by the blue channel of a OSRAM LZ4-60MD09 RGBW LED
emitter, through a 40◦ diffuser and a 400 μm pinhole, and spectrally
filtered at 450 nm with 10 nm FWHM (Edmund Optics 34499). The
images were captured on a monochrome CMOS sensor with 2.4 μm
pixel pitch (IDS U3-3880SE-M-GL), corresponding to 0.432 μm∕pixel in
the object plane. They were recorded with a defocus of −150 μm, i.e
with an object focal plane 150 μm away from the sample plane, in the
direction of the source. To repeatably achieve the same defocus, an
autofocusing sequence was used to detect the sample plane and then
the microscope objective was moved 150 μm in the direction of the light
source (upwards in our setup) by a piezoelectric stage. The autofocus
sequence consists in taking a stack of 31 images, one every 10 μm using
the piezoelectric stage holding the microscope objective, computing the
standard deviation of pixel values for each image and interpolating the
stage position for which this value is minimal. The calculated focus
values were visually checked with the recordings of in-focus bright-field
images. Image reconstruction for DFM and LFM imaging is similar and
detailed in the next section.

5.2.4. Lensfree microscope
LF imaging (Fig. 5a) was performed using a home-built system

consisting of an OSRAM LZ4-60MD09 RGBW LED emitter through a
40◦ diffuser and 50 μm pinhole, and a monochrome 1.67 μm pixel pitch
CMOS sensor (IDS UI-1492LE). The illumination wavelengths (blue,
green, red) are centered around 450 , 540 and 630 nm, respectively. Red,
green and blue-illuminated images were recorded sequentially with the
respective light intensities of each color adjusted such that the average
pixel value was comparable across all channels. The CMOS sensor was
placed as close as possible to the microscope slide holding the sensor,
while still avoiding any mechanical conflict with the sample holder
(Thorlabs MLS203P10) and the motorized XY-translation stage holding
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it (Thorlabs MLS203-1). This resulted in a sample to sensor distance of
approximately 1.7 mm.

Images acquires with the LFM and DFM were reconstructed using
an updated version of the algorithm described in [34]. The reconstruc-
tion process involves alternating between two approaches, an inverse
problem optimization and deep learning. The optimization starts with
several iterations of a conventional gradient descent optimization al-
gorithm, resulting in a preliminary estimate of the cell sample image.
This image is then passed into a neural network, previously trained on
simulation data. The neural network aids in reducing phase wrapping
errors and enhances resolution, particularly in cases of high cell den-
sity. The predicted image serves as the initialization of a second and
final reconstruction step, which corrects to a certain extent the neural
network prediction errors. In this study, we used a more powerful neu-
ral network, namely the UneXt [46], and more sophisticated training
procedure. We also significantly increase the quality of the simulation
dataset by introducing more variation in cell shapes and their spatial
organization, rendering the scene more realistic.

5.3. Processing pipeline and quantified parameters

The processing pipeline (Fig. 6) has been designed to prioritize
accuracy and repeatability of the individual cell measurement results
and enable direct comparison of all systems. The following steps are:

• Resampling and alignment: the magnification of all systems has
been determined on the calibration lines fabricated alongside
the cell phantoms. The expected (designed) phase maps used
for the fabrication have been resampled to match the pixel size
of each system, and then rotated in order to align their coor-
dinate systems. In both steps linear interpolation method was
used. We specifically avoided resampling and rotating the original
phase maps in order to minimize interpolation artifacts on noisy
experimental data.

• Cell registration and segmentation: individual cells have been
manually cropped and registered to their corresponding shapes
of the designed phase map, which would be equivalent to the
perfect segmentation algorithm. Two segmented regions are: cell
(within the red outline) and background (green area; 3 μm thick
and distanced 3 μm away from the cell boundary).

• Phase correction: first, the phase tilt and offset have been compen-
sated with high accuracy using the background region segmented
in the previous step. Then, the phase differences related to the
refractive index dispersion have been compensated using the 𝛽
factor, enabling direct comparison of the phase despite all systems
using different illumination wavelengths.
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Fig. 6. Processing pipeline enabling direct comparison of the results from all systems. See text for details.
• Quantification of key parameters: In the flat cells of fields 1 and
2, OPD (in nm) in each (x,y) position of the cell is retrieved, after
erosion of 3 μm from the cell boundary (large phase gradients at
the edge of cells):

𝑂 𝑃 𝐷(𝑥, 𝑦) = 𝜆
𝛥𝜙(𝑥, 𝑦)

2𝜋
= ∫

ℎ

0
𝛥𝑅𝐼(𝑥, 𝑦, 𝑧) 𝑑 𝑧 (1)

where 𝜆 is the illumination wavelength, 𝛥𝜙 and 𝛥𝑅𝐼 the phase
and refractive index difference between sample and surrounding
medium, respectively, and ℎ the sample height.
In the cells of variable height profiles of field 3, dry mass DM (in
pg) is obtained after integration of the OPD values over the entire
projected area (without erosion):

𝐷 𝑀(𝑥, 𝑦) = 1
𝛼 ∫𝑆

𝑂 𝑃 𝐷(𝑥, 𝑦) 𝑑 𝑥𝑑 𝑦 (2)

where 𝛼 = 0.18 μm3 pg−1 is the specific refractive index increment
for cells in water [19]. Using this value, as it is unknown for
the polymer, dry mass should rather be considered as ‘dry mass
equivalent’.

5.4. Metrics for accuracy and precision analysis

Accuracy and precision of the quantified parameters in the whole
cells have been investigated. However, in principle, any other feature
vector that is advantageous for another particular application can be
used.

For field 1, OPD accuracy for each cell was assessed via the percent
error:

𝑃 𝐸 (%) = 𝜇(𝑂 𝑃 𝐷𝑠𝑦𝑠) − 𝜇(𝑂 𝑃 𝐷𝐷 𝐻 𝑀 )
𝜇(𝑂 𝑃 𝐷𝐷 𝐻 𝑀 )

∗ 100 (3)

where 𝜇 is the mean OPD value per cell retrieved for each modality
(ground truth DHM, sys= LFM, DFM or QWLSI).

In addition, the relative standard deviation per cell is calculated to
estimate the precision of the measurements and its variations depend-
ing on the cell shape:

𝑅𝑆 𝐷 (%) = 𝜎(𝑂 𝑃 𝐷𝑠𝑦𝑠)
𝜇(𝑂 𝑃 𝐷𝑠𝑦𝑠)

∗ 100 (4)

where 𝜎 is the SD value per cell per modality.
For field 2, the PE per cell is obtained as for field 1 before computing

the mean PE per group (average of 5 cells) and its corresponding SD, to
access accuracy and precision, respectively, on the entire group (instead
of on individual cell as in field 1). For field 3, mean PE and SD per
group (average of 16 cells) were calculated similarly as in field 2, using
dry mass instead of OPD as a parameter in Eq. (3).
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