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Abstract: Tomographic phase microscopy (TPM) is one of the most widely used quantitative
phase imaging techniques. It is a non-invasive, label-free technique that allows high-resolution
imaging. It enables the morphology of a living cell to be captured without chemical treatment, by
using the refractive index (RI) as a contrast parameter to image internal structures. In this paper,
we demonstrate that due to the fact that biological cells are highly heterogeneous structures, it
is crucial to use full volumetric data to calculate the average RI values of biological samples
and their organelles. To prove our point, we present tomographic reconstructions of 3 cell types:
neuroblastoma SH-SY5Y, adenocarcinoma A549 and leukemia HL-60, from which we calculate
the average RI value from the 3D volumetric data and compare it to the average RI values
calculated from each 2D section.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Tomographic phase microscopy (TPM) is a label-free, high-resolution and non-invasive method
for obtaining three-dimensional refractive index (RI) distribution of analyzed biological samples
[1,2]. It allows capturing the morphology of a living cell without chemical processing - RI is
used as a contrast parameter to image internal structures [3–5]. The knowledge about average RI
within a cell volume or the volume of its substructure can be used to calculate its dry mass. One
aspect that can be observed is that often only one 2D lateral (XY) cross-section through the 3D
tomographic reconstruction is used to image the distribution of RI in a cell and calculate the
average RI [2,6], ignoring the volumetric information that TPM provides. This is due to the fact
that nowadays most of TPM devices are ’limited angle’ systems that provide results with ’missing
cone’ artifacts and are utilizing high numerical aperture objectives [7,8]. This means that only
a thin region surrounding the central XY cross-section that is conjugated with the camera has
high quality [9]. There are multiple numerical algorithms that are designed to minimize these
artifacts [10–13]. All of them, however, are time-consuming, so it is often preferred to use fast
methods that ignore ’limited angle’ nature of the measurement [14] or present only the results
from 1 cross-section [4]. However, cells are highly heterogeneous objects, so selecting and
calculating the average RI based on a single cross-section can result in omitting structures located
at other heights and falsifying the RI value of the whole cell. Also, despite high visual quality of
the cross-section, its RI values are underestimated, unless specialized algorithms are used [15].
Again, this results in erroneously calculated dry mass.

In our work, we aim to demonstrate the importance of using RI information from the whole cell
volume. To prove our point, we present tomographic reconstructions of 3 cell types: SH-SY5Y
neuroblastoma, A549 adenocarcinoma and HL-60 leukemia, from which we calculate the average
RI value from 3D volumetric data and compare it with average RI values calculated from each
2D cross-section.
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2. Methods

2.1. Tomographic phase microscopy system

The 3D RI distribution of cells was measured using a tomographic phase microscopy (TPM)
system based on a Mach-Zehnder interferometer (Fig. 1(A)). 90 projections of the sample were
captured with 633nm laser illumination. To provide a set of projections obtained at different
angles without moving the measured object, the system used two high numerical aperture
microscope objectives (for both MO1 and MO2, NA=1.3) and a galvanometer mirror (GM). Cells
were measured directly in the medium with refractive index n = 1.338. This allows a maximum
illumination angle ranging up to 45◦. Theoretical lateral and axial resolution was 0.12 µm and
0.3 µm, respectively [16]. The complete description of the system can be found in [17].

Fig. 1. A. Tomographic phase microscopy system (TL1, TL2 - tube lenses; MO1, MO2
- microscope objectives; S - sample, GM - galvanometer mirror); B.3D tomographic
reconstruction with magnified regions showing different structures withing cell volume.

2.2. Tomographic reconstruction methods

Two algorithms were used to reconstruct the RI distribution of analysed samples from the
measured projections: (1) single-step Direct Inversion (DI) algorithm for fast reconstruction
without any artifact compensation that are due to limited angular range of projections (so called
missing cone) and (2) iterative version of DI method, called Gerchberg-Papoulis with finite object
support (GPSC) [11]. In GPSC, there are 2 constraints used in every iteration: nonnegativity
and object support, which is an advanced constraint and is generated with an auxiliary method.
The object support contains information about boundaries of the specimen, and thus is a very
strong regularizer which significantly reduces missing-cone artifacts and allows for retrieval
of full 3D RI distribution. Both algorithms are using first-order Rytov approximation and are
designed for the reconstruction of weakly scattering samples. In GPSC, the number of iterations
is calculated automatically with a designed stopping criterion, which analyzes the dynamics of
the change between 3D reconstructions outputted from consecutive iterations [18], and is usually
in the range 10-25 iterations. An example of a GPSC tomographic reconstruction that shows
heterogeneous structure of a biological cell is presented in Fig. 1(b).

2.3. Segmentation methods

In order to calculate the average RI value within the whole cell volume and within 2D cross-
sections, it is required to apply segmentation techniques. 3D tomographic reconstructions
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were processed using volumetric segmentation based on 3D watershed and rule-based merging
algorithm [19,20]. Segmentation was preceded by a preprocessing stage to reduce image
artifacts. In the next step, markers for background and biological objects were defined and then
superimposed on the original 3D image. Further, the watershed transform was calculated and
the results were processed by rule-based merging algorithm, the idea of which was taken from
[20]. The goal of the merging technique is to eliminate the over segmentation of cells. Finally,
the cell binary mask was created by assigning a value of 1 to all obtained labels. Segmentation
was processed on both GPSC and DI reconstruction (see Fig. 2). The binary masks for 2D
cross-sections were generated by cross-sectioning the calculated 3D binary mask.

Fig. 2. Tomographic reconstruction of a SH-SY5Y cell calculated with GPSC and DI
algorithms shown together with corresponding binary masks generated with 3D watershed
and rule-based merging algorithm.

2.4. Cell cultures

In the experiment we measured 3 types of cells: SH-SY5Y neuroblastoma cells, A549 ade-
nocarcinoma lung cells and HL-60 white blood cells. They represent different morphology
and properties: SH-SY5Y are aggregating cells, A549 are flat, adherent cells while HL-60
are floating, round cells. All cells were cultured in DMEM/F12 (1:1) medium (PAN Biotech,
P04-41450) supplemented with 1% Pen Strep (Gibco, 15140-122), 2 mM L-glutamine (Gibco,
25030-024), 10% heat-inactivated Fetal Bovine Serum (Gibco, 10500-064). Cells were grown
under standard conditions (37 °C, 5% CO2, 90% humidity).

3. Results and discussion

First, in order to show volumetric heterogeneity of biological cells, we calculated high quality
3D tomographic reconstructions of 3 cell lines with the GPSC method. The results are shown
in Fig. 3. In the Figure, 2D cross-sections through the reconstructions are presented. We can
clearly observe the occurrence of different cell substructures at various heights, e.g. for the A549
cell a cell nucleus is best seen at the cross-section Z = 68 (−1.1 µm depth with respect to the
center of the reconstruction) and lipid droplets at Z = 12 and Z = 55 (−8.8 µm and −2.9 µm
depth respectively). Similar observations can be made in the case of SH-SY5Y or HL-60 cells.

Next, we compared the average RI calculated from the whole reconstructed volume of cells
with the average RI values calculated from 2D lateral cross-sections. The experiment has been
conducted for tomographic reconstructions calculated with GPSC and DI methods. The results
are aggregated in Fig. 4. Color barplots show the average RI values calculated from each 2D
lateral cross-section of a reconstruction generated by the GPSC method, whereas gray barplots
represent the same values but calculated with DI algorithm. The horizontal lines represent the
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Fig. 3. Cross-sections through GPSC reconstructions of SH-SY5Y, A549 and HL-60 cells.
For each cross-section a slice number Z is given together with slice depth given with respect
to the center of the reconstruction. Internal organelles visible on different depths were
marked with yellow boxes.

average RI value calculated from the whole reconstructed volume. All results are available in
Dataset 1 [21].

It can be observed that the 2D cross-section RI values are highly variable depending on the
section chosen, which is consistent with the fact that different cell substructures are on different
depths (as shown in Fig. 3). Additionally comparing both 2D and 3D RI values calculated from
GPSC reconstruction to the values from DI reconstruction it can be easily seen that there is a
significant difference in both 2D and 3D RI values - the values calculated with the DI method are
underestimated. There are 2 problems with DI reconstructions. Firstly, these reconstructions
suffer from severe missing-cone artifacts, one of which is strong elongation of the reconstruction
in the z direction. This in turn results in erroneously generated object boundaries with the
volumetric segmentation - the calculated volume is much larger (as can be noticed in Fig. 2).
Secondly, since the total phase delay encoded in acquired tomographic projections of a biological
sample are distributed onto a larger volume, the RI values in each 2D cross-section are lower
than true values - even in the central cross-section. This means, that even if one wants to discard
the volumetric information obtained with DI method and use only the central cross-section to
perform further analysis, the obtained results will not be quantitative and no further analyses
based on these values should be performed.

https://doi.org/10.5281/zenodo.7326417
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Fig. 4. Comparison of average RI values of 2D slices through tomographic reconstructions
(shown with bar plot) of 5 cells with average RI values calculated from the whole 3D
reconstruction volume (shown with horizontal line) calculated with GPSC (color barplot)
and DI (gray barplot).

These results confirm that when TPM measurements are performed, it is crucial to apply
advanced reconstruction procedures that give access to the full volumetric information, like
GPSC [11], Learning Tomography [22] or methods that use deep learning [23], even if they are
more time- and power-consuming. Otherwise, TPM results cannot be described as quantitative
ones.

4. Conclusions

In this paper we show that since biological cells are highly heterogeneous structures, it is crucial
to use full volumetric data to calculate the average RI values of biological samples and their
organelles. However, in order to obtain high-quality volumetric information it is necessary to
employ advanced iterative tomographic reconstruction algorithms, which are addressing the
problem of missing cone artifacts. The application of fast reconstruction algorithms, like DI
method, or the use of only a single 2D cross-section to calculate RI results in underestimated
values that are not acceptable as a quantitative measurement. To prove this claim, we presented
results of 5 cells from 3 distinct cell lines. This claim is especially important to communicate
in the case of developing quantitative phase imaging techniques, for inter-laboratory studies
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interpretation, building detailed libraries of RI values for biological specimens or developing
AI-based diagnostics.
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