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In this paper, we demonstrate the current concepts in holographic tomography

(HT) realized within limited angular range with illumination scanning. The pre-

sented solutions are based on the work performed at Warsaw University of Tech-

nology in Poland and put in context with the state of the art in HT. Along with

the theoretical framework for HT, the optimum reconstruction process and data

visualization are described in detail. The paper is concluded with the description

of hardware configuration and the visualization of tomographic reconstruction,

which is calculated using a provided processing path.

KEYWORD S

holographic tomography, optical diffraction tomography, tomographic phase microscopy, cell refractive

index, 3D imaging

1 | INTRODUCTION

The noninvasive imaging of microbiological samples plays
a crucial role in the research on the pathophysiology of
human diseases [1,2]. In particular, the possibility of the
quantitative three-dimensional (3D) representation of liv-
ing samples holds tremendous potential for advancing the
field as it would provide unprecedented ease of insight
into subtle intracellular mechanisms. Presently, various
techniques of quantitative phase microscopy (QPM) are
used to achieve this goal [3]. Amplitude and phase pro-
files demodulated from digital holographic measurements
are commonly used for the automated assessment of the
statistical properties of cell cultures [4,5]. However, owing
to the integrated character of the data delivered by holog-
raphy, QPM has limited capabilities for providing full 3D
structural information. Depth-resolved microscopy or the
tomographic versions of QPM are applied to overcome
this limitation. The first group of methods includes differ-
ent realizations of confocal fluorescence microscopy [6–
8]. They provide high specificity owing to the application

of a wide range of fluorescent biomarkers and the
nanometer-range resolution uniformly distributed across a
sample volume. However, measurements are not label free
and they are time-consuming because of the point-by-
point scanning scheme and sample preparation procedures.
In contrast, tomographic phase microscopy (TPM) [9,10]
represents a wide range of label-free methods that aim to
reconstruct the volumetric distribution of refractive index
(RI) or, equivalently, dry mass density inside a sample
[11,12,2], thus providing a nonspecific but directly quanti-
tative and dynamic counterpart to 3D fluorescent images
[13]. This has been achieved with various degrees of suc-
cess through inverse scattering solutions, such as classical
optical diffraction tomography (ODT) [14,15] and its more
sophisticated variants supported by compressive sensing
techniques [16,17], complex deconvolution [18], and non-
linear forward models [19]. TPM also includes axial-scan-
ning-based methods that involve broadband illumination
[20,21] and/or spatially incoherent illumination [22–24].
Within TPM, coherent linear ODT represents the oldest
and best-established technique, which has recently created
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and demonstrated numerous possibilities for the 3D imag-
ing of live cells [13,25]. This is already reflected by the
commercial devices that utilize this framework and are tar-
geted specifically for microbiological research, namely,
the products of NanoLive, Ltd [26] and TomoCube, Inc.
[27]. In this work, we summarize the current status of
classical ODT from a metrological perspective in microbi-
ological studies. More specifically, the laser-driven lim-
ited-angle variant of ODT (LAODT) in the scanning
illumination configuration is considered. This method is
relatively easy to implement and appropriate for the char-
acterization of adhesive cells and cell cultures directly on
a Petri dish. We discuss the inherent limitations of this
approach from the perspectives of hardware and software
[28] with emphasis on the quality of depth reconstruction.
Then, we review a few practical strategies to circumvent
the limitations with minimal system complexity and cost,
including the solutions developed by our group
[29,30,31,32]. Section 2 briefly states the theoretical
basis of LAODT with emphasis on the practical effects
of involved approximations in the context of cytology.
In Section 3, we present the well-known variants of the
LAODT system configuration and discuss the aspects of
holographic data acquisition. Section 4 describes
selected numerical processing paths optimized for
microbiological measurements. The corresponding
reconstruction results are compared in Section 5. Sec-
tion 6 summarizes the capabilities and limitations of the
state-of-the-art solutions in LAODT. In addition, we
outline future prospects for further improvements of the
technique that should lead to marketable products that
provide 3D RI reconstructions of living cells with rapid
acquisition rates and practical levels of resolution uni-
formity.

2 | ODT FRAMEWORK

In this section, the theory of LAODT [33] is presented with
focus on the source of “missing cone” artifacts, anisotropic
resolution, and Fourier spectrum mapping errors. The
description is partially based on [34]. To retrieve informa-
tion about the RI of an investigated sample, the inverse
problem of reconstructing an object function from a set of
object projections recorded by a camera must be solved.
The first step is always to retrieve the scattered field, usðrÞ,
which is exclusively associated with the investigated sam-
ple and related with the total field, u(r), captured by the
camera according to (1).

uðrÞ ¼ u0ðrÞ þ usðrÞ; (1)

where u0ðrÞ is the incident field, which propagates
unperturbed in free space. To retrieve usðrÞ, we employ the

first-order Rytov approximation, in which the total field, u
(r), is represented in the following form:

uðrÞ ¼ expðΨðrÞÞ; (2)

where Ψ is referred to as the complex phase function. By
analogy to (1), the complex phase of the total field can
be represented as the sum of the complex phases associ-
ated with the incident field (Ψ 0ðrÞ) and scattered field
(Ψ sðrÞ).

ΨðrÞ ¼ Ψ 0ðrÞ þ Ψ sðrÞ: (3)

The Rytov approximation allows for the calculation of
Ψ sðrÞ as

Ψ sðrÞ ¼ 1
u0ðrÞ

Z
Gðjr� r0jÞf ðr0Þu0ðr0Þd3r0; (4)

where G(r) is the Green’s function and f(r) is the scattering
potential, which is defined as

f ðrÞ ¼ k2m

�
nðrÞ
nm

� �2

�1
�
; (5)

where nm is the RI of the immersion medium, km is the
wavenumber of the immersion medium, and n(r) is the
absolute RI of the sample given by nðrÞ ¼ nm þ nσðrÞ.
nσðrÞ is the local deviation of the RI of the propagation
medium from nm, and it is associated with the presence
of the investigated sample in the measurement volume.
λ0 is wavelength of the utilized light in vacuum.

The Rytov approximation can be successfully performed
when the gradient of the complex phase is small. As the
complex phase gradient does not depend on the thickness
of an analyzed sample, the applicability condition for the
Rytov approximation is independent of object size. Addi-
tionally, it should be noted that the u0ðrÞ field must be
measured to calculate the complex phase, Ψ sðrÞ. This is
realized by capturing the projections of the measurement
volume with no object present, which are referred to as ref-
erence projections.

The Rytov approximation enables us to calculate the
complex phase, Ψ sðrÞ, from each object projection captured
by a detector. The Fourier diffraction theorem (FDT) can
be used to calculate the 3D RI distribution of an analyzed
sample from these fields [35]. When a specimen is illumi-
nated by a plane wave, the FDT relates the two-dimen-
sional (2D) Fourier transform of the complex phase, Ψ sðrÞ,
with a spherical surface (referred to as the Ewald sphere)
in the 3D Fourier transform of the scattering potential of
the analyzed sample. If the sample is conjugated with a
detector plane through a microscope objective, the FDT is
described as (6) (the relation for 2D tomography has been
shown for the sake of simplicity).
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Ψ̂ sðαÞ ¼ j

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2m � α2

p f̂ ðα;
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2m � α2

q
� kmÞ

for jαj<km

; (6)

where Ψ̂ s and f̂ are the Fourier transforms of Ψ s and f,
respectively, and α is the lateral spatial frequency coordi-
nate.

The FDT for LAODT is schematically presented in Fig-
ure 1. When the illumination direction is altered and con-
secutive projections are captured, the Fourier spectrum is
filled with the Fourier transforms of the scattered fields that
are cast onto shifted arcs. The filled spectrum is presented
in Figure 1C. When all projections are processed, the spec-
trum is inverse Fourier transformed, and the scattering
potential of the sample is reconstructed. The described pro-
cedure is a basic tomographic reconstruction algorithm
named direct inversion. A 2D tomography case is shown in
Figure 1. However, in the paper, all tomographic recon-
struction procedures utilize the 3D FDT, where each com-
plex phase is a 2D field and its Fourier transform is cast
onto a 3D spherical cap [36,37].

However, despite indisputable advantages, the operating
principle of LAODT is a source of its biggest drawback.
Owing to the fact that the detector is stationary during the
measurement process and the illumination is rotating, there
is a limited angular range of illumination directions within
which the projections can be acquired. This is caused by
the limited numerical aperture (NA) of the microscope
objective in the imaging system. As a consequence, when
all projections are captured by the LAODT setup and the
spectrum of the reconstruction is filled with their Fourier
transforms according to the FDT, a relatively large area of
the spectrum still remains empty. As presented in Fig-
ure 1C, no information about spatial frequencies is pro-
vided in the cone around the γ axis. Thus, in LAODT, it is
not possible to fill the spectrum completely. This inherent
property of LAODT results in highly distorted tomographic
reconstructions of analyzed samples along the optical axis

of an optical system when simple reconstruction proce-
dures, such as direct inversion, are used. This is the first
source of errors in LAODT. This problem may be solved
by utilizing a hybrid approach, that is, combining rotation
and illumination scanning [38]. The LAODT illumination
scanning projections of the sample may be acquired for
several angles of orientation of the object. Then, all
LAODT data sets may be combined in the Fourier domain
to obtain isotropic reconstruction resolution. Alternatively,
one can use object rotation instead of the scanning of illu-
mination to provide quasi-uniform resolution. One of the
interesting solutions would be to rotate cells by tumbling
during their flow [39]. However, this does not prevent the
mechanical perturbation of the measured biological object.

Another problem associated with LAODT is the aniso-
tropic resolution of reconstruction along the optical axis.
The resolution is the maximum in the region of reconstruc-
tion that is within the depth of field (DOF) of a utilized
microscope objective and decreases as the distance from
this region increases. This is caused by the utilization of
the Rytov approximation in the tomographic reconstruction
process. However, there is considerable confusion in
research papers regarding this subject. In particular, numer-
ous sources claim that the Rytov approximation has spa-
tially invariant accuracy. Reference [37] states that “This
condition basically asserts that the Rytov approximation is
independent of the specimen size and only limited by the
phase gradient (...).” Furthermore, [40] states that “(...) the
size of the scatterer is not a factor in determining the accu-
racy of the Rytov approximation.” These statements are not
precise and may lead to incorrect conclusions. While it is
true that the validity condition for the Rytov approximation
is associated only with the phase gradient (unlike the Born
approximation), it is not equivalent to the fact that a 3D
reconstruction calculated with the Rytov approximation will
have a uniform resolution in the entire measurement vol-
ume. This is only the condition for the type of object that
can be reconstructed with this approximation. The Rytov
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FIGURE 1 Visualization of the FDT
for LAODT. (A) Projection acquisition
configuration; (B) corresponding arc in the
Fourier spectrum of the object’s scattering
potential; (C) example of a spectrum filled
with data from multiple projections (the
gray sector represents an empty region in
the spectrum) [Colour figure can be viewed
at wileyonlinelibrary.com]
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approximation is carried out by removing the component
with the gradient of the complex phase from the Helmholtz
equation. This operation can be successfully performed
when this gradient is small (only then the approximation
holds). Consequently, the gradient of the complex phase is
small when the gradient of the RI distribution in the mea-
surement volume is small. Note that if the gradient of the
object’s RI distribution is small, the gradient of the Rytov
field emitted by a selected object plane will be small
regardless of the thickness of the object. In this sense, the
Rytov approximation does not depend on object size. This
can be compared with the Born approximation, which
depends on the total energy of the scattered field. However,
in the Rytov approximation, the simplified Helmholtz equa-
tion is used to propagate the complex field and to calculate
the tomographic reconstruction. As this is not a rigorous
propagation algorithm, it introduces errors that increase
with the propagation distance from the plane that is conju-
gated with the camera. As a result, in LAODT, the resolu-
tion of the reconstruction decreases as the distance from
the focal plane in the object space increases.

As seen from the above discussion, there are several
fundamental phenomena in the limited angle tomographic
reconstruction of optical transparent microstructures that
influence the final accuracy of 3D RI distribution. Only a
deep understanding of these phenomena, a fully conscious
design of holographic tomography (HT) microscopes and
projection capturing scenarios, and creating a full process-
ing path from sinograms to 3D RI reconstruction will
allow for high quality results and ensure their quantitative
character. For this reason, in the subsequent sections, we
present the HT systems and software solutions that ensure
quantitative LAODT reconstructions to the best of our
knowledge.

3 | HARDWARE

To provide measurement data for HT, it is essential to deli-
ver a set of complex amplitudes acquired within a range of
viewing angles, which are later processed with a tomo-
graphic solver. This imposes the first two requirements for
hardware, that is, system configuration and a scanning
module. While lensless tomographic systems have already
been developed [41], the most common system type is a
digital holographic microscope with a detector conjugate to
a sample plane in a Mach-Zehnder (MZ) [36,42,43,18] or
common-path interferometer configuration [44,45]. The MZ
configuration is particularly suitable for phase object analy-
sis. However, MZ-based systems are inherently prone to
external disturbances. This is in contrast to common-path
systems, which provide more robustness. The drawback of
the latter is that if a large shear between object and image

beams is used to create a hologram [44], there is a chance
of two objects overlapping and rendering measurement
impossible, even if measurement objects are placed spar-
sely in the region of interest. Other common-path systems
use a replica of an object beam, which must be filtered
with an additional spatial filter to provide a reference beam
[46]. This solution is difficult to implement for tomogra-
phy. Despite the decreased stability, MZ systems are the
most suitable for phase object analysis and have already
been used in commercial solutions such as NanoLive [26]
and TomoCube[27] products. For this reason, this paper is
limited to the MZ-based tomographs.

In the second step, the systems are modified to provide
a variable illumination angle in the object beam.

To provide a set of projections acquired at different
viewing angles without moving the measured object, an
HT system requires a beam tilting component and an opti-
cal system with a high NA for illumination and imaging.
This implies either a condenser lens for illumination and a
microscope objective for imaging (MO and CL in
Figure 2A) or two microscope objectives (Figure 2B). In
general, optical systems with an NA of at least 0.8 are
used. However, the NA typically exceeds 1.2 [28] in oil or
water immersion objectives. This provides a maximum illu-
mination angle ranging from 45� up to even 60� or 70�

[43,47]. As a basic beam tilting solution, a motorized mir-
ror can be placed in a plane conjugate to the measured
object and camera[48,36]. A more advanced system would
use galvanometer mirrors [43,49], as indicated by GM in
Figures 2A and B, to reduce measurement time. Alterna-
tively, different concepts such as mechanical scanning
using a rotating prism can be employed. Such concepts
have already been successfully introduced [18,50].

A simple idea of changing the illumination angle in the
object beam leads to consequences in complex amplitude
retrieval for the projections in MZ-based systems. The
fringe period in each hologram changes with the angle
between the object and reference beams. To successfully
retrieve the complex amplitude in any illumination direc-
tion allowed by the system, either a temporal phase shifting
approach could be used [36,43] or projections would have
to be acquired for a quasi-constant fringe period. Such a
condition is automatically achieved when the object beam
is scanned around a cone (or a circle in the front focal
plane of the illuminating objective). However, this limits
the amount of data that can be acquired at intermediate azi-
muth angles and affects the quality of reconstruction [31].
For this reason, a second motorized mirror is additionally
placed in the system in a few cases [45,42], for example,
TM in Figure 2A, or other scanning strategies are applied,
such as grid [31] or spiral scanning [42,44]. A new com-
mon-scan type of system has been built to prevent the
addition of more moving components [31], as shown in
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Figure 2B. In this system, the beam splitter for the MZ
configuration is placed after the beam has passed through a
dual-axis galvanometer mirror. The magnification between
the galvanometer mirror and detector is the same for the
object and reference beams. This is ensured by two lenses
and an inverting prism. This minimizes the cost of the
otherwise more complex optical system. As a result, the
relative angle between the two beams is quasi-constant.
Moreover, the fringe period can be matched to the optical
system and detector and maintained constant for the entire
measurement regardless of the object’s illumination angle.

Still, the scanning provided by mechanically moved
components may be questionable and may introduce addi-
tional errors [28] resulting from lack of mechanical stability
and the repeatability of the galvanometer mirror [51]. As a
result, a number of movement-free systems, such as those
shown in Figure 2C, have been developed. In the afore-
mentioned figure, beam tilting (scanning) is performed
using a spatial light modulator, which may be a liquid crys-
tal on silicon modulator [52] or a digital micromirror
device [53,54] in this case. Such an approach leads to
improved scanning repeatability and stability [51] and a
more accurate tomographic reconstruction [28]. Moreover,
the quality of the illumination system resulting from scan-
ning component flatness may degrade the reconstruction
result in a few cases. Therefore, placing an active beam
steering device in the system provides an opportunity to
correct the illuminating wavefront [28].

To provide the best quality reconstruction with HT, it is
vital to maximize the illumination angle and thus the NA
of the optical system (imaging and illumination). This leads
to a highly limited DOF, which degrades the result. To fur-
ther improve reconstruction quality, it is possible to extend
the DOF in reconstruction either numerically [49] or using

a hardware approach [30]. The computational enhancement
based on numerical defocusing provides outstanding
improvement [49]. However, the calculations are time-con-
suming and the equivalent hardware solution may be
obtained at additional measurement time instead [55,30].
The hardware approach requires an additional module, as
shown by the extension presented in Figure 2D, added to
an HT system instead of a camera. IM in the figure repre-
sents an intermediate image plane, and ETL is a tunable
lens combined with OL, which is an offset lens. Such an
afocal system allows for the movement of the plane conju-
gate to the camera. One can combine the partial reconstruc-
tion into an enhanced result by obtaining a set of
projections at different focus settings.

4 | SOFTWARE

In this section, the numerical procedures and methods for
the 3D tomographic reconstruction of biological specimens
are presented.

As described in Section 2, the most basic tomographic
reconstruction algorithm that considers diffraction is direct
inversion. However, highly distorted results are obtained
when this method is applied to the data acquired using the
LAODT system. Thus, numerous iterative algorithms with
constraints applied in each iteration are reported in litera-
ture. The most frequently used approach is the Gerchberg-
Papoulis (GP) method, which is described in section 4.1,
where the solution to the data mapping problem is also
proposed. In section 4.2, a more advanced method dedi-
cated to the analysis of biological samples with nonpiece-
wise-constant RI distribution is presented. In section 4.3, a
numerical procedure for the minimization of the
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FIGURE 2 Typical holographic tomography measurement system setups based on Mach-Zehnder configuration. (A) Scanning with a
galvanometer mirror (GM); (B) common-scan configuration; (C) scanning using a spatial light modulator; (D) extended depth of field module
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reconstruction artifacts that are due to the limited DOF of
the optical setup (as described in Section 2) is provided.

4.1 | Gerchberg-Papoulis algorithm

In its basic form, the modified GP algorithm for ODT con-
sists of the following four steps [56,47]:

(i) F0
j ¼ ð1 � βΩÞFj�1 þ βΩF0

(ii) fj ¼ IFFTfF0
jg

(iii) f 0j ¼ g�1 PβPþ<fgðfjÞg
� �

(iv) Fj ¼ FFTff 0j g.

Step (i) describes the replenishment of the 3D spatial
frequency domain, F, of the object scattering potential, f
(see (5)) with projection data stored in F0. Only the known
voxels of F0 are replaced, which are represented here by
the binary substitution mask, Ω. The F0 array is built once
before the iterations start by mapping the 2D projection
spectra on their corresponding Ewald spheres using the
nearest neighbor method. In this process, the values of
overlapping voxels are averaged, which prevents the over-
representation of low frequencies in F0. Step (iii) applies
the nonnegativity constraint to the j’th reconstruction.
Function g(·) returns the complex RI minus the immersion
level for a given f (5). ℜ takes the real value of its argu-
ment and operator Pþ replaces negative values with zeros.
β is an optional relaxation parameter that is gradually
decreased during iterations (eg, by βj ¼ 0:99βj�1). This
parameter acts as a weight for data replenishment in (i) and
simultaneously suppresses object space padding in (iii) per-
formed by operator Pβ, which multiplies padded regions by
(1 − β). Object padding is the signal domain extension that
follows from Fourier domain oversampling defined as
α ¼ NF=Np, where NF and Np denote the pixel sizes of the
3D spatial frequency array and 2D projection array, respec-
tively.

The optimal operational conditions of the GP algorithm
are rarely discussed in literature. It is worth noting that this
method is generally accurate only with spatially bound
objects (such as individual cells or isolated groups) that
occupy a fraction of the horizontal field of view (FoV) of
size Np � Np and surrounded with a clear immersion med-
ium. There are two reasons for this. First, if the object pro-
file fits the entire projection frame (detector area), it
implies that the diffraction tails of the object wavefield
have been cut out. Incomplete projections typically cause
the algorithm to converge to a distorted solution. Second,
the relative size of the object within the 3D FoV corre-
sponds to the sampling density of its spatial frequency con-
tent. If the signal is smaller with respect to the window, its
spectrum varies more slowly. Effectively, the nearest neigh-
bor strategy during the initial assembly of F0 introduces

less distortion. In practice, interpolation-related artifacts are
frequently still visible even with the FoV two times wider
than the object. For this reason, additional spectrum over-
sampling (α) is frequently employed. In classical ODT with
object rotation, this is best achieved via projection padding.
However, in LAODT, considerable memory and computa-
tion effort can be saved by leaving the projections intact
and instead applying a finer sampling of F only in its verti-
cal axis, perpendicular to the fixed detector plane. The
reconstruction quality is almost the same in both cases,
with significant improvement starting from α = 2.0. More
efficient strategies for the minimization of interpolation
errors within the GP scheme have also been reported
[57,58]; however, they are outside the scope of LAODT.
Another potentially attractive direction for improvement in
LAODT is the use of the joint sparsification of the wavelet
coefficient and gradient domains. This has already proved
to be useful in providing diagnostic quality reconstructions
in magnetic resonance imaging from strongly sparse data
that do not conform well to the piecewise constancy condi-
tion enforced by total variation (TV) regularization [58].

With complete and clean projections and sufficient sam-
pling density in F, the GP algorithm tends to converge reli-
ably and independent of data resolution and content.
Therefore, for a given illumination pattern, a fixed number
of iterations between 100 and 200 should be sufficient. An
automatic stop condition can be also employed, for
instance, by detecting saturation in the slope of the relative
change between consecutive reconstructions.

It is possible to supplement the GP algorithm with vari-
ous regularization schemes simply by applying additional
constraints in step (iii). In [56], the authors use a nested
gradient descent loop to minimize the TV norm just before
the next forward Fourier transform. The work [16] reviews
a few other propositions that incorporate TV regularization
into the ODT framework in a more robust manner. How-
ever, the results are visibly affected by the stairway arti-
facts characteristic for TV minimization, which tends to the
obscure the finer details of typical microbiological samples.
In the following section, we outline a different proposition
of utilizing TV in LAODT [29,30], which can be based on
any iterative algorithm with spatial support capability,
including the basic GP scheme described above.

4.2 | Total variation iterative constraint
algorithm

The TV iterative constraint (TVIC) method is a tomo-
graphic reconstruction strategy that can be combined with
the arbitrary iterative algorithm. It provides increased
reconstruction quality with highly minimized LAODT arti-
facts [29]. Therefore, the method solves the main LAODT
problem, that is, the "missing cone" problem outlined in
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Section 2. When the TVIC method is combined with the
GP algorithm (TVIC-GP), it does not assume any specific
RI distribution of analyzed samples (like piecewise con-
stancy), and thus, it is used for the analysis of biological
specimens, where it provides superior quality compared to
the GP algorithm alone.

The TVIC method is a two-stage iterative strategy. In
the first stage, a support constraint is automatically gener-
ated. Then, it is passed to the second stage, that is, the GP
algorithm described in section 4.1 (however, any algorithm
can be selected).

The TV minimization algorithm is applied along with
the algebraic reconstruction method to generate the support
constraint [59,60,61,62]. The problem can be stated as
follows:

minimize
f

kfkTV
subject to Af ¼ b f j � 0

; (7)

where f is the reconstruction function, f, represented in the
vector form, f j are the elements of the vector with
j = 1, 2, … N, N is the total number of voxels in the
reconstruction, A is the forward projection operator, b is
the sinogram with measurement data represented in the
vector form, where the elements of the vector are bj with
j = 1, 2, … M, and M is the total number of pixels in all
acquired projections. The minimization in (7) is constrained
with two conditions. The first, Af = b, forces the resulting
reconstruction to be consistent with the sinogram. The sec-
ond, f j � 0, is the nonnegativity condition that uses a pri-
ori knowledge that the phase values in the reconstruction
cannot be negative.

Technically, the minimization in (7) can be carried out
using various optimization algorithms. In this paper, the
Chambolle-Pock method is used, in which operator A is
defined like in computed tomography [63,64].

The result of applying TV minimization is a 3D recon-
struction of the measured biological microsample, which
contains erroneous RI values because TV minimization
assumes piecewise constancy of the RI distribution. How-
ever, the boundaries of the sample are correctly retrieved,
free from the distortion characteristic of LAODT. This
reconstruction defines the spatial limits of the specimen.
Thus, the RI distribution is binarized, and a 3D mask of an
object, that is, the support constraint, is created. Then, this
mask is passed to the GP algorithm described in section
4.1, where it is applied in each iteration of the tomographic
reconstruction along with the nonnegativity constraint. As
piecewise constancy is not assumed in the GP algorithm,
the method is applied to biological microsamples with arbi-
trary RI distributions. The utilization of the precisely gener-
ated support constraint in the GP algorithm results in
reconstructions in which the two most visible LAODT

artifacts are corrected, namely, decrease in RI values close
to object boundaries and elongation of specimen bound-
aries in the direction of the optical axis. The superiority of
this combined approach over the standard GP method is
shown in Section 5.

It is important to note that the TVIC method, like any
other support-constraint-based approach, is sensitive to the
structures in the measurement volume that are not covered
by the 3D mask. The presence of such structures (such as
cellular debris, dust particles, or even other surrounding
cells) results in decreased reconstruction quality. However,
in recent years, a sinogram preprocessing method has been
proposed to remove these unwanted inclusions [65].

It should be noted that other reconstruction strategies
have also been proposed in recent years. An iterative
approach for reconstructing data from tomography that
combines the object rotation and axial scanning of a sam-
ple is presented in [66]. In [67], the authors propose a non-
linear and computationally efficient reconstruction
algorithm that considers multiple scattering. In [68], the
vectorial treatment of captured data is used, thus allowing
for the utilization of polarization effects.

4.3 | Extended depth-of-field tomography

In Section 2, the reconstruction error associated with the lim-
ited DOF of the LAODT setup was described. In Section 3, a
modification of the optical setup was proposed to capture
multiple sets of object projections for different positions of
focal planes. In this section, a numerical procedure for pro-
cessing data is presented. This procedure allows for the cal-
culation of 3D tomographic reconstructions with quasi-
isotropic resolution in structures with relatively large depth.

The complete description of the numerical solution,
referred to as extended DOF tomography (EDOFT), is pre-
sented in [30]. The inputs to the algorithm are object sino-
grams, where each sinogram is captured for a different
position of a focal plane in the object space. The motiva-
tion behind this approach is that when a tomographic
reconstruction is calculated with the Rytov approximation,
only the fragment that surrounds the plane that corresponds
to the focal plane in the object space of the optical setup is
reconstructed with isotropic resolution.

During calculations, each sinogram is independently
reconstructed using the TVIC-GP approach described in sec-
tion 4.2. As a result, a set of tomographic reconstructions is
obtained. In each reconstruction, each region has different
isotropic resolution (the depth of this region depends on the
type of investigated specimen and the NA of the microscope
objective). Thus, it is clear that the input sinograms should
be captured in such a manner that the fragments with isotro-
pic resolution from all reconstructions should cover the entire
volume of the investigated sample. The fragments with
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isotropic resolution are cut out from each reconstruction.
Finally, all fragments are stitched into a new tomographic
reconstruction, where isotropic resolution is maintained
throughout the volume of the analyzed specimen.

It should be noted that the presented approach is not the
only solution to anisotropic resolution in tomographic
reconstructions that is associated with the limited DOF of
an optical setup. Another approach is a purely numerical
solution in which each projection is rigorously propagated
to multiple planes that cover the range of the entire sample
[49]. In the next step, complex phases, Ψ sðrÞ (see Sec-
tion 2), are calculated from the propagated fields and the
final reconstruction is obtained. This method requires
capturing only a single set of projections, which is a signif-
icant advantage. However, it involves extensive and time-
consuming data processing.

The increase in reconstruction quality due to the utiliza-
tion of EDOFT is shown in Section 5.

5 | RESULTS

5.1 | Investigated object and experimental
system

To visualize the effect of the numerical procedures
described in this paper on tomographic reconstruction qual-
ity, a biological specimen was investigated with a LAODT
system and reconstructed using three different approaches.
The selected specimen was a mouse fibroblast cell from
the 3T3 cell line [69]. The cells were cultured on a glass
bottom dish with a diameter of 35 mm (Ibidi, Germany) in
DMEM supplemented with 10% fetal calf serum, 4 mM
glutamine, penicillin, and streptomycin in a humidified
incubator at 37�C and 7.5% CO2.

The tomographic projections were captured by utilizing
the system presented in Figure 2B with an extended DOF
module (Figure 2D) placed between the image plane and
camera. A He-Ne laser at λ = 632.8 nm was used as a
coherent light source. At each focal plane position set by
the tunable lens, 360 holograms were acquired with the
conical illumination scenario at 1� intervals and a zenith
angle of 52�. The NAs of the illumination and imaging
systems were 1.3 each (100x microscopes objectives).
Then, each hologram was processed using the Fourier
transform phase retrieval algorithm [70] to obtain the com-
plex amplitude for each viewing direction. The complex
amplitudes were filtered with a [3 × 3] median filter to
reduce noise in the reconstruction.

5.2 | Tools for 3D visualization

One of the common problems of all tomographic techniques
is the 3D visualization of reconstructions. The optimal

software tool must be user-friendly, compatible with com-
mon tomographic file formats (such as Matlab or RAW
files), and should provide visualizations that allow for the
clear presentation of the inner structures of the investigated
sample. The possibility of preparing movies is an additional
advantage. Two such tools are the Drishti volume exploration
and presentation tool [71] and Tomviz [72]. Both tools are
free and relatively easy to use. In Drishti, to visualize the data
saved in a Matlab file, the data must be first exported into a
RAW file and then converted from the RAW format into the
format read by the software, which is realized by a separate
tool distributed along with the main application. In the next
step, the converted data are imported into Drishti, where
visualization parameters can be specified. The graphical user
interface (GUI) requires practice; however, it provides a sig-
nificant number of visualization options (including slicing
and movie generation). In Tomviz, the data can be imported
into the main application directly, without the additional con-
version step. The GUI does not require experience from the
user, and it provides a similar number of visualization
options as Drishti.

5.3 | Measurement results of a biological cell

The tomographic data of the fibroblast cell, which were
captured in the system described in section 5.1, are recon-
structed using three approaches. The first is the GP algo-
rithm described in section 4.1 using the z-direction
upsampling of α = 2.0. The result obtained after 100 itera-
tions of the GP method is presented in Figures 3A and B,
where the y-x and y-z cross sections of the 3D reconstruc-
tion are shown. It can be noted that the boundary of the
cell is blurred in the z direction, and only one high-RI
structure is visible.

In Figures 3C and D, the reconstruction calculated with
the GP method supported with the TVIC strategy is pre-
sented. The comparison of this result with the previous
result leads to the following three conclusions: (i) the
object boundaries become sharp, (ii) the average RI
increases, and (iii) the second high-RI structure becomes
visible. However, the pseudopod, which is visible on the
right side of the cell, looks less natural.

The last result, shown in Figures 3E and F, is calculated
using the TVIC-GP procedure but with the EDOFT
approach. Four focal planes that are evenly distributed and
cover the entire object volume are used. For each focal
plane, a 3D reconstruction is calculated with the TVIC-GP
algorithm and the region surrounding the focal plane is cut
out. Finally, all cut-out fragments are stitched. It is clear
that this approach combines the advantages of the TVIC-GP
method without introducing new artifacts (the pseudopod
regains its correct shape). A 3D Tomviz visualization of this
reconstruction is shown in Figure 3G.
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6 | CONCLUSIONS

In recent years, rapid developments in the field of quantita-
tive phase imaging have produced a large number of inno-
vative optical imaging techniques, all of which compete for
future adoption in biomedical sciences. In the context of
volumetric imaging, the ODT approach is currently the
most developed method, and it has already been repre-
sented in the market for 3D microscopes. The products
available currently are based on classical (linear and coher-
ent) ODT in the limited angle configuration. The NanoLive
device uses the complex deconvolution of projection fields
to enhance resolution in a single-step direct inversion
reconstruction. In contrast, TomoCube utilizes GP iterations
for reducing the image deformations and resolution inho-
mogeneity caused by missing projection angles. Different
hardware solutions are utilized to realize illumination beam
scanning, such as a spinning mirror (NanoLive) or a digital
micromirror device (TomoCube). Even though both com-
mercial products provide a certain degree of depth resolu-
tion, reconstruction quality decreases quite rapidly as the
distance from the main focal plane increases. Thus, the
removal of limited angle artifacts remains an open practical
problem. Various regularization algorithms have been pro-
posed (mainly based on TV minimization) to resolve this
problem, but their applicability to arbitrary microbiological
structures remains questionable owing to the side effects
involved.

The processing path outlined in this work presents a
complete instrumental/numerical solution dedicated specifi-
cally to the imaging of biological cells. The solution over-
comes the abovementioned metrological limitations. In

particular, the overall geometry and RI levels in the under-
estimated regions (not fully recovered through the non-
negativity condition alone) are corrected, bringing the result
closer to its intended quantitative character. This includes
counteracting the “depth of focus” problem that stems from
the Rytov weak scattering approximation. We mention two
effective methods of approaching this issue, that is, a hard-
ware approach and a software approach. The practical con-
ditions for the effective application of the GP algorithm are
also described in detail. In addition, we refer to a possible
improvement in GP-based LAODT in terms of the Fourier
domain interpolation accuracy and a flexible wavelet-based
regularization scheme, which has already been applied in
3D medical imaging.

In conclusion, coherent LAODT has already proven to
be a practical method for label-free microbiological imag-
ing. Even though a number of new promising methods
have been introduced in recent years, particularly partially
coherent ODT, the classical LAODT scheme is currently
the most reliable. A number of technically attractive
improvements to current commercial products can be pro-
posed based on literature, which would bring the method
significantly closer to the highly desired status of a full-3D
quantitative technique. For this reason, one can expect that
future 3D microscopes based on the classical LAODT
framework will continue to take lead in terms of overall
3D imaging accuracy.
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