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a b s t r a c t

In the paper we present a novel method of extended depth-of-field limited-angle optical diffraction
tomography, in which the change of a focal plane position is performed with a liquid focus-tunable lens.
One sinogram is acquired for each state of a focus-tunable lens. After acquisition process is complete, all
sinograms are independently reconstructed and stitched to form the final tomographic reconstruction.
The presented solution effectively extends the applicability of the Rytov approximation to relatively thick
samples and provides uniform resolution of 3D tomographic reconstructions. The method is also com-
bined with Generalized Total Variation Iterative Constraint algorithm, which minimizes distortion of
the results due to the limited angular range of acquired projections. The combined solution is dedicated
to investigation of transparent and semi-transparent biological micro-structures, like cells and tissue
slices.
� 2017 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Recent advances in optical diffraction tomography (ODT) have
demonstrated its high capability for the study of biological cells
and tissues with its unique advantages of label-free and
quantitative measurements of opto-geometrical parameters of
non-fluorescent micro-samples [1]. Most ODT setups are
implemented in digital holographic microscopes (DHM), which dif-
fer from classic ones in that they measure both: the phase and
amplitude of diffracted fields with numerical defocusing capability
[2–4]. Several authors have already implemented tomographic
procedures based on digital holography for 3D refractive index
(RI) investigations inside cells. The projections of an object are cap-
tured based on two main approaches: (1) rotation of a bio-sample
[5–8] and (2) scanning of the illumination beam [9–12]. Both
solutions have their pros and cons. The first one delivers uniformly
distributed data, so tomographic reconstruction is more straight-
forward and accurate. On the other hand, the experimental difficul-
ties connected with inserting cells into a rotatable capillary, or
alternatively rotating a cell by optical tweezers [13] is in many bio-
logical applications unacceptable. In the second approach, the data
are provided by projections which are captured within a limited

angle and therefore it is not possible to recover a part of the 3D
Fourier space of an object and the well-known missing cone prob-
lem occurs [14]. The illumination scanning method, often called
limited-angle optical diffraction tomography (LAODT), results in
significant distortion of the reconstructed geometry and 3D RI dis-
tribution. This problem has already been addressed e.g. in [15,16]
and recently two-stage Generalized Total Variation Iterative Con-
strain (GTIVIC) algorithm has been proposed [17]. It enables
retrieving the accurate 3D external geometry of samples, followed
by proper reconstruction of 3D distribution of RI.

In LAODT, a biological micro-structure is placed in a cell culture
medium in a stationary Petri dish or a glass plate which is then
introduced into the ODT system built in a vertical configuration.
This approach has multiple advantages: (a) it simplifies prepara-
tion of a sample, since many biological cells are grown in Petri
dishes, (b) it minimizes vibrations in the system and (c) increases
the measurement speed, since changing a position of laser illumi-
nation beam can be carried out much faster than object rotation,
thus allowing analysis of dynamic biological phenomena. These
experimental advantages have made LAODT popular in numerous
biomedical application fields [9,11,12] and in commercial systems
[18,19]. However, there are still some important issues to consider
with aim to improve the accuracy of quantitative analysis of cells
with complex shapes, cell clusters or tissues.
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It has been proven that tomographic reconstruction techniques
based on Rytov approximation suffer from the effect of spatially-
variant accuracy along optical axis which is associated with an
approximated propagation of Rytov fields, which is an inherent
part of this technique [20–22]. It is even more observable in LAODT
systems, as they utilize high numerical aperture (NA) microscope
objectives, for which depth of field (DOF) is extremely shallow
[12] and the Rytov approximation, applied in tomographic
reconstructions for layers far from the focal plane of a microscope
objective, is strongly violated [23]. It should be noted that these
errors are present in reconstruction methods that utilize direct
inversion algorithm, in which no propagation is directly calculated
and instead, filling the spectrum with Rytov fields on Ewald’s
spheres is carried out, as these two approaches are equivalent,
according to [24]. In principle this problem can be solved by proper
manipulation of input holographic data and their processing as
shown in [21], in which the Extended Depth of Focus Filtered Back-
propagation (EDoFFBP) technique has been introduced. In EDoFFBP
a complex field from each projection is rigorously propagated to
multiple planes that cover the range of the whole sample. In the
next step, Rytov fields are calculated from the propagated fields
and the final reconstruction is obtained. This method requires cap-
turing of only a single set of projections, which is a significant
advantage. However, it involves extensive and time-consuming
data-processing and it suffers from variable accessible measure-
ment volume.

The spatially invariant accuracy problem can also be addressed
with hardware-based methods, in which a sample stage is scanned
in z direction while acquiring projections [25]. Unfortunately, it is
difficult to achieve high mechanical stability of such a setup espe-
cially if a fast measurement is to be performed. Also, this removes
the main advantage of the LAODT, namely stationarity of the inves-
tigated biological micro-object, which is usually placed in liquid
environment. Therefore, we propose an alternative method of cap-
turing projections for multiple positions of focal planes in the sam-
ple by introducing a liquid focus-tunable lens between an imaging
microscope objective and a CCD camera. This solution assures sta-
tionarity of an object and allows fast, optoelectronic-based selec-
tion of focal planes, for which the sequential sets of projections
are captured, followed by tomographic reconstruction and stitching
of the data volumes. Additionally, to fully address the main down-
sides in LAODT, that is the so-called missing frequency problem,
poor axial resolution and spatially-variant axial accuracy, we pre-
sent the measurement methodology and full processing chain,
which combines the two-stage tomographic reconstruction strat-
egy based on the regularization technique [17] and stitching of
the volumes of accurate RI data reconstructed for several focal
planes. This general procedure can be easily modified depending
on the features of micro-object (its thickness, scattering properties
and a character of RI distribution – piecewise constant vs. gradient).

The paper is organized as follows. Section 2 provides the full
concept of the proposed method for achieving the spatially invari-
ant axial accuracy. Section 3 describes in detail the measurement
system in which we capture the set of projections, while in Sec-
tion 4 the algorithms that are implemented for data processing
and tomographic reconstruction in full volume are presented and
explained. Section 5 presents the results of measurements of two
types of objects: a certified micro-sphere and two biological
micro-structures: a mouse fibroblast cell and a tissue slice. Finally,
Section 6 summarizes the findings and draws conclusions.

2. Main concept

In LAODT the projections are captured by illuminating a sample
from different directions allowed by the NA of a microscope

objective. The basic step in LAODT is acquisition of a single projec-
tion. As a result, a hologram with encoded information about inte-
grated complex RI distribution along the illumination direction is
recorded by a detector. A microscope objective in the optical setup
conjugates a central z-plane (in which z is the optical axis) of the
measurement volume with a detector, and thus the part of
the integrated complex RI that comes from the surrounding of this
z-plane is diffraction-free since it is within the depth-of-field (DOF)
of the optical setup. DOF highly depends on the NA of the optical
setup, according to the relation:

DOF / kn

NA2 ð1Þ

where k – wavelength in vacuum, n – immersion refractive index,
NA - numerical aperture.

So, it is clear, that with high NA microscope objectives, utilized
in LAODT setups, DOF is extremely small. This is important,
because the effect of non-central planes (z-planes that are outside
of DOF) on the integrated complex RI is nonlinear. When analyzing
the influence of these z-planes, it is necessary to take diffraction
into account. What is more, the further the z-plane is from the cen-
ter of a measurement volume, the more significant the effect of
diffraction is.

The two well-known methods that linearize the relationship
between RI distribution of z-planes that are outside of the optical
system DOF with the recorded projection are 1st order Born and
Rytov approximations [26]. It has already been proved, that when
biological micro-structures are measured, 1st order Rytov approx-
imation provides superior results. For the sake of simplification, it
can be stated, that application of 1st order Rytov approximation
creates a synthetic DOF (SDOF) of the optical system, which is sig-
nificantly higher than the standard DOF. Inside SDOF, diffraction
effects are compensated in the reconstruction process. A symbolic
relationship between DOF and SDOF is presented in Fig. 1(a). It
should be noted, that the value of a SDOF cannot be calculated
mathematically, like standard DOF. Instead, it can be estimated
for a given class of biological micro-structures based on experi-
ments. If the measurement volume is large, i.e. the thickness of a
cell or tissue sample is significant, the SDOF may cover it only par-
tially. As a result, when a tomographic reconstruction is calculated,
regions of a sample that are outside of SDOF have lower resolution
compared to the parts that are within the SDOF due to violation of
the Rytov validity condition. Such anisotropy of resolution deteri-
orates the measurement conditions and reduces quality of the
reconstructed data.

The idea behind focus-tunable tomography is to achieve quasi-
uniform resolution within the whole object volume through acqui-
sition of multiple projections for a single illumination direction.
Each projection is acquired for a different position of the focal
plane in the measurement volume. This way, SDOFs that
correspond to different focal planes cover the whole measurement
volume (see Fig. 1(b)).

A focus-tunable lens is a liquid-filled membrane, whose optical
power is controlled with electric current. Thus, by applying specific
values of electric current, different sections of an investigated sam-
ple are conjugated to a detector plane. Themeasurement scenario is
presented in Fig. 2. First, the lens is set to conjugate first focal plane
(FP1) in the object’s space with the matrix detector. Then, object’s
projections are acquired with the illumination scanning system
and a sinogram is created for the given optical power of the lens.
Then, the electric current value is modified, and the procedure is
repeated for FP2andFP3.As a result of this stage,multiple sinograms
are recorded for different focal planes in the object space.

The number of focal planes within a measurement volume
depends on three parameters. The first is thickness of an investi-
gated sample. For thick samples, more focal planes are necessary.
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