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Abstract. Three-dimensional imaging of biological cells is crucial for the investigation of
cell biology, providing valuable information to reveal the mechanisms behind
pathophysiology of cells and tissues. Recent advances in optical diffraction tomography
(ODT) have demonstrated the potential for the study of various cells with its unique
advantages of quantitative and label-free imaging capability. To provide insight on this
rapidly growing field of research and to discuss its applications in biology and medicine,
we present the summary of the ODT principle and highlight recent studies utilizing ODT
with the emphasis on the applications to the pathophysiology of cells.
© 2016 Journal of Biomedical Photonics & Engineering.
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1 Introduction

Three-dimensional (3-D) optical microscopy techniques
have been an invaluable tool in modern biological and
medical sciences. They have been utilized to investigate
mechanisms and dynamics of biological cells and to
provide insights to aid in the diagnosis of diseases [1].
For recent half a century, we have witnessed the
developments of various 3-D optical microscopy
techniques and their applications in cell biology and
medicine; from confocal microscopy [2] to multiphoton
microscopy [3], and to super-resolution nanoscopy [4].
Among them, optical diffraction tomography (ODT)
has recently created and demonstrated a wealth of
possibilities for 3-D imaging of live cells. ODT is an
interferometric technique which measures the 3-D
refractive index (RI) distribution of optically transparent
samples such as biological cells. ODT is analogous to
X-ray computed tomography (CT), except that it uses
visible light instead of X-ray. Recently, ODT has gained
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significant interest, and the applications using ODT has
rapidly expanded due to the following advantageous:

— ODT does not require the use of exogenous
labeling agents or dyes, such as fluorescence
proteins, organic/inorganic dyes, and quantum
dots. In ODT, RI, an intrinsic optical parameter
of material, is utilized as an imaging contrast.
ODT eliminates the complicated sample
preparation processes and overcomes the
limitations of labeling agents or dyes such as
photobleaching or phototoxicity.

— In ODT, the measurements of RI provide
quantitative imaging capability. The values of RI
can be translated into various useful parameters
such as protein concentrations and cellular dry
mass.

— The instrumentational requirements for ODT are
relatively simple and inexpensive. Unlike 3-D
nonlinear optical microscopy techniques such as
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multiphoton microscopy or Raman microscopy,
ODT utilizes low-power continuous-wave lasers
for illumination and conventional image sensors
such as CCD or CMOS.

ODT was first theoretically proposed in 1969 by E.
Wolf [5] and followed by geometrical interpretation by
Déndliker & Weiss [6]. From the late 70s, ODT has
been experimentally demonstrated by early works
[7-12]. Recently, there have been significant technical
advances in ODT thanks to the advancements of laser
sources, detecting devices, and computing powers. Also,
the limitations and challenges of using labeling agents
in 3-D cell imaging have become significant issues in
several applications. For these reasons, during the last
few years, the field of ODT has started to expand to the
various fields of applications, ranging from biophysics,
cell biology, hematology, to infectious diseases.

Here, we summarize the recent advances in the
developments of ODT techniques and discuss important
applications of ODT in the fields of biology and
medicine. This review is organized as follows: Section 2
briefly discusses the principles of ODT including
optical instrumentations and reconstruction algorithms;
Sections 3 summarizes the applications of ODT for the
study of cell pathophysiology; Finally, perspectives for
future developments and applications are discussed in
Section 4.

2 Materials and methods

In this section, the principles of ODT are discussed:
various  experimental configurations for ODT
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Fig. 1 Schematic diagram of the experimental setup.
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measurements and reconstruction algorithms are
summarized. Further information on theoretical
principles and experimental configurations for various
ODT techniques can also be found elsewhere [13-16].

2.1 Experimental setup

ODT solves an inverse problem of light scattering by a
weakly scattering object. Typically, 3-D RI distribution
of a weakly scattering sample or so-called a phase
object is reconstructed from the measurements of
multiple 2-D holograms of the object obtained with
various illumination angles. It is analogous to X-ray CT
(Fig. 1), in which 3-D absorption distribution of a
human body is reconstructed via a filtered back
projection algorithm, from the measurements of
multiple 2-D X-ray images of the object obtained with
various illumination angles. Both the ODT and X-ray
CT shares the same governing equation — Helmholtz
equation, and thus the principle of reconstruction
algorithms is also identical.

Essentially, the optical setup for ODT consists of
two parts: the illumination or sample modulation unit
and the optical field recording unit. The optical field,
composed of both the amplitude and phase information
about a sample, is recorded employing the principle of
interference. Diverse configurations are available for the
optical field recording unit, including off-axis
interferometry, phase shifting interferometry, or using
transport of intensity equation. In-depth summaries on
various 2-D field measurements techniques and field
retrieval algorithms can be found in elsewhere [17-20].
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To control illumination beams impinging onto a
sample, various techniques have been proposed, which
can be classified into illumination scanning [21-24] and
sample rotating schemes [25-27].

2.1.1 lllumination scanning ODT

For systematic controlling the angle of illumination
beams, various types of beam rotators have been
employed as depicted in the Figs. 2 (al-a3). Typically,
galvanometer-based rotating mirrors have been used as
a beam rotator, which controls the angle of the
illumination beam impinging onto a sample by tilting
mirrors of the galvanometer located at the conjugate
plane of the sample [Fig. 2(al)]. Due to the use of
mirrors, beam scanning with a galvanometer can be

executed with minimal laser power loss. The use of the
galvanometer, however, is inherent in mechanical
instability including position jittering induced by
electric noise and positioning error at high voltage
values caused by the nonlinear response. Moreover, due
to the geometry of the dual-axis galvanometer,
rotational surfaces for two independent axes cannot be
exactly conjugated to the sample plane, which causes
unwanted additional quadratic phase distribution on the
illumination beam. To overcome this optical
misalignment, placing two single-axis galvanometers at
the separate conjugate plane relayed by additional 4-f
lenses can be used, but it inevitably requires a bulky
optical system that may cause additional phase
instability due to long optical paths.

@
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Fig. 2 Experimental setups for standard ODT techniques. (a) Beam scanning methods using a beam rotator such as (al)
a dual-axis galvanometer mirror, (a2) a liquid crystal spatial light modulator, and (a3) a digital micromirror device. (b)
A sample rotating method using a rotary holder, and (c) axial scanning of objective lens using a translaional stage.

Recently, a spatial light modulator (SLM) using
liquid crystals was utilized as a beam rotator [28]. To
control the angle of the illumination beam, the SLM
located at the conjugate plane to the sample displays
wrapped linear phase ramp. Then, a plane wave with a
desired propagating direction can be generated from the
first-order diffracted beam while unwanted diffracted
beams are blocked by spatial filtering [Fig. 2(a2)]. Since
the use of the SLM does not contain any mechanically
moving part, the ODT measurements can be performed
with high stability. Also, the SLM can correct the
wavefront distortion of an illumination beam to generate
clearly plane waves at the sample plane, which
enhances the accuracy of ODT measurements.
However, due to the limited diffraction efficiency of the
SLM and the spatial filtering, available illumination
beam power significantly decreases. Furthermore, the
slow innate response of liquid crystal realignment in the
SLM slows down the scanning rate of the illumination
beam, and expensive costs of an SLM may also limit
wide applications in biological fields.

More recently, a digital micromirror device (DMD)
was employed as a beam rotator for the ODT technique

with high speed and stability [29, 30]. The DMD
consists of hundreds of thousands of switchable
micromirrors, which can be independently controlled
between on and off states with ultra-high modulation
speed reaching few tens of kHz. To steer the angle of
the illumination beam, the DMD located at the
conjugate plane to the sample displays a binary pattern,
called the Lee hologram [31] to generate a plane wave
with a desired illumination angle [Fig.2 (a3)]. Similar to
the use of an SLM, the illumination control with a DMD
can be performed in high stability, and also able to
correct wavefront distortion. Furthermore, the use of a
DMD is cost efficient and enables fast illumination
control due to the ultra-fast refreshing speed of a DMD.
Because binary intensity holograms are projected, there
is a limitation in the dynamic range of phase modulation
and a beam size of the illumination with a DMD. Also,
undesired diffraction from a DMD causes speckle noise
and reduction in beam power.
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2.1.2 Sample rotation ODT

Instead of illumination control, a sample of interest can
be rotated, and the diffracted light fields at various
rotation angles can be used for the reconstruction of 3-D
Rl map of the sample [Fig. 2(b)]. Contrast with the
beam scanning method, a whole range of viewing
angles can be addressed in the sample rotating method.
To experimentally achieve the rotation of a sample, a
rotary microcapillary is typically utilized [25-27].
Compared to illumination scanning ODT, which
requires complicated optical setups for beam rotators,
sample rotation ODT employs relatively simple optical
setups, and reconstructed tomograms exhibit isotropic
spatial resolution along the lateral and axial directions.
Mechanical rotation of samples, however, limits data
acquisition speed. Also, perturbation occurred during
mechanical rotation, called radial run-out [32], and field
distortion due to the refraction from the cylindrical
microcapillary require additional numerical correcting
algorithms [33]. More importantly, the sample rotation
method can cause deformation of live biological cells
because of the viscoelasticity of cells, possibly resulting
in artifacts in reconstructed tomograms.

Recently, to avoid the perturbations and the
refraction due to the use of the microcapillary, sample
rotation methods exploiting optical trapping have been
proposed [34-36]. Optical tweezers ware used to rotate
RBCs in a microfluidic channel in order to measure 3-D
morphology of cells [34]. Recently, optical force rotated
a yeast cell [35] and a myeloid precursor cell [36] with
precise rotation angles, from which 3-D RI distributions
of rotating samples are reconstructed. Sample rotation
with  optical trapping, however, may induce
morphological deformation of biological cells during
rotation, and applications are limited to samples which
can be floated; it would be challenging to measure
optical adherent cells or soft cells using the optical
trapping method.

2.1.3 Other methods

Alternatively, axial scanning of either an objective lens
or a sample stage has also been utilized for
reconstructing 3-D RI distribution of biological
specimens [Fig. 2(c)] [37-39]. These methods can
simplify optical setups, but exhibits limited axial
resolutions. The use of low-coherence sources or the
deconvolution has been reported for better axial
resolutions [37-39]. Also, acquisition speed is also
limited because mechanical scanning of an objective
lens or a sample stage is slower than the use of
galvanometric mirrors or DMDs. Also, scanning
wavelengths of the illumination beam has also been
utilized for measuring 3-D RI maps of samples [40, 41].
Recently, lens-free holographic and phytography
techniques have been introduced which simplifies
optical setup for ODT [42, 43].
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2.2 Reconstruction procedures for ODT

In order to reconstruct the 3-D RI distribution of
biological cells from measured multiple 2-D optical
fields, several computational steps are required: (i) the
application of appropriate reconstruction algorithms for
solving an inverse scattering problem; (ii) the
application ~ of  weak-scattering  approximations
depending on the scattering property of a sample, and
(iii) regularization processes to fill information caused
from limited measurements.

2.2.1 The reconstruction  algorithms:
projection and diffraction  tomography
algorithm

The reconstruction algorithm can be classified into two
groups: the diffraction algorithm and the projection
algorithm. They are both inverse scattering solvers, but
the difference is whether the effects of light diffraction
is considered or not. Generally, ODT implies the
reconstruction of 3-D RI maps using the diffraction
algorithm. A few early works employed the projection
algorithm for the study of cells [22]. However, it has
been shown that individual biological cells exhibit
significant light diffraction, especially for cells with
complex internal structures [38].

Figure 3 presents the working scheme of the
tomogram reconstruction algorithm employing either
the projection algorithm and the diffraction algorithm.
Complex optical fields of a polystyrene (PS) bead with
the diameter of 10 um were measured with various
illumination angles [Fig. 3(a)], and the 2-D Fourier
spectra of the measured optical fields were mapped into
the 3-D Fourier space according to either the projection
algorithm [Fig. 3(b)] or the diffraction algorithm [Fig.
3(c)]. In order to systematically compare the quality of
the tomogram using either reconstruction algorithms,
we performed experiments with two data sets; single PS
bead placed at the focal plane and two PS bead placed at
the different planes.

The projection tomography assumes that each 2-D
optical field image corresponds to the projection of the
3-D object at certain illumination angle and light
diffraction inside samples is ignored. In other words,
measured optical phase delay is assumed to be an
integration of RI values along a straight light. In this
case, the 2-D Fourier spectrum of the measured optical
field at a certain illumination angle is identical to the
inclined planar slice of 3-D Fourier spectra of the
object, according to the Fourier slice theorem [13], as
shown in Fig. 3(b). Thus, 3-D Fourier spectra can be
mapped by a series of 2-D Fourier spectra which are
obtained from the measured multiple 2-D optical fields
with various incidence angles. Finally, the inverse
Fourier transform of the mapped 3-D Fourier spectra
provides the reconstruction of the 3-D RI distribution of
the sample [Fig. 3(d)].

Implementation of the projection tomography
algorithm is straightforward: applying inverse Radon
transformation to the series of the measured optical
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fields with various incident angles, which is called as a
sinogram, directly provides the reconstruction of a 3-D
Rl map. The projection algorithm is valid when the
wavelength of illumination is much smaller than the size
of a sample. Thus, the wave propagation can be treated
as projection. In X-ray CT, this condition is valid for
general conditions, but this limits applications in the
optical wavelengths. In the visible wavelengths, the
sizes of the cellular components are compatible with the
wavelengths of an illumination beam. Thus, light
diffraction effects inside cells are not negligible so that
the application of the projection algorithm deteriorates
the image quality of the reconstructed tomograms,
depending on samples. Although the projection

(a) ZE(xY)  [E(k k) Projection algorithm
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algorithm has been successfully applied to the
tomographic Rl measurements of optical elements [25,
44] and biological samples [22, 45-47], it was shown
that effects of light diffraction cannot be ignored even at
the individual cell levels [38]. Thus, the use of the
diffraction algorithm is recommended except for some
special cases when the size of a sample is much large
than the wavelength and RI contrast in a sample is
negligible. Otherwise, the use of the projection
algorithm may result in incorrect R1 values and distorted
shapes in the reconstructed tomograms. These unwanted
artifacts become severe for objects located at defocused
planes or for samples with a high optical phase delay.

Diffraction algorithm

1.59

1.58

157

Fig. 3 The principle of optical projection and diffraction tomography algorithm. (a) Quantitative phase images of a
polystyrene bead with the diameter of 10 um illuminated at various incidence angles, and corresponding 2-D Fourier
spectra of complex optical fields. (b-c) Object functions in the 3-D Fourier space mapped by (b) projection tomography
and (c) diffraction tomography. (d-e) Cross-sectional slices of the 3-D RI distribution of the polystyrene bead
reconstructed by (d) projection tomography and (e) diffraction tomography.

The diffraction algorithm considers light diffraction
inside a sample by solving the Helmholtz equation for
the incident and scattered optical fields. Thus, the 3-D
RI distribution of a sample can be obtained with more
precise shapes and RI values of a sample than the case
with the projection algorithm [5]. According to Fourier
diffraction theorem, 2-D Fourier spectra of an optical
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field at a certain illumination angle is mapped onto the
surface of a hemisphere called Ewald sphere. The center
position of the Ewald sphere is translated from the
origin in the 3-D Fourier space by the distance and
direction corresponding to the k wvector, or spatial
frequency, of the incident angle [Fig. 3c]. Mapping
Fourier spectra of multiple optical fields at various
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incident angles fill the 3-D Fourier space and 3-D
inverse Fourier transform of the 3-D Fourier space
results into the reconstruction of the 3-D RI distribution
of a sample [Fig. 3e]. The detailed and rigorous
mathematical derivations of the diffraction algorithm
can be found elsewhere [5, 13, 21, 48].

Figures 3(d) and 3(e) clearly show that tomograms
reconstructed by the diffraction algorithm provide more
precise RI values and shapes of samples than the case
with the projection algorithm, especially when optical
fields of a sample are severely distorted either by highly
scattering internal structures or when a target object is
located at the defocused plane. The upper panel of Figs.
3(d)-(e) shows the tomogram of a PS bead placed at the
focal plane. Both tomogram reconstruction methods
exhibit uniform RI distribution at the focal plane.
However, the RI distribution along the optic axis
reconstructed by the projection method shows axially
elongated shapes due light diffraction from the top of
the bead. The effects of light diffraction on tomogram
reconstruction become more severe when the PS bead is
placed at the defocused plane [the lower panel of Figs.
3(d)-(e)]. For the projection method, the PS bead
located at the defocused plane exhibits unwanted fringe
patterns due to light diffraction, while the diffraction
method reconstructs uniform RI distribution of PS beads
independently of the axial positions. Quantitative
comparisons of tomogram reconstruction quality
between the projection and the diffraction algorithm
have been reported with various types of samples,
including multimode fibers [49], colloidal particles [48],
and malaria-infected human red blood cells (RBCs)
[38].

2.2.3 Weak scattering approximation: Born vs.
Rytov approximations

Finding the 3-D scattering potential, or the 3-D RI map,
of a sample from the measured multiple 2-D optical
fields, is an ill-defined inverse problem, which cannot
be directly solved. However, under the first-order weak
scattering approximation, the Helmholtz equation can
be linearized, and the analytic solution for this inverse
problem can be found. The weak scattering
approximation for the linearization includes the Born or
Rytov approximation [5, 13, 50].

The first-order Born approximation assumes that the
scattered optical field from a sample is significantly
weaker than the incident optical field, and assumes the
total optical fields inside the sample as the incident
optical field.

Specifically, the first-order Born approximation is
valid when the total optical phase delay of a sample A¢
is smaller than 7/2 [48]. However, the optical phase
delay of most biological cells exceeds = rad. For
example, the cell thickness of 10 pm and the RI contrast
between a cell and a medium greater than 0.03 are
already beyond the valid regime of the first-order Born
approximation. As shown in Figs. 4a and 4c, the Born
approximation  successfully reconstructs 3-D RI
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distribution of a 5-um PS bead (A¢ = 0.41 = rad.)
whereas it fails to reconstruct for a 10-um PS bead
(Ap = 0.83 & rad.). In contrast, the first-order Rytov
approximation considers the total optical field as a
complex amplitude, and assumes that the spatial
variations of the complex amplitude in the wavelength
scales are smaller than 1 [51]. For that reason, the
validity of the first-order Rytov approximation is
independent of the total optical phase delay as:
2
An > (AVq)S) ,
2m
where An is the RI contrast between a cell and a
medium and Ve, s is the spatial variations of the
complex amplitude. The above relation can be deduced
to An << n, for the weak scattering sample where Ve,
is linearly proportional to An [52]. As shown in Figs. 4b
and 4d, the first-order Rytov approximation remains
valid whenever the spatial gradient of the optical phase
is not significant. Because most biological cells have a
small spatial gradient of RI distribution, especially when
cells are submerged in a medium, the first-order Rytov
approximation is suitable for the tomographic
reconstruction.

Born Approximation Rytov Approximation

Fig. 4 Comparison between (a & c) the first-order Born
and (b & d) the first-order Rytov approximation in
ODT. (a-b) Cross-sectional slice of the 3-D RI
distribution of a 5-um-diameter polystyrene bead with
() Born and (b) Rytov approximation. (c-d) Same as (a-
b) for a 10-um-diameter polystyrene bead.

2.2.4 Regularization process

Unlike X-ray CT where full 360° angle of illumination
is possible, the ODT techniques employing the beam
scanning method has a limited angle range of
illumination, which is mainly determined by the
numerical aperture (NA) of objective lenses.
Consequently, in the Fourier space, there exists the
inaccessible region corresponding to the spatial
frequencies beyond the maximum spatial frequencies of
the imaging system. This issue due to the inaccessible
region is called as the missing cone problem because the
shape of the inaccessible region resembles a cone. This
missing cone problem causes shape elongation and
under-estimated RI values in reconstructed tomograms
[53, 54]. Although the missing cone problem is
unavoidable for the ODT techniques with the beam

14 Jun 2016 © JBPE



K. Kim et al.: Optical diffraction tomography techniques for the study of cell pathophysiology

scanning, it can also occur in the cases with the sample
rotation method; incomplete rotation of a sample results
in a similar situation comparable to the limited
numerical aperture in the beam scanning method.
Rotating a sample around one axis also generates a
missing part in the Fourier space which shape resembles
an apple core [55].

To relieve the missing cone problem and enhance
the quality of tomogram reconstruction, several iterative
algorithms have been proposed to fill the unassessed
information based on a priori information about an
object such as the non-negativity constraint algorithm,
the edge-preserving regularization, and the total-
variation regularization. Figure 5 shows comparisons of
the 3-D RI distribution of a hepatocyte reconstructed
without the regularization process [Fig. 5(a)], which is
reproduced from Ref. [56]. For comparison, the 3-D RI
maps of the hepatocyte obtained using the various
regularization methods including the non-negativity
constraint, the edge-preserving regularization, and the
total-variation regularization algorithm are presented in
Fig. 5(b)-(d), respectively. Detailed information about

doi: 10.18287/JBPE16.02.020201

these iterative algorithms and comparative studies can
be found elsewhere [56, 57].

Recent works have shown that this missing cone
problem can be overcome alternatively. Complex
deconvolution using a predefined coherent transfer
function (CTF) corrects aberration induced by the
missing cone problem and achieves sub-100-nm lateral
resolution using objective lenses with high numerical
aperture [23]. The missing cone problem can also be
relieved using a machine-learning algorithm based on
the beam propagation method [58].

2.2.5. Spatial Resolution in ODT

Theoretically, the spatial resolution of ODT is defined
as the maximum spatial frequency in reconstructed
Fourier spectra. This maximum spatial frequency is
mainly determined by the wavelength of light A, the
numerical aperture of an imaging system NA, the RI
value of immersion media n;, and the optical

configuration for ODT [21], which is summarized in
Table 1.

1.45

1.41

1.37

1.33

Fig. 5 Comparison of 3-D RI distribution of a hepatocyte reconstructed by (a) direct Fourier transform, (b) non-
negativity constraint, (c) edge-preserving regularization, and (d) total-variation regularization algorithm. Reprinted from

Ref. [56] with permission.

Table 1 Lateral and axial resolution in ODT.

Lateral resolution

Axial resolution

A A
The sample rotation method — -—
2NA 2NA
) A 1
The beam scanning method —_— P T
ANA 2, —\Jn? - NA®
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The axial resolution of illumination-scanning ODT
is very sensitive to NA and ni. For instance, with a 532-
nm-wavelength laser, the lateral resolution using an
objective lens with NA = 0.9 and NA = 0.45 is 148 nm
and 296 nm, respectively, but the axial resolution using
the same objective lens corresponds to 472 nm and 2.49
um, respectively. In a recent work, it was theoretically
proposed that ODT can provide isotropic lateral and
axial resolution of A/(4NA) by combining sample
rotation and illumination scanning [59]. Since the size
of most biological cells ranges from few micrometers to
tens of micrometer, the spatial resolution of ODT is
sufficient for resolving structures and biochemistry
inside biological samples, but ODT has difficulties for
resolving small subcellular organelles including
ribosomes, lysosomes, and small vesicles which sizes
are sub-100 nm.

3 Study of cell pathophysiology using ODT

Due to the aforementioned advantages, there is an
increasing number of studies employing ODT for the
study of cell pathophysiology. Label-free visualization
of live cells has a potential for the investigation of
functions and mechanisms at the individual cell level.
The following section summarizes physiological
parameters of cells accessible with ODT and then
highlights the representative pathophysiological study
of cells with ODT techniques.

3.1 Quantitative physiological parameters of
cells accessible with ODT

Quantitative 3-D imaging capability of ODT enables the
retrieval of various physiological parameters, including
morphological and biochemical parameters.

3-D RI maps of a cell directly provide several
morphological —parameters.  First, from distinct
boundaries in a 3-D Rl map provide information about
the volume V and surface area A of cells and subcellular
organelles. From the retrieved values of V and A,
sphericity w, a dimensionless parameter indicating how
much an object is spherical, can be calculated as

1 2

Y = m3(6V3)/A. To address the cellular or subcellular
boundaries from measured 3-D RI maps, isosurfaces can
be extracted [38]. Recently, it was shown that these
boundaries can be effectively retrieved using the
multidimensional transfer function, in which both the
spatial gradient of Rl and the RI wvalues are
simultaneously utilized [30]. These morphological
features can be potentially valuable for investigating
structural characteristics of cells and effects of internal
and external stimuli on cellular functions such as
osmotic stress and drug treatment.

The wvalues of RIs can provide biochemical
information about cells. For example, the values of RI
can be translated into the local concentration in the cell
cytoplasm. Because the RI values of a solution are
linearly proportional to the concentration of solutes, the
Rl values of cell cytoplasm can be quantitatively
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converted into the local cytoplasmic concentration.
Measured RI value of a biological sample n is linearly
proportional to dry mass density C as n = n, + aC,
where n,, is the RI value of a medium surrounding a
cell, o is RI increment [60, 61]. Furthermore, together
with the retrieved value of a cell volume, the dry mass —
the total mass of non-aqueous materials inside a cell —
can also be calculated from the concentration, because
mass is a product of concentration and volume. The
values of « are similar regardless of protein types; most
amino acids exhibit very similar values of a [62-65].
Because biological cells mostly consist of proteins
(amounts of carbohydrates, lipids, and nucleic acids can
be ignored), the RI increment for cells can be assumed
as a constant when calculating the dry mass and the dry
mass density of biological cells. Recently, there have
been several studies using ODT to investigate the
physiology of biological cells, including red blood cell
(RBC) [29, 30, 38, 66-71], white blood cell (WBC) [27,
30, 72, 73], and various eukaryotes [27, 30, 48, 67,
74-78]. The following sections highlight representative
work.

3.2 Studies with human red blood cells

Human RBCs or erythrocytes have a donut-like shape
with a diameter of 8.5 um and a thickness of 2.5 pm,
whose function is to carry oxygen from lungs to tissues.
RBCs exhibit remarkable deformability, which enables
them to pass through small capillaries even narrower
than RBC sizes. Physiologically relevant cell indices for
RBCs include cell volume, surface area, sphericity,
Hemoglobin (Hb) content, and Hb concentration. In the
clinic, some of these RBC indices are routinely
measured with a complete blood count (CBC) machine
which exploits various analytical methods such as light
scattering, electrical impedance, and fluorescence.

Employing ODT, these RBC indices can be
quantitatively and precisely measured at the individual
cell level, whereas conventional CBC machines
measure averaged values from many cells [66].
Morphological parameters such as cell volume, surface
area, and sphericity are retrieved from 3-D RI maps of
RBCs. Cytoplasmic Hb concentration is directly
converted from measured RI values, and Hb contents
can be calculated from Hb concentration and cell
volume because RBC cytoplasm mainly consists of Hb
solution without a nucleus or other subcellular
organelles. Several pathophysiological states in RBCs
associated with morphology have been investigated
using ODT, including malaria disease [Fig. 6(a)] and
babesiosis [Fig. 6(b)], iron-deficiency anemia [Fig. 6(c)]
and hereditary spherocytosis (Fig. 6(d) and [66]).
Recently, ODT was employed for the characterization
of RBCs from cord blood of newborn infants [68]. This
study reported that cord RBCs exhibit smaller cell
surface area and volume, but the elevated level of Hb
contents, compared to adult RBCs.

Recently, Lee et al. investigated the in-vitro effects
of ethanol on morphological and biochemical properties
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of human RBCs using ODT [71]. In this work, no
significant alterations have been observed in shapes and
Hb contents of RBCs, whereas significant
enhancements in dynamic membrane fluctuation have
been measured which indicates enhanced deformability
and membrane fluidity [71]. More recently, properties

(a) Plasmodium falciparum

Ring stage

Trophozoite stage

(c) iron deficiency anemia
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of individual RBCs in stored blood and the effects of a
blood preservation solution, CPDA-1, have been
systematically investigated by measuring 3-D RI maps
of individual RBCs with various blood storage durations
and conditions [70].

Schizont stage

(d) hereditary spherocytosis

Fig. 6 3-D isosurfaces of representative RBCs under various pathological conditions: (a) RBCs parasitized by
Plasmodium falciparum at the ring (left), trophozoite (center) and schizont (right) stage, respectively. (b) Mouse RBC
parasitized by Babesia microti. (¢) RBC from a patient with iron deficiency anemia. (d) RBC with a patient with
hereditary spherocytosis. Arrows indicate 1 um along the x, y, and z-axis.

3.3 The study of white blood cells

WABCs are classified into several cell types including B
cells, T cells, and macrophages; their roles are
defending the host against harmful pathogens, abnormal
cells, and other invaders. It is well known that WBCs
show alterations in morphological and biochemical
characteristics in response to immune stimuli, such as
bacterial infection and sepsis [79].

ODT has been applied for label-free quantitative
analysis of several WBCs and demonstrated potential
for the study of WBCs. Yoon et al. have shown the
characterization of morphological and biochemical
properties of individual lymphocytes and macrophages
[Fig. 7(b)]. In particular, alterations in these parameters
of WBCs in response to immune stimulus and
internalization of a microsphere via phagocytosis have
also been investigated using ODT [27, 72]. Recently,
ODT in combination with the optical tweezers
technique has shown potential for the investigation of
the cellular response of macrophages to external
mechanical stimuli [73]. When a microscopic particle,
trapped and optically manipulated with the optical
tweezers, was approached to a macrophage, the
deformation of the cell upon this mechanical stimulus
has been precisely visualized from the measured 3-D RI
maps over time.

3.4 Physiology of other eukaryotic cells

The applications of ODT for the study of eukaryotic
cells are in the beginning stage, and only a few recent
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works have been reported. Nonetheless, ODT has
shown great potential for the visualization of eukaryotic
cells, because it provides not only physical and
biochemical properties of eukaryotes, it can also
effectively visualize intracellular organelles from the
measured 3-D RI map. It has been shown that ODT is
capable of visualizing plasma membrane, nucleus,
nucleoli, chromosomes, and internal vesicles [27, 74,
80, 81]. Using dual wavelength ODT using visible and
ultraviolet wavelengths, Sung et al. have shown that the
dry mass of condensed chromosomes, as well as entire
cells, can be measured and quantified with ODT, by
measuring the 3-D RI maps of HT-29 and T84 cells in
metaphase [75]. In particular, this work also presented
that the use of the diffraction algorithm with the
regularization  process provides more  precise
measurements in compared to one obtained with the
projection algorithm, which is confirmed by the 3-D
image obtained by laser scanning confocal fluorescence
microscopy. Kus et al. have measured the 3-D Rl maps
and analyzed the morphological parameters of U937
and HT-1080 cells using the sample rotation method
[27]. Utilizing holographic optical tweezers for sample
rotation, Habaza et al. have measured the 3-D RI
distribution of yeast and validate measured internal
structures from 3-D RI information with confocal
fluorescent microscopy [35].

Measuring RI values in live eukaryotes enables to
investigate cellular responses according to external
environmental changes. Fang-yen et al. reported rapid
increases in RI values of cytoplasm upon exposure to
the acetic acid solution, while there were no significant
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changes in nucleoli [82]. In neuroscience, ODT has
been used for studying neuronal connectivity using
structural information of neurons (Fig. 7(c) and [23,
83]). Also, 3-D dynamics of RI distributions of lipid
droplets in human hepatocytes (Huh-7) has been
characterized to investigate structural and biochemical

(a) Red Blood Cell
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changes of internal vesicles under chemical treatment
(Fig. 7(d) and [76]). 3-D shapes and internal structures
of E. coli, prokaryotic cells and dynamic 3D RI images
of the synaptic network were visualized using ODT with
the complex deconvolution technique [23].

(b) Macrophage
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Fig. 7 Representative 3-D RI tomograms of (a) RBC, (b) macrophage, (c) neuron, and (d) hepatocyte. Color bar

indicates refractive index values.

3.5 Parasitology: malaria and babesiosis

Malaria is an infectious disease causing significant
mortality. Transmitted to humans via mosquitos,
malaria-inducing parasites first invades hepatocytes, and
then RBCs. Imaging and visualization techniques for the
study of malaria is crucial because infectious
mechanisms regarding malaria are not entirely
understood [84]. ODT has shown great potential for the
study of malaria because it can effectively visualize host
RBCs, invaded parasites, as well as other parasite-
induced vacuole structures. Also, the label-free
capability of ODT allows direct and easy visualization
of malaria infected RBCs.

The 3-D RI tomograms of RBCs parasitized by
Plasmodium falciparum (pf-RBCs) was measured with
the optical projection algorithm by Park et al. [46]. In
this work, intracellular parasites and formed hemozoin
crystals were clearly measured in the reconstructed 3-D
structures of pf-RBCs. Also, the decreases in Hb
concentration in pf-RBCs due to the consumption of
parasites were quantified. Recently, it was demonstrated
that the diffraction algorithm provides better imaging
quality for the reconstruction of pf-RBCs, in compared
to the projection algorithm [38]. Reconstructed 3-D
shapes of pf-RBCs in different stages of infection and
hemozoin were shown in Fig. 6(a).

J of Biomedical Photonics & Eng 2(2)

020201-14

ODT has been successfully used for the study of
babesiosis [69], an infectious disease transferring from
animals to humans and showing similar to malaria, such
as anemia and fever [85, 86]. Emergency human
babesiosis is caused by an obligate parasite Babesia
microti (B. microti), an intraerythrocytic protozoan of
the genus Babesia [87, 88]. B. microti mainly invades
RBCs and causes significant alteration in host RBCs.

Conventional techniques for imaging B. microti-
invaded RBCs (Bm-RBCs) are based on optical
microscopy with Giemsa-staining [87, 88]. However,
these only provide limited structural information:
parasitized vacuoles are not labeled with Giemsa and
the discrimination of parasites rely on the experience of
professional technicians. Park et al. have shown that
measuring 3-D Rl maps offers a novel approach to the
investigation of Bm-RBCs [69]. The morphological,
chemical and mechanical parameters of Bm-RBCs are
quantified at the individual cell level, which reveals
significant changes resulting from B. microti— parasitic
invasion [Fig. 6(b)].

3.6 Emerging applications: virus infection and
cancer biology

One of the emerging applications of ODT is the study of

virus infection. Although individual viruses are too
small to be optically resolved, ODT can effectively
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visualize structures of individual cells infected with the
virus. Using an ODT system combined with confocal
microscopy, Simon et al. have measured 3-D RI
distribution and corresponding fluorescence images of
human alveolar epithelial A549 cells infected with
H3N2 influenza viruses (Fig. 8(a) and Ref. [89]).

Another interesting field of application is cancer
biology. WC Hsu et al. have measured 3-D RI
tomograms of cancerous and normal epithelial cells, and
investigated backscattering light properties by applying
the finite-difference-time-domain method to
experimentally determined 3-D RI tomograms (Fig. 8(b)
and [90]).
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Fig. 8 3-D RI distribution of eukaryotic cells in various
pathological conditions. (a) Multimodal images of
human epithelial A549 cells infected with H3N2
influenza viruses. Red indicates viral nucleoprotein NP
immunostaining. Blue indicates nucleus DAPI staining.
Reprinted from Ref. [89] with permission. (b) x-y cross-
sectional slices of 3-D RI tomograms of cancerous
CA9-22 and BCC cell lines and two normal HaCaT and
SG cell lines. Modified from Ref. [90] with permission.

4 Concluding remarks

In this review, the principles of ODT and their
applications to the study of biological cells have been
presented. The research work reviewed here and recent
trends suggest that measuring 3-D RI maps of live cells
may play a significant role in enhancing the
understanding of cell pathophysiology. In particular,
ODT will be widely used in biological and medical labs,
especially when quantitative imaging capability and
label-free imaging of cells are crucial such as
immunotherapy using WBCs and stem cell research.
However, this does not imply the ODT replaces existing
optical microscopy techniques such as fluorescence
confocal or multiphoton microscopy; ODT can be more
efficiently used when complementary to existing cell
imaging procedures.

The uses of ODT for studying cell pathophysiology
have not yet been fully explored; indeed, this emerging
field is at its very early stage with a few significant
applications in a few fields. Considering the
advantageous and potential of ODT, significant
development, and wide application is expected.
However, there are still many important issues in the
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study of cell pathophysiology using ODT that can be
tackled by the good development and use of novel
techniques. In particular, new techniques are needed to
simplify new ODT systems. As mentioned in this
review, active illumination schemes using a DMD, an
SLM, or an LED array have demonstrated merits for
practical applications of ODT to biological field [28, 29,
91]. The interferometric imaging techniques can also be
further advanced for simple and stable measurements of
optical fields. Recently reported techniques on
common-path interferometric units have shown
progressive advances in the interferometric imaging [24,
67, 92, 93]. Also, most of previous ODT techniques
have used single visible wavelengths. The use of
multiple wavelengths in ODT for hyperspectral RI
tomography has been recently demonstrated [77, 94],
which may provide molecular specificity for some
special applications [95]. More importantly, the study of
cell pathophysiology using ODT will be further
accelerated when biologists and medical doctors
extensively utilized this technique. Very recently, ODT
is commercially available by spin-off companies [96],
and this will further expedite the applications of ODT.

Also, the tomographic reconstruction algorithm can
be further developed. For example, current existing
reconstruction algorithms are essentially based on the
first order approximation and thus are not applicable to
thick samples exhibiting significant multiple light
scattering. To further expand the applicability of ODT
from single cells to multi-layered cells, new algorithms
to take into account multiple scattering should be
developed, although it will be challenging due to
extremely high level of computational demands. It was
noteworthy that new tomographic reconstruction
algorithm based on machine learning was developed
[58], which will bring new insights to the problem of
multiple scattering. It is noteworthy that the
experimental techniques used in ODT share the same
principles with the methods used in measuring
transmission matrices (TM) of highly turbid media [97-
99]. TM relates the scattered light fields from complex
media with indecent fields, which have been exploited
in focusing and imaging through the complex media
[100-103]. With the development of a clever
reconstruction algorithm, the 3-D RI distributions of
highly complex samples such as biological tissues may
be directly measured with ODT.

Furthermore, regularization methods to alleviate the
missing cone issues can also be advanced. Most of the
conventional regularization methods are developed for
the application of X-ray CT, and thus not optimized for
the case of biological cells. In addition, the
reconstruction speed in ODT should be enhanced for
practical applications in biological and clinical settings.
Recently, the use of GPU was reported to expedite the
tomographic reconstruction processes in ODT [104].

Although this review article focused on the
applications to the cell pathophysiology, the use of ODT
can be further applied to various related research fields.
For example, imaging tissue slices will provide detailed
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subcellular structures without labeling [105] or enable
access to morphological features which is difficult to be
imaged with conventional labeling agents. Also, as
recently demonstrated, ODT can also be exploited for
the study of phytoplankton [106] and hair [107] as well
as industrial applications [49, 108].

We have witnessed that recent developments in
optical imaging techniques have been effectively
transferred from laboratories to clinics due to close
interdisciplinary collaboration: successful examples
include optical coherence tomography, multiphoton
microscopy, and super-resolution nanoscopy. To
successfully — address  critical  issues in  cell
pathophysiology with ODT, it is crucial to develop
interdisciplinary  collaborations among clinicians,
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biologists, engineers and physicists. Considering the
recent exponential growth of the field, we are optimistic
that ODT will play important roles in various cellular
studies.
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4.3 Instrumentation for diffuse optical tomography
5 Methods of diffusion tomogram reconstruction
5.1 Methods based on inverting the operator
equation
5.2 Perturbation semianalytic methods
5.3 Projection methods
5.4 Methods approximately formulating the inverse
problem of diffuse optical tomography
6 Conclusion

1 Introduction

In the present-day practice of noninvasive and low-
invasive diagnostics of breast cancer, alongside with the
traditional X-ray mammography, the new methods of
medical imaging, such as X-ray computed tomography
(X-ray CT), magnetic resonance tomography (MRT),
methods of ultrasonic imaging (B-scan imaging,
ultrasonic reflectivity tomography), methods of nuclear
medicine (scintigraphy, positron emission tomography,
and single-photon emission computed tomography) are
used. However, the clinical efficiency of these methods
is still not very high. One of the reasons is the absence
of a relatively cheap method that could reliably
differentiate malignant and benign tissues at different
stages of the disease. The theoretical and experimental
studies (see books [1-6], reviews [7—28], and papers
[29-110]), as well as successful clinical tests [1-4, 6,
13, 17, 18, 20, 22, 23, 25-28, 59, 61, 63, 77, 81, 100,
101, 111-157] of recent years show that with high
probability this gap can be filled by the rapidly
progressing diffuse optical tomography (DOT) of
strongly scattering (optically turbid) media. The
diffusion tomography, like any other tomography, is
aimed to answer the questions “What is there inside?
What is the inner tissue structure? Are there any
features that can be identified as pathological ones?” To
answer these questions, the DOT technique reconstructs
the spatial distributions of the tissue optical and
functional parameters, basing on the results of spatially
dependent measurements of the optical signal.

Similar to other kinds of tomography, DOT first
solves the forward problem, i.e., seeks the
characteristics of the radiation passed through the
medium. Then the inverse problem is formulated and
solved, i.e., the problem of determining and visualising
the spatial distribution of the physical parameters of the
medium itself. However, in contrast to the X-ray CT
and the nuclear medicine methods, DOT makes use of
the visible and near infrared (IR) radiation, harmless for
humans in the so called therapeutic transparency
window (650 — 1200 nm), where tissues possess the
minimal level of absorption. DOT allows imaging with
essentially higher contrast resolution than ultrasonic
reflectivity tomography. As compared to MRT, DOT
makes use of very simple and compact equipment and is
a significantly cheaper method of medical imaging. In
contrast to optical coherence tomography, successfully
used in recent years for the diagnostics of optically
transparent tissues of eye and surface layers of turbid
tissues, DOT allows for the contribution to the recorded
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signal not only from ballistic photons that pass through
the tissue without interaction, but also from the
diffusion photons, experiencing multiple scattering.
This property allows the examination of rather thick
tissue samples (to 10-12 cm thick) if they do not contain
bone structures. The mammary gland is just the suitable
tissue. Therefore, the diagnostics of breast oncological
diseases is the main potential clinical application of
DOT. In this review, we present the state-of-the-art and
prospects of breast DOT. In the literature, including the
Russian one, for this method of medical imaging they
also use the terms “diffuse optical reconstructive
mammography” and “diffuse optical
mammotomography”. We will mainly use the latter of
these terms.

The unique capability of DOT is that of separate
reconstruction of the spatial distributions of different
optical parameters of a tissue (first of all, the absorption
coefficient and the reduced scattering coefficient) at
different wavelengths. This feature makes it possible to
visualise the concentrations of haemoglobin in
oxygenated and deoxygenated forms and, therefore, to
obtain the spatial pattern of the tissue oxygen saturation,
as well as to visualise the fractional blood volume, the
concentrations of cytochromes (bilirubin, melanin, and
cytochrome oxidase), lipids and water. The visualisation
of functional parameters, first of all, the haemoglobin
concentration, the tissue oxygen saturation, and the
fractional blood volume, is the main feature that
determines the potential perspectives of DOT as a
mammography method, since it offers a possibility of
spatial  localisation of such phenomenon as
vascularisation of cancer tissues and, hence, of breast
oncologic disease diagnostics.

At present many universities, research centres and
large commercial companies perform intense studies in
the field of DOT aimed at the entry to the consumer
market. The main obstacle for wider use of DOT in
everyday practice of medical diagnostics is the lack of
fast reconstruction algorithms that could provide
diffusion optical tomograms in real time with acceptable
accuracy. The problem is that due to multiple scattering,
the photons have no regular trajectories and are
distributed over the entire studied volume. As a result,
every point of the volume makes an essential
contribution to the recorded signal, which causes strong
nonlinearity of both the forward and the inverse DOT
problems. From the mathematical point of view, the
solution of the inverse problem implies the inversion of
a nonlinear operator equation. Therefore, for
reconstructing the spatial distributions of optical
parameters they commonly use multistep algorithms [3,
7,12, 21, 24, 29, 33, 37, 40-42, 45, 48, 50, 55, 59-62,
68, 70, 73, 76, 77, 88, 91, 103, 116, 119, 123-125],
based on step-by-step linearization of the reconstruction
problem and multiple inversion of the system of linear
algebraic equations that describe the discrete model.
Although these algorithms are considered as the most
precise DOT algorithms, they do not allow reliable
resolution of objects smaller than 4 mm. Just this fact
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causes the doubt in the potential possibility of using
DOT for cancer diagnostics at the very early stages of
the tumour development, since only the cancer tumours
smaller than 2-4 mm have real possibility to be
noninvasive [158]. Moreover, the multistep algorithms
take tens of minutes or even hours to get a 3D image,
which is also not quite satisfactory for modern
requirements of medical diagnostics. Thus, the increase
of the reconstruction accuracy and the reduction of the
processing time are two goals pursued now by the
researchers, developing the methods for diffusion
tomogram reconstruction.

The simplest way to reduce the time of data
processing is to use the perturbation model of
reconstruction that neglects the nonlinearity of the
inverse problem, reduces its solution to the inversion of
a linear integral Fredholm equation of the first kind, and
allows one to replace the multistep reconstruction
procedure with a single-step one. The perturbation
model is considered as particularly applicable in the
optical mammotomography, when the objects to be
reconstructed and spatially localised are small optical
inhomogeneities  (cancer  tumours) against  the
background of a “quasihomogeneous” scattering
medium (healthy fibrous-glandular tissue). In recent
years the collaboration of researchers from the Vavilov
State Optical Institute Corporation (SOI, Saint-
Petersburg) and the Russian Federal Nuclear Center —
Zababakhin Institute of Applied Physics (RFNC-
VNIITF, Snezhinsk) [5, 35, 36, 43, 46, 47, 57, 59, 66,
75, 79, 80, 83, 84, 93, 98, 104, 106, 110] developed
theoretically an original perturbation approach to the
solution of the inverse DOT problem, based on the
probabilistic interpretation of the transfer of light energy
by photons from the source to the detector. The
proposed approach not only reduces the processing time
to seconds and parts of a second [5, 57], but also is able
to compete successfully with the multistep algorithms in
the precision of reconstruction. Thus, the recent studies
by the RFNC-VNITF researchers [104, 106]
demonstrated, yet in the numerical experiment, the
resolution of an inhomogeneity smaller than 3 mm
within the object with the size of 8 cm, which is record-
breaking for diffusion tomography.

High-quality diffusion tomograms using the own
original reconstruction methods are obtained also by the
Russian researchers from the Biophotonics Laboratory,
Institute of Applied Physics of the Russian Academy of
Sciences (IAP RAS, Nizhny Novgorod) [143, 159-161]
and the International Laser Center, Lomonosov Moscow
State University (MSU, Moscow) [44, 53, 54, 58, 105].
The approximate DOT methods, such as the methods of
optical inhomogeneity localisation, were developed by
the team from the Biomedical Engineering Chair,
Tambov State Technical University (TSTU, Tambov)
[92, 99, 102, 109]. Each of these Russian teams has its
experimental base and tests its original DOT methods
using phantoms and laboratory animals.

Acknowledging the achievements of Russian
scientists in DOT, we should mention also the
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development of methods for in vitro and in vivo
measurement of tissue optical parameters [1, 162-171].
From the point of view of DOT methodological base,
the knowledge of optical parameters is necessary for
constructing adequate spatial optical models of tissues
and for testing the methods of diffusion tomogram
reconstruction at the stages of numerical and physical
experiments, as well as in clinical testing.

In the present review, we briefly characterise the
achievements of each of the above teams of Russian
researchers. The paper is organised as follows. Section 1
is devoted to the structure and physiological properties
of the mammary gland in the normal condition and in
the presence of neoplasms. Section 2 presents the
methods of measurement and visualisation of optical
parameters, the development of which was the main
premise for the present-day DOT success. In Section 3,
the main problems of designing the diffusion
mammotomograph are formulated and the time-domain
DOT instrumentation is briefly described. Finally, in
Section 4 the methods of solving the inverse DOT
problem are considered, with the emphasis on the
methods developed by Russian research teams. The
conclusions about the state-of-the-art and the prospects
of diffusion mammotomography development are
formulated in the end of the paper.

2 Structure and physiological properties of
mammary gland in the norm and with
neoplasms

The mammary gland is located in the subcutaneous
layer of the thoracic cage. It occupies the gap between
the sternum edge and the anterior axillary line at the
level of 111-VI (VII) ribs, in front of the greater pectoral
muscle and partially the serratus anterior muscle,
covered with fascia pectoralis (Fig. 1) [172]. The shape
and size of the gland in women depends upon the sexual
development and individual features. The skin over the
mammary gland is thin and stiff in relation to the gland,
mainly because the subcutaneous fatty tissue of the
breast is penetrated by connective tissue intersections
connecting the skin with the gland capsule. Near the
nipple and areole, there is no subcutaneous fat. The
mammary gland is surrounded by the capsule formed by
the leaves of the superficial fascia. Between the upper
edge of the gland and the collarbone, the fascia is
thickened and 1-3 ligaments can be distinguished in it,
which suspend the mammary gland [173, 174].

The basic components of a mature mammary gland
are the alveoli (hollow cavities, a few millimetres large)
lined with milk-secreting cuboidal cells and surrounded
by myoepithelial cells. These alveoli join to form
groups known as lobules [175]. From the fascial capsule
of the mammary gland multiple connective tissue
branches penetrate into its depth and surround 15-20
lobules of the mammary gland as such, having
lactiferous ducts with the diameter of 2-3 mm. The
ducts radially converge towards the nipple, near the
base of which they become wider forming the
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lactiferous sinuses. In the nipple, the lactiferous ducts
become narrow again and merge by 2-3 to end via 8-15
point openings at the top of the nipple. Behind the
mammary gland capsule between it and fascia propria,
covering the greater pectoral muscle, there is a layer of
loose cellular tissue referred to as retromammary tissue.
The looseness of this tissue provides the mobility of the
mammary gland with respect to the chest wall [173,
174].

Multiple branches of blood vessels implement the
blood supply of the mammary gland. Deep veins
accompany the arteries of the same name, and the
surface ones form a subcutaneous network, connected
with the axillary wvein and other branches of
subcutaneous vein network. The chains of lymph nodes
accompany the arteries [174].

Musculus
perctoralis

Ampulla

Areola

Papilla
(nipple)

Fat

Fig. 1 Schematic of breast [172].

The lymphatic system of the mammary gland is well
developed and closely connected with the adjacent
lymphatic basins. The surface network of lymphatic
capillaries is connected with the skin lymphatic
network; the deep network begins from the intralobular
and interlobular lymphatic capillaries and anastomoses
with the surface skin lymphatic vessels. From the deep
network of the mammary gland, the larger deferent
lymphatic vessels take origin [173, 174]. The central
nodes serve as collectors for all vessels that carry the
lymph to the axilla, and are most frequently affected by
the breast cancer [174]. The relative frequency of
remote metastases of the breast cancer, particularly, in
lungs and bones, is explained by early penetration of
tumour elements from the lymphatic bed to the blood
circulation one, even before the expressed metastases
appear in the regional lymphatic nodes [174].
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Fig. 2 Content of the main components of breast tissue
depending on the type: (a) water, (b) lipids, (c) collagen,
(d) haemoglobin (tHb), (e) haemoglobin oxygen
saturation (SO,). The results are presented in the form
“mean value =+ standard deviation”. The difference
between the groups was considered significant if
p<0.05. The abscissa shows the mammographic density
of the breast (from 1st to 4th type). The analysis
involved 49 volunteers [178].

Four types of breasts are distinguished by their
density [176]: 1) the breasts with predominant fat
component, the presence of heterogeneous regions of
fibrous-glandular tissue occupying less than 25% of the
mammogram area; 2) the regions of fibrous-glandular
tissue occupy from 25 to 50% of the mammogram area;
3) breasts with the area of fibrous-glandular tissue from
51 to 75% of the mammogram area, and 4) very dense
breasts with more than 75% of the mammogram area
occupied by the fibrous-glandular tissue [177]. The
content of the basic components (water, lipids, collagen,
haemoglobin) and the oxygen saturation of haemoglobin
vary depending on the tissue density of mammary
glands. Thus, the authors of Ref. [178] have shown that
the content of water in the tissue considerably grows
with increasing density and, upon the average, varies
from ~75 mg/cm® (for the 1% type) to ~540 mg/cm? (for
the 4" type) (Fig. 2 (a)). This is accompanied by the
appropriate reduction of lipid content: upon the average,
from ~760 mg/cm? (for the 1% type) to 325 mg/cm? (for
the 4™ type) (Fig. 2 (b)). The amount of collagen,
associated with the content of the fibrous-glandular
tissue, also grows with the increase of the tissue density:
from ~45 mg/ecm? (for the 1% type) to ~135 mg/cm? (for
the 4" type) (Fig. 2 (c)). Compared to the tissue with
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predominant fat component, the dense fibrous-glandular
one must possess enhanced vascularisation and,
therefore, increased concentration of haemoglobin
(tHb), which is observed in Fig. 2 (d). However, the
difference in haemoglobin concentration in different
types of breast tissues is not statistically significant (~8
and ~12 uM for the 1% and the 4" type, respectively).
The oxygen saturation ( SO, ) manifests no tendency

depending on the tissue density (the mean value for all
types of tissues amounts to ~90%) (Fig. 2 (e)).

In Ref. [179], as a result of averaging over 5
patients, the following mean values of physiological
parameters of healthy breast were found: the content of
water 18.7£10.3%, the content of lipids 66.1£10.3%,
the concentration of total haemoglobin 17.5+7.5 uM,
the concentration of haemoglobin in oxygenated and
deoxygenated forms 12.4+6.2 pM and 5.10£1.7 puM,
respectively, the oxygen saturation 67.7+9.3%.

Fibrous-cystous neoplasms and fibroadenoma are
the most common benign tumours in the breast tissues.
In the case of fibrous-cystous neoplasms, one observes
the proliferation of the connective tissue with
predomination of fibrous structure. The fibroadenoma is
characterised by the dense well-shaped capsule and
dense  elastic  consistence. The  heterologous
fibroadenoma possesses soft elastic consistence and
tendency to progressive growth. In Ref. [180] it was
shown that the epithelium-to-stroma ratio in the
fibroadenoma amounts to 0.27, which means the growth
of stroma as a characteristic feature of this neoplasm.

Histologically the following types of breast cancer
tumours are distinguished: ductal carcinoma in situ,
lobular carcinoma in situ, invasive (infiltrating) ductal
carcinoma, invasive (infiltrating) lobular carcinoma,
inflammatory  breast cancer, tubular carcinoma,
medullary carcinoma, colloid (mucin-producing, signet
ring cell) carcinoma, papillary carcinoma, metaplastic
cancer (squamous-cell carcinoma), cancer with
osteoclast-like cells, adenoid-cystous cancer, secretory
carcinoma (juvenile cancer), cystous hypersecretory
carcinoma, apocrine cancer, cancer with signs of
endocrine neoplasm (primary carcinoid tumour,
apudoma), cribrous cancer [181].

The aetiology of breast cancer is subject to multiple
factors. In particular, the neoplasm development can be
provoked by early menarche, late menopause, burdened
familiar history, obesity, diabetes mellitus, using
exogenous hormones for contraception or treatment, etc.
[175]. Almost all cases of breast cancer occur in the
lobules or ducts of the mammary glands. The frequent
ductal carcinoma in situ and invasive ductal carcinoma
are characterised by the increased cellularity and
enlarged nuclei depending on the stage [182].
According to Ref. [118] the epithelium-to-stroma ratio
for the invasive ductal carcinoma amounts to 1.41,
which  means the predomination of malignant
epithelium. The colloid carcinoma is a relatively rare
disease, in which the cancer cells secrete extracellular
mucin, thus providing the transparent component of the
tissue, in which the cancer cells are merged [180].
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A characteristic feature of benign and malignant
neoplasms is the enhancement of their blood supply as
compared to the healthy tissue. In Ref. [118] it is shown
that in the sample of a fibroadenoma the total density of
blood vessels per unit area amounts to 2.27%, and in the
centre of the mass this value is somewhat lower
(1.92%), than in the periphery (2.62%). The
haemoglobin concentration peak in the neoplasm
amounts to 55 uM (3.66 g/L), the mean concentration in
the surrounding normal tissue being 33 £ 5 uM (2.2+0.3
g/L).

For a sample of invasive ductal carcinoma, the
characteristic value of the total density of blood vessels
per unit area is 5.07% with the decrease in the centre
(4.22%), as compared to the periphery of the neoplasm
(5.91%). The peak of haemoglobin concentration in the
neoplasm amounts to 68 uM (4.5 g/L), the mean
concentration in the surrounding healthy tissue being 30
+6 uM (2.0+£0.4 g/L) [118].

Ref. [179] presents the results of averaging of the
physiological parameters of 58 malignant tumours of
breast. In this group the water content was 25.9+13.5%;
the content of lipids was 58.5+14.3%; the total
haemoglobin concentration was 24.749.8 uM; the
concentrations of haemoglobin in oxygenated and
deoxygenated forms were 17.2+7.5 uM and 7.53£2.8
pM, respectively; the oxygen saturation was 67.5+8.4%.

3 Development of methods of measurement
and visualisation of optical parameters

3.1 Diaphanography

Although the optical mammography is still in the
making, this method of medical visualisation has deep
historical roots. The first clinical results of optical breast
transillumination with CW radiation were reported by
Culter in 1929 [183]. The object of study was placed
between the source (a xenon lamp) and the doctor, and
the shadow “images”, characterising the difference
between the healthy and pathologic tissues were
observed visually. The “images” were too blurred, and
the attempts to improve the contrast by increasing the
intensity lead to overheating the skin surface. Gross,
who called the method “diaphanography”, published the
first report in 1972 about the real possibility of
differentiating benign and malignant tumours in this
way [184]. A certain improvement of contrast was
achieved by recording the breast image with a photo
camera with colour IR film [185] or a TV camera with
video recorder [186]. However, the resolution of the
images was limited by 2 cm. In 1990 the group of
Swedish researchers published the data [187], according
to which the probability of detecting small tumours
using the method of diaphanography was estimated as
negligibly small, and the probability of erroneous
diagnosis as exceeding by three times the error
probability of traditional methods, such as X-ray
mammography and B-scan imaging. This paper and
some other publications made doubtful the prospects of

30 June 2016 © JBPE



A.B. Konovalov et al.: Diffuse optical mammotomography: state-of-the-art and prospects

diaphanography as a method of early breast cancer
diagnostics and decreased the interest to the
visualisation of breast using visible and near IR
radiation.

3.2 Method of integrating spheres and breast
optical parameters, determined using this
method

Starting from the middle of the 20-th century, the
methods of determining the optical parameters of tissue
samples in vitro have been developed rapidly. In this
field the main stages were associated with the
spectrophotometry using integrating spheres [1, 164,
180, 188-192] and the development of iteration
methods, such as inverse adding-doubling method [180,
192, 193], and the inverse Monte Carlo method [190].
Among the methods of determining the optical
parameters of tissues, the most widespread one is the
method of integrating spheres. According to this
method, the setup incorporating, besides the source and
detectors, one or two integrating spheres is used to
measure such parameters, as the collimated
transmission, total transmission, and diffuse reflection.
To determine the local optical parameters of the tissues,

i.e., the absorption coefficient g, , the reduced

scattering coefficient 4, and the anisotropy factor g,
the inverse models and methods are used, based on the
radiative transport theory, e.g., the two-flux Kubelka-
Munk model [1, 162, 164, 188]. Below we present some
results of measuring the breast optical parameters by
means of the method of integrating spheres.

As shown in Ref. [180], in the norm the absorption
coefficient of the breast fibrous tissue equals
0.127+0.187 cm™ (L = 749 nm), 0.06+0.12 cm™ (A =
789 nm), and 0.05+0.03 cm™ (. = 836 nm), for the
breast adipose tissue the absorption coefficient equals
0.184+0.159 cm™ (A = 749 nm), 0.08+0.105 cm™ (A =
789 nm), and 0.108+0.097 cm™ (A = 836 nm). For the
infiltrating carcinoma at these wavelengths the values of
the absorption coefficient amount to 0.147+0.144 cm™,
0.044+0.083 cm™, and 0.1+0.188 cm™, respectively. For
the mucinous carcinoma the values of the absorption
coefficient are equal to 0.259+0.198 cm™, 0.016+0.072
cm?, and 0.024+0.108 cm™, respectively, and for the
ductal carcinoma the absorption coefficient values
amount to 0.076+0.068 cm™, 0.023+0.034 cm™ and
0.039+0.068 cm™, respectively.

The reduced scattering coefficient of the breast
fibrous tissue equals 9.75+2.27 cm™ (A = 749 nm),
8.95+2.45 cm™ (A = 789 nm), and 8.1+2.21 cm™ (A =
836 nm), for the adipose tissue the reduced scattering
coefficient equals 8.48+3.43 cm™ (A = 749 nm),
7.67+2.57 cm™ (A = 789 nm), and 7.27+2.4 cm™ (A =
836 nm). For the infiltrating carcinoma at these
wavelengths the values of the reduced scattering
coefficient amount to 10.91+5.59 cm™, 10.13+5.05 cm’
! and 9.1+4.54 cm™, respectively. For the mucinous
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carcinoma the values of the reduced scattering
coefficient are equal to 6.15+2.44 cm™, 5.09+2.42 cm™,
and 4.78+3.67 cm, respectively, and for the ductal
carcinoma the values of 4 amount to 13.11+2.85 cm™,

12.2142.45 cm®, and 10.46+2.65cm™, respectively
[180].

As clearly seen from the presented data, neither the
absorption coefficient, nor the reduced scattering
coefficient measured at the above wavelengths (749,
789 u 836 nm) in vitro allow reliable differentiation of
healthy and pathologically modified tissues.

The similar conclusion follows from the analysis of
the results, presented in Ref. [190], where in the spectral
region 500-1100 nm the homogenised samples of breast
tissues were studied, namely, the normal glandular
breast tissue, the normal breast adipose tissue, the
fibrocystic tissue, the fibroadenoma, and the ductal
carcinoma. The authors have shown that at the
wavelengths 540, 700, and 900 nm the values of the
absorption coefficient are the following: for the normal
glandular breast tissue 3.58+1.56 cm™ (L = 540 nm),
0.47+0.11 cm™ (A = 700 nm), and 0.62+0.05 cm™ (A =
900 nm); for the normal breast adipose tissue 2.27+0.57
cm™ (A = 540 nm), 0.7+0.08 cm™ (L = 700 nm), and
0.75+0.08 cm™ (L = 900 nm); for the fibrocystic tissue
1.64+0.66 cm™ (A = 540 nm), 0.22+0.09 cm™ (A = 700
nm), and 0.27+0.11 cm™ (L = 900 nm); for the

fibroadenoma the values of gz, are 4.38+3.14 cm™ (A =

540 nm), 0.52+0.47 cm™ (. = 700 nm), and 0.72+0.53
cm™ (& = 900 nm), and for the carcinoma 3.07+0.99 cm’
! (0 = 540 nm), 0.45+0.12 cm™ (L = 700 nm), and
0.5+0.15 cm™ (A = 900 nm).

The values of the reduced scattering coefficient are
the following: for the normal glandular breast tissue
24.445.8 cm™ (L = 540 nm), 14.243.0 cm™ (A = 700
nm), and 9.9+2.0 cm™ (A = 900 nm); for the normal
breast adipose tissue 10.3+1.9 cm™ (A = 540 nm),
8.6+1.3 cm™ (A = 700 nm), and 7.9+1.1 cm™ (A = 900
nm); for the fibrocystic tissue, 21.7+3.3 cm™ (A = 540
nm), 13.441.9 cm™ (A = 700 nm), and 9.5+1.7 cm™ (A =
900 nm); for the fibroadenoma 11.1+3.0 cm™ (A = 540
nm), 7.241.7 cm™ (A = 700 nm), and 5.3+1.4 cm™ (A =
900 nm), and for the carcinoma 19.0+5.1 cm™ (A = 540
nm), 11.8+3.1 cm™ (A = 700 nm), and 8.9+2.6 cm™ (A =
900 nm).

Thus, we can conclude that the use of the integrating
sphere technique in the visible range of wavelengths (up
to 1 um) does not allow reliable differentiation of
healthy and pathologically modified tissues. However,
as shown in Ref. [192], the measurements carried out in
the near IR spectral range, in the region of absorption
bands of water (Amax ~1450 nm) and lipids (Amax ~1720
nm) allow reliable differentiation of normal tissue,
benign and malignant neoplasms. Thus, at the
wavelength 1450 nm the absorption coefficient of the
normal tissue amounts to 0.6686 + 0.0418 mm™, for
benign neoplasms , = 1.3402 + 0.0912 mm™, while for
the malignant neoplasms z, = 1.8864 + 0.1272 mm™,
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which is a sign of increasing content of water in the
tumour in the course of its development. At the same
time, with the development of the tumours the reduction
of the content of lipids is observed, which is seen from
the decrease of the absorption coefficient at the
wavelength 1720 nm from 0.8766 + 0.0308 mm™ to
0.6208 + 0.0336 mm™. It is interesting to note, that,
when passing from the normal tissue to the
pathologically modified one, the reduced scattering
coefficient in the wavelength range from 400 to 1000
nm also essentially (nearly by 2-2.5 times) decreases. In
this case, one can clearly see the increasing contribution
of sufficiently small scatterers to the formation of the
scattering spectrum, which is a manifestation of
destruction of structure elements of the breast tissue
with the development of the neoplasm. In the spectral
range from 1000 to 2200 nm, no essential change in the
light scattering is observed [192].

3.3 Methods based on the detection of diffusely
scattered light

The theoretical achievements of 70-90s of the last
century (the models of photon migration, the discovery
of diffuse photon density waves, the development of the
dynamic light scattering theory, etc.), the progress of
laser facilities and fibre optics, as well as the
development of time-resolved techniques of tissue
irradiation and signal detection, facilitated the intense
development of optical methods for measurements in
vivo, based on detecting the diffusely scattered light.
These methods include, first, the pulse-oximetry [194,
195], the diffusing wave spectroscopy [1, 15, 20, 22, 27,
79, 196, 197], and the near IR spectroscopy [1-4, 10, 19,
20, 22, 25, 31, 85, 113, 116, 121, 132, 179, 198-214].

The pulse oximetry is grounded on measuring the
intensity change of light transmitted through the tissue,
synchronous in time with the heartbeat. After each
contraction the arteries become wider, increasing the
relative volume of blood in the tissue, and therefore,
increasing the value of the absorption coefficient. By
recording the difference between the maximal and
minimal absorption, one can indirectly determine the
degree of arterial blood oxygenation.

The diffusing wave spectroscopy is based on the
measurements of temporal correlations of spatio-
temporal fluctuations of light fields in a strongly
scattering medium. The method allows quantitative
characterisation of the motion of scattering particles in
tissues and, therefore, can be used to measure the blood
flow velocity [215, 216]. In Refs. [216-218] it was
shown that the diffusion propagation of temporal
correlations in a randomly inhomogeneous medium,
consisting of different spatially separated scattering
regions, is sensitive to the dynamics of the scatterer
motion in these regions. In principle, this fact allows
one to use position-dependent measurements of the
temporal autocorrelation function of the field for
tomographic reconstruction of the images of the
dynamical inhomogeneities in the medium. This
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approach, referred to as diffuse optical correlation
tomography in the literature [15, 20, 22, 27, 79, 219-
223], has undoubtful prospects and is extensively
developed now.

In contrast to the pulse oximetry, the near IR
spectroscopy (or diffuse optical spectroscopy) allows
the determination of the haemoglobin oxygen saturation
not only in the arteries, but also in the tissue as a whole,
including veins and capillaries. The near IR
spectroscopy is based on irradiating the tissue with laser
radiation at different wavelengths within the therapeutic
transparency window and recording the optical signal
using the frequency-domain, time-domain or
continuous-wave spectroscopy technique (see Section
3.2). Both the transmitted light (transmission or
transillumination spectroscopy) and the diffusely
reflected radiation (reflectance or backscattering
spectroscopy) are detected. The optical parameters g,

and g, are determined indirectly from the results of the

performed measurements. As clearly seen from the
presented list of references [1-4, 10, 19, 20, 22, 25, 31,
85, 113, 116, 121, 132, 179, 198-214], the frequency-
domain technique [85, 113, 202] and the time-domain
technique [85, 121, 119, 198, 201, 206-209, 212] of
transmission spectroscopy are most frequently used.
The reflectance spectroscopy is also often used for in
vivo measurements of the breast optical parameters,
both in the frequency-domain [25, 179, 199, 200, 205,
209] and in the time-domain [25, 201, 214] and
continuous-wave [179, 199, 200, 203, 204, 211]
techniques. The near IR spectroscopy makes use of the
same principles and the same methods of data
recording, as the modern optical imaging methods,
based on the detection of diffusely scattered light, and in
this sense is their direct predecessor.

Table 1 summarises the optical parameters of
different breast tissues measured in vivo, both in the
normal condition and in the presence of benign and
malignant neoplasms. From the Table it is clearly seen
that most of the optical characteristics are studied in the
first transparency window. At the same time, essential
progress of laser technology and detection facilities
allows one to broaden the used range of wavelengths
and proceed to the second (1600 -1800 nm) and the
third (2100-2300 nm) transparency windows. This will
surely yield new (may be crucial) information that can
allow further advance of the methods of optical
diagnostics towards the next principally new level and
extend the capabilities of modern medicine in fighting
the breast cancer.

The method of indirect determination of the
functional parameters, such as the tissue oxygen
saturation SO, and the fractional blood volume &V , is

based on the difference in the absorption spectra of
haemoglobin  in the oxygenated HbO, and

deoxygenated Hb forms, as well as the known relation
for the total absorption coefficient of a tissue at the
wavelength A :
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1, (2) = &(1)C,, 1)

where ¢, (A1) is the specific absorption coefficient, and
C, is the concentration of the n-th chromophore in the
tissue. Assume that we managed to determine the
absorption coefficients g (1) =4 and g, (4,) = 42 of
the breast tissue at two different wavelengths 4 and 4,
. In order to find SO, and &V , it is necessary to assess
the absorption spectrum of the completely bloodless
tissue £ (A) and also to know the volume fraction of
erythrocytes  (haematocrit) C, in the blood. For

example, assuming that z°(4) =~ 1°(4,) ~ 1 the
following relations can be derived [224]
CHb02

SO, = =
+ CHb

' cC
_ (- pl +BY B ) + B Bl it
(E}Z—IDOZ ~E8) (1 — :u:g )+ (Eleo2 ~E, )1 - ,u:g)

HbO,

(2)

__ blood volume in tissue
tissue volume
 Eiubluo, ~EiaBiuo, + (B, ~EL) = By, ~E) )

1+

HbO, HbO, HbO,

1 02 2 ot by (32 1 1 2
EHDEHDOZ _EHDEHb02 + 4, (EHD _EHb +EHbOZ _EHhOZ)

Here Ey, , Ei, . Ely, . E7, are the reduced specific
absorption coefficients of the chromophores HbO, and
Hb , found by multiplying the specific coefficients

SHb02 (21)’ ‘S'Hb(/q'l) ’ gHbOZ (22) ’ 8Hb(/12) by Cg . In the

clinical practice, it is reasonable to use the number of
wavelengths greater than two, in order to be able to
determine  also the concentrations of other
chromophores, significant for the optics of breast
tissues. For example, if the concentrations of lipids
Cipa and water C,, , are known, then it is possible to

calculate the tissue optical index using the formula [25,
28, 179, 225]

TOI :CHZOCHb /Clipid - (4)

Getting ahead of ourselves, we note that the tissue
optical index is of great importance in the breast DOT,
since the visualisation of this parameter allows the
enhancement of contrast between the cancer tumour and
healthy breast tissue by nearly two times [25]. Not less
important functional parameter is the haemoglobin
concentration, C,,, =C,,, +C,,, which, as mentioned

tHb
in Section 1, characterises the level of filling the tissue
with blood. Table 2 presents some results of in vivo

Hb ?
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measurements of the functional parameters of breast
tissues both in the normal condition and with pathology.
As a method of getting space-dependent data for
further reconstruction and visualisation of topographic
or tomographic images of the breast inner structure, the
near IR spectroscopy formed the base of both the
diffuse optical scanning mammography and the breast
DOT. Thus, in the middle of 90s the -crucial
breakthrough in the optical mammography occurred,
when the achievements in the technology of generating
and detecting optical signals combined with the
progress in computer facilities and the development of
algorithmic base for the reconstruction and visualisation
of 2D and 3D images. This combination led to the rapid
progress of the diffuse optical mammotomography.

3.4 Diffuse optical tomography

At resent a few international conferences and meetings
held annually are devoted to the problems of DOT,
among which the mammotomography topics occupy
one of the priority positions. The most significant
meetings are the International Congress ‘“Photonics
West” (San Francisco, USA), the International Congress
on Photonics in Europe (Munich, Germany), and the
International Congress “Photonics Asia” (Beijing,
China). In Russia, at least two international symposia
regularly take place, including the thorough discussion
of DOT problems: the International Symposium
“Topical Problems of Biophotonics” (Nizhny
Novgorod, Russia) and the International Symposium on
Optics and Biophotonics (Saratov, Russia).

Many universities and research centres are involved
in the activity related to DOT studies. Among them the
leaders are:

e Biomedical Optics Research Laboratory,

University College London, Great Britain;

e Optical Imaging and Spectroscopy Group,
University of Pennsylvania, USA;

e Photon Migration Imaging Laboratory,
MGH/MIT/HMS  Athinoula A. Martinos
Center of Biomedical Imaging at Harvard
University, USA,;

e Near Infrared Imaging Group, Thayer School
of Engineering at Dartmouth College, USA,;

e Optical Tomography Group, SUNY Downstate
Medical Center at Brooklyn, USA,

e Photon Migration Laboratory, Texas A&M
University, USA,;

o Diffuse Optical Imaging of Tissue Laboratory,
Science and Technology Center at Tufts
University, USA;

e Functional & Molecular Optical Imaging
Laboratory, Department of Biomedical
Engineering at  Rensselaer  Polytechnic
Institute, Troy, USA.
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Table 1 Optical parameters of breast tissues in vivo.
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1

Tissue type Wavelength, nm 1, cmt g, em References
Healthy tissue
750 0.046 +£0.024 8.7+22
786 0.041 +£0.025 85+21 Durduran et al. 2002 [202]*
830 0.046 +0.027 8.3+20
674 — 965 0.01-0.17 6-11 Tromberg et al. 2000 [205]
637 0.055 + 0.007 13.4+2.6
656 0.041 +0.005 135+21
683 0.042 £0.013 129+2.3 L
bulk tissue 785 0.037 +0.013 113421 Spinelli et al. 2004 [208]
912 0.110+0.021 114+26
980 0.099 +0.028 11.7+26
670 0.036 +0.008 105+1.3
gig 8:332 : 8:83; g:i : é:j Grosenick et al. 2005 [212]
884 0.059 +0.016 8.0+1.0
785 0.0503+0.0151 10.53+1.20
808 0.0518+0.0153 10.49+1.19 Mo et al. 2009 [214]
530 0.64+0.2 241+78
fatty tissue 550 0.65+0.1 19.2+34
ad 0L B s g
fibrous tissue 550 0.55 +0.05 46.8 7.7
590 0.56 +0.8 38+10.3
Benign neoplasms
530 0.6+0.2 193+14
intracanalicular 550 0.7 £0.02 21.7+7.1
590 0.6+0.2 22.3+9.9
530 0.6 +0.04 276+0.3
pericanalicular 550 0.65+0.15 234+0.2 Nair et al. 2002 [213]
590 1.15+0.2 22.6+0.1
530 0.76 +0.2 204 +£3.9
mixed 550 0.7+0.2 19.1+34
590 0.7+0.2 19.4+84
Malignant neoplasms
+ +
papillary cancer ggg 8822 ; 881‘; igg ; 82 Fantini et al. 1998 [113]
invasive ductal 670 0.071 17.6 Chernomordik et al. 2002
carcinoma 785 0.042 16 [121]
670 0.110 £ 0.066 135+47
+ +
carcinoma gig 81(1)3 ; 8882 Eg ; ig Grosenick et al. 2005 [212]
884 0.124 +0.089 9.1+19
infiltrating ductal 530 0.86+0.1 29.7+13 .
carcinoma 550 0.7£0.2 28.7+13 Nair et al. 2002 [213]
590 0.6+0.2 28+ 11

*For convenience here and below in tables the references are given with the indication of the first author and

publication year

Multiple large commercial companies (e.g.,
Hamamatsu Photonics KK, Shimadzu, Hitachi, Fuji
Electric, Japan; Phillips, Netherlands; Carl Zeiss,
Germany; Mallinckrodt Inc., USA) at present also carry
out the research in this field. A few venture companies
are especially organised for design and production of
diffuse optical tomographs (e.g., Imaging Diagnostic
Systems Inc.; Non-Invasive Medical Technology Inc.;
ISS Inc., USA). The total world expenses for research
and development in the field of DOT amount to a few
hundred million dollars. Thus, e.g., the investments into
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only one company Imaging Diagnostic Systems Inc.
exceed $30,000,000. Actually, the leading designers of
medical instrumentation permanently compete for
entering the market with the tomographs of this class.
The recent achievements of the Russian researchers in
the field of DOT methodology allow one to expect that
under favourable conditions the domestic design
engineers will be able to take part in this competition as
well.
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Table 2 Functional parameters of breast tissues in vivo.

Tissue type SO, , % Cyp» UM TOIl, uM References
Healthy tissue
69+ 6 18+5 - Ntziachristos et al. 2002 [198]
58+9 22+8 - Srinivasan et al. 2003 [126]
74+3 17+8 - Grosenick et al.2003 [129]
74-90 15-49 - Torricelli et al. 2003 [226]
66.4+9.2 15.7+5.1 14+1.1 Spinelli et al. 2004 [208]
74+7 17.3+6.2 - Grosenick et al. 2005 [212]
bulk tissue 70.7+7.0 25.3+8.3 3.3+1.9 Tromberg et al. 2005 [225]
67.7+9.3 175+75 1.5+0.9 Cerussi et al. 2006 [179]
68+4 17+2 1.6+0.7 Wang et al. 2010 [145]
- 36.7+8.0 - Zhu et al. 2010 [146]
85+7 - - Yuetal. 2010 [147]
73+6 19+6 - Fang et al. 2011 [150]
68 — 72 19-22 - Enfield et al. 2013 [154]
fatty tissue 70.7 + 8.6 17.1+3.2 - Brooksby et al. 2006 [139]
66 + 12 11.3+8.3 - Srinivasan et al. 2010 [133]
fibrous tissue 69.7 +10.4 22.4+17.3 - Brooksby et al. 2006 [139]
72+ 17 236+7.1 - Srinivasan et al. 2010 [133]
Benign neoplasms
fibroadenoma - 37.6+16.0 -
cyst - 37.8+£12.7 - Zhu et al. 2010[146]
fat necrosis — 29.4 +15.5 -
Malignant neoplasms
60+9 130+ 100 - Ntziachristos et al. 2002 [198]
75-77 33-90 - Torricelli et al. 2003 [226]
72+14 53+32 - Grosenick et al. 2005 [212]
68.4+85 48.5+18.2 249+215 Tromberg et al. 2005 [225]
carcinoma 67.5+8.4 24.7+9.8 3.3+£22 Cerussi et al. 2006 [179]
64+5 28+4 6.1+1.9 Wang et al. 2010 [145]
- 27.8-36.4 - Srinivasan et al. 2010 [149]
75+6 27+ 14 - Fang et al. 2011 [150]
6274 30-38 - Enfield et al. 2013 [154]
71+4 23+5 - Grosenick et al. 2003 [129]
invasive ductal - 67.0+18.3 - Zhu et al. 2010 [146]
carcinoma 49+11 - Yu et al. 2010 [147]
- 51.0+13.9 - Zhu et al. 2013 [153]
Invasive lobular 66 =7 25+6 - Grosenick et al. 2003 [129]
carcinoma
ductal carcinomain | = 71.9+18.8 - Zhu et al. 2010 [146]
situ 58 +8 - - Yu etal. 2010 [147]
— 722245 - Zhu et al. 2013 [153]

As mentioned above, in Russia the following
research teams are directly involved in the DOT issues:
SOI, RFNC-VNIITF, IAP RAS, MSU, and TSTU. The
researchers from SOI and RFNC-VNIITF developed an
original perturbation approach to solving the inverse
problem of time-domain DOT. At the present stage of
the study, this approach is implemented using two
different methods (Sections 4.2 and 4.3). The first
method, which uses for reconstruction the total banana-
shaped distributions of photon trajectories, according to
preliminary estimations allowed the spatial resolution,
record-breaking for DOT (less than 3 mm inside the 8-
cm object) [104, 106], while the other method, the
method of photon average trajectories (PATS),
demonstrated the record-breaking reconstruction time
(~0.5 s) [5, 57]. At present, both methods are in the
stage of testing in numerical phantoms. The interest of

J of Biomedical Photonics & Eng 2(2)

020202-21

the researchers from IAP RAS is mainly concentrated
on diffuse fluorescence molecular tomography (DFMT)
in small laboratory animals, using the frequency-domain
technique of tissue probing and signal registration
[159-161]. However, they have also the experience in
the field of experimental mammography [143]. To
visualise the distributions of exogenous fluorophores the
IAP RAS team successfully applies the original
inversion methods (Section 4.2), such as the algebraic
method for the minimisation of Holder norm [159] and
the method of Tikhonov functional with nonnegative
components [227, 228]. The researchers from MSU
have assembled the prototype of a diffusion tomograph
with continuous-wave radiation sources and carry out
studies in phantoms. The tomograms of the phantoms
visualising the probability distribution function for the
detection of optical inhomogeneities are reconstructed
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using original nonlinear statistical methods ([44, 53, 54,
58, 105], Section 4.4). The researchers from TSTU
mainly deal with the time-domain experiments using
pulsed radiation sources. They solve the inverse DOT
problem, using the so-called methods of optical
inhomogeneity localisation. Recently they proposed an
original localisation method based on detection of late-
arriving photons that form the trailing edge of the tissue
response to the input pulsed signal ([92, 99, 102, 109],
Section 4.4).

4 Design problems and equipment of the
diffuse optical mammotomograph

4.1 Design problems and operation principle
of the diffuse optical mammotomograph

The DOT technique is aimed at reconstructing and
imaging the spatial distributions of optical parameters

(absorption coefficient g, , reduced scattering
coefficient u. , coefficient of optical diffusion D |,
anisotropy factor g, refractive index n) and functional
parameters (tissue oxygen saturation SO, , fractional
blood volume &V , concentration of haemoglobin C,,,

and other chromophores, tissue optical index TOIl ) of
the tissue. The parameters are extracted from the data of
space-dependent measurements using the method of
near IR spectroscopy. For this aim, one has to solve two
main problems:

1) to design and manufacture the hardware
providing generation of probing radiation,
detection and primary processing of the
measurement data array;

2) to develop the software capable of fast high-
quality reconstruction of diffusion tomograms
and their presentation to a medical doctor in
the form, convenient for analysing and
diagnosing.

Fig. 3 Block diagram of a diffuse optical
mammotomograph [5]: 1 - laser unit, 2 — channel
commutator, 3 — applicator, 4 - multichannel receiver,
5 — computer.

At present, the first problem is successfully solved in
the research laboratories of the world. A variety of light
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sources with detailed description of experimental
setups, using different methods of laser radiation
generation and detection of diffusely scattered light,
offers a wide range of choice in technical
implementations and a possibility to optimisation with
respect to consumer and cost characteristics. The diffuse
optical tomograph hardware includes the system of
irradiating the tissue with laser light with a multichannel
device for the distribution of radiation over the tissue
surface, the multichannel system collecting and
detecting the radiation diffusely scattered by the tissue,
and the computer for the measurement data processing.
To provide the possibility of functional diagnostics, it is
necessary to have several sources of probing radiation
with different wavelengths, or one source with the
wavelength tuneable within the transparency window. A
typical scheme of diffuse optical tomograph for breast
examination is presented in Fig. 3.

The setup operates as follows [5]. The breast is
either placed in the ring-shaped or cup-shaped
applicator (3) (Fig. 3), or softly squeezed between two
parallel glass plates, like in X-ray mammography. On
the surface of the applicator (plates) the source and
detector optical fibres are mounted, by means of which
the laser radiation enters the tissue and the diffusely
scattered light is collected. The radiation from the laser
unit (1) is transmitted to the applicator (plates) via the
channel commutator (2) that provides sequential breast
irradiation through one of the source fibres, so that the
points where the radiation enters the tissue are
sequentially changed. The scattered light is
simultaneously collected by the receiving optical fibres
and directed to the multichannel detector (4). In the
detector, the signal undergoes calibrated attenuation in
each channel, in order to match the level of the received
signals to the dynamic range of the receiver. Then the
measurement data are recorded according to the chosen
technique of tissue irradiation and signal detection, and
the measurement data array is input into the computer
for processing and visualisation of diffusion
mammotomograms.

4.2 Techniques of tissue probing and optical
signal detection

Figure 4 schematically shows the diagrams of light
intensity for three main techniques of tissue irradiation
and optical signal detection used in DOT [1-6, 8, 13-18,
20, 22, 25]: the continuous-wave, the frequency-
domain, and the time-domain one. In the continuous-
wave technique, the tissue is probed with the laser
radiation of constant intensity and the transmission or
diffuse reflection is measured. For quantitative
interpretation of the results of measurement and for the
extraction of absorption coefficient, the Bouguer-
Lambert-Beer law is used [229]. A drawback of the
continuous-wave technique is the impossibility of
reliable differentiation between the optical parameters
u, and g, which, in fact, excludes further

visualisation of functional parameters. Besides there are
limitations of applying the method to bulk tissues, since
the signal-to-noise ratio strongly depends upon the
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tissue thickness [224]. The frequency-domain technique
implies the irradiation of the tissue with intensity-
modulated light having the frequencies from 100 MHz
to 10 GHz, and the recording of modulation depth and
phase shift of the scattered radiation at the modulation
frequencies. Measuring the modulation depth and the
phase shift, one can indirectly find the optical
parameters  and . . The time-domain technique

implies the irradiation of the tissue with ultrashort
pulses having the duration 10° - 10™ s and the
detection of broadened pulses of scattered radiation, the
so-called temporal point spread functions (TPSFs). In
the time-domain near IR spectroscopy the optical
parameters are assessed by comparison of the measured
TPSF with the pulse shape, calculated using the
diffusion approximation to the radiative transport theory
(the fitting method [10]). The frequency-domain and the
time-domain techniques implement time-resolved
irradiation mode, the fundamental base of which is the
excitation of so-called diffuse waves of photon density
in the strongly scattering medium [1-3, 15, 22, 25]. In
comparison with the time-domain method, the
frequency-domain one is simpler in implementation,
since it uses the equipment already familiar in the
optical communication and fibre optical dispersion
studies. Thus, the required modulation frequency can be
obtained using the laser diodes, and the needed dynamic
range of recording is provided by using the
photomultiplier tubes (PMTs) or photodiodes. To
implement the time-domain technique one has to use
more expensive equipment, e.g., electro-optical
converter with the brightness amplifier (streak-camera)
or PMT in the mode of time-correlated single photon
counting (Section 3.3). However, the most important
advantage of the time-domain technique is that from the
TPSF one can extract different types of data, such as the
integrated and logarithmic intensity, the mean time of
flight for the photons, the results of Laplace and Mellin-
Laplace transforms of the TPSF, etc. [5, 12, 224]. Just
the flexibility in the interpretation of measurement
results offers additional possibilities for more precise
determination of optical parameters, which is
particularly valuable in DOT. Thus, the researchers
from SOI and RFNC-VNIITF proposed a new type of
the measurement data, the time-resolved optical
projections [5, 93, 98, 104, 106, 110]. These projections
are determined for a single count of the TPSF and have
significant potential from the point of view of
improving the DOT spatial resolution (Section 4.2).

4.3 Instrumentation for diffuse optical
tomography

Consider in more detail the instrumentation of time-
domain DOT, i.e., the instrumentation for generating the
laser pulsed radiation and for the TPSF recording. The
main requirement to the lasers for DOT is the maximal
value of the mean power of radiation under the
relatively high pulse repetition rate (more than 5-10
MHz) and moderate requirements to the pulse duration
(shorter than 50-100 ps). These requirements are
fulfilled, e.g., in the titanium-sapphire lasers (Tsunami
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and Mai Tai, Spectra-Physics Lasers, USA), the
picosecond  semiconductor  lasers  (Hamamatsu
Photonics KK, Japan; PicoQuant GmbH, Germany,
etc.), and the fibre lasers (IMRA America Inc., USA). In
Russia within the framework of the project
“Development of methods of three-dimensional optical
intrascopy — medical optical tomography” supported by
the International Science and Technology Center (ISTC,
Moscow) (grant No. 280, 2000-2002) the researchers
from the loffe Physical and Technical Institute, Russian
Academy of Sciences (PTI RAS, Saint-Petersburg) also
developed high-efficiency picosecond semiconductor
lasers with the characteristics optimised for DOT.
Comparative characteristics of some laser sources are
presented in Table 3.
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Fig. 4 The main techniques of tissue irradiation and
optical signal detection: (a) - continuous-wave; (b) -
frequency-domain; (c) — time-domain. 1,(t) and I(t) is
the light intensity before and after passing through the
medium.

The titanium-sapphire lasers possess highly efficient
(25-40%) conversion of pumping radiation into the
output radiation and allow much higher mean radiation
power values and, therefore, peak pulse power, than the
semiconductor and fibre lasers (see Table 3). The solid-
state lasers based on crystals with metal ions possess the
wavelength, tuneable within a wide spectral range
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Table 3 Comparative characteristics of lasers for pulsed DOT.

arameters AlL,OTi laser Semiconductor laser diodes Fibre laser,
Spectra-Physics* | Hamamatsu PicoQuant IMRA, Inc.
. PTI RAS
Photonics GmbH
Mean radiation power, MW | 1000 0.25 1-4 1.2 25
Pulse duration, ps 0.1 100 180-400 40 2
Pulse repetition rate, MHz 80 5 40 10 40

*The data are presented for the Al,O:Ti laser Mai Tai

(750-850 nm for Al,Os: Ti laser Mai Tai [230]).
However, such lasers are sensitive to the conditions of
exploitation and have rather large overall dimensions.
Therefore in time-domain DOT they more frequently
use portable semiconductor laser diodes [115, 121, 129-
132, 231]. The required pulse duration of such laser is
achieved using the implantation of ultrafast saturable
absorbers, and the increase of the pulse power in the Q-
modulation mode is provided by the increase of the total
number of nonequilibrium carriers in the laser cavity
and the depth of modulation of the concentration of
these carriers. Undisputable prospects for using in DOT
are inherent also in the fibre lasers thanks to their
compactness, combining the laser and waveguide
functions, and the possibility of their use as a base for
designing multichannel laser systems. The active
medium of fibre lasers is created either due to using the
nonlinear properties of the fibre material, or by using
the appropriate laser materials for the core fabrication.
Using different active fibres one can conveniently vary
the wavelength within a wide range. Multichannel
systems are implemented using the bundles of multiple
active fibres. At present the fibre lasers IMRA America
Inc. are, e.g., used in the well-known setup Multi-
channel Opto-electronic Near-infrared System for Time-
resolved Image Reconstruction (MONSTIR, University
College London, Great Britain) [137, 140, 154, 224,
230].
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Fig. 5 Schematic of a single-channel streak camera for
DOT [5]

To detect the scattered light in time-domain DOT, as
well as in time-domain near IR spectroscopy, they use
streak-cameras or PMTs for time-correlated single
photon counting. The detailed description of a single-
channel streak-camera intended for DOT is presented,
e.g., in Refs. [5, 232]. Figure 5 schematically illustrates
the principle of its operation. The photons of the
broadened response to the picosecond pulse from the
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input pulse train, generated by the laser, bombard the
photocathode (PC) and are converted into electrons.
Two deflection plates (DP), to which the sweep variable
voltage is applied, accelerate the electrons that arrive at
the luminescent screen (LS). The CCD matrix
implements data readout. The inclination of electrons
depends upon the sweep voltage. The electrons that
reach a definite position along the screen horizontal
always spend the same time with respect to the input
pulse. Thus, if the frequency of the sweep voltage
coincides with the repetition rate of the input pulses,
then the CCD camera will record the profile, coinciding
with the TPSF. The streak-camera is a large-size device
with a limited field of view, nonlinear temporal
characteristic and relatively narrow dynamic range, not
adapted for use in multichannel detection systems.
Therefore, in time-domain DOT the digital registration
is preferred with the use of multi-cathode micro-channel
PMTs operating in the mode of time-correlated single
photon counting [224, 231, 233-235].

J|_ tref

ﬂ TPSF

A N It
s B DGR
VOA

=1 - b

Fig. 6 Schematic of the recording channel with PMT in
the mode of time-correlated single photon counting [5].

Figure 6 schematically illustrates the operation
principle of a single channel of such recorder. Via the
receiving fibre, the broadened response to the input
pulse arrives at the variable optical attenuator (VOA),
where its amplitude is reduced to the required
magnitude. The PMT detects only one photon and forms
the electron pulse corresponding to it. This pulse is
transformed into the digital one by means of the
constant fraction discriminator (CFD). The CFD also
executes the exact load-time binding of the pulse. The
picosecond time analyser (PTA) measures and stores its
time delay with respect to the reference pulse, formed in
the reference registration channel. After processing a
sequence of broadened responses, the histogram of the
TPSF is recorded. A certain disadvantage of this
approach is that the recorded TPSF is amplitude-
normalised. Therefore, if in the time-domain
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experiments one has to differentiate spatio-temporal
signals by intensity (see, e.g., [92, 99, 102, 109]), the
registration should be executed with a streak-camera.

At present the setups for experimental diffuse optical
mammotomography most known in the world are:

e MONSTIR [137, 140, 154, 224, 230];

e Dynamic Near-infrared Optical Tomographic
Imaging System (DYNOT, SUNY Downstate
Medical Center at Brooklyn, USA) [236];

o Near Infrared Tomography Breast Imaging
System (Thayer School of Engineering at
Dartmouth College, USA) [116, 118, 120, 122,
125, 126, 133, 134, 139];

o Diffuse Optical Tomography System for Breast
Cancer Imaging (University of Pennsylvania,
USA) [123, 138, 144];

e Mammograph  for  Optical Tomography
(MAMMOT, Politecnico di Milano, Italy) [131,
132, 208, 226];

e Scanning Laser Pulse Mammaograph
(Physikalische-Technische Bundesanstalt,
Germany) [111, 113, 115, 121, 129, 130];

e System for Near-infrared Spectral Imaging of
the Breast (Technology Center at Tufts
University, USA) [101, 147, 155].

These setups and many other ones use different
techniques of tissue irradiation and optical signal
registration, different combinations of sources and
receivers, different constructions of gantry for breast
positioning. Thus, e.g., the European groups from Great
Britain, Italy and Germany prefer the pulsed irradiation,
while the Americans tend to frequency-domain
technique. The researchers from the Pennsylvania
University use the original combination of continuous-
wave and frequency-domain techniques of probing. The
number of sources in the setups with fixed geometry
varies from 24 to 128 [236]. The corresponding figures
for the number of receivers have even greater spread
from 8 [117] to 993 [123, 128]. In the scanning systems
developed in Italy and Germany at each operating
wavelength one source and one receiver are used, the
number of their positions varying within 1000 - 2000.
As to the gantry constructions, the breast, as mentioned
above, can be positioned inside the applicator (Fig. 3),
or softly compressed between two parallel glass plates.
In the first case, the geometry is cylindrical, conical, or
spherical, and in the second case, the geometry has the
symmetry of a planar layer. Note, that using the
applicator they fill the free space between the breast and
the applicator with contact gel with optical
propertiessimilar to those of the tissue in order to match
the refractive indices. The base of such gel is usually
water, gelatine or hydrogel, and the role of scattering
and absorbing agents is played by the fat-containing
emulsions and different dyes (ink, Indian ink, etc.),
respectively [78]. In the case of parallel plates, no gel is
needed, since due to the breast compression the air gap
between the tissue and the plates is absent.

The experimental setup for frequency-domain
DFMT in laboratory animals developed by the IAP RAS
team is described, e.g., in Ref. [159]. As a source of
radiation modulated with the frequency 1 kHz, the Nd:
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YAG laser is used that generates the second harmonic at
the wavelength 532 nm. To detect the signal of the
fluorescence response they use the Hamamatsu PMT
(PMT Hamamatsu H7422-20). The space-dependent
data are recorded in the transmission geometry of a
planar layer, the fibre-optical output of the source and
the fibre-optical input of the receiver synchronously
moving with the specified scanning step. In the setup
adapted to mammography studies [143] the fibre lasers
with the wavelengths 684 nm, 794 nm, and 850 nm are
used, and the modulation frequency is equal to 140
MHz. The use of the same principle of synchronous
scanning makes the data recording time undesirably
long, 10-30 minutes, depending on the breast size.

The experimental prototype of a diffusion
tomograph developed in MSU is equipped with the
continuous-wave sources, i.e., the semiconductor laser
diodes with fibre-optical radiation output. In the
differential version of the tomograph [105], two such
diodes are used operating at the wavelengths 790 nm
and 815 nm. The setup is intended for
“transillumination” of cylindrical scattering objects in
the form of vessels with fat emulsion, along the
perimeter of which 32 input and 32 output optical fibre
waveguides are glued in. Two Hamamatsu PMTs (PMT
Hamamatsu H6240-02) operating in the mode of time-
correlated single photon counting are used as detectors.
The complete data set is obtained by sequential
switching of one input channel and two output channels
using the commutator.

The TSTU team constructed a setup for
experimenting with cylindrical phantoms [92, 99, 102,
109]. As a source of radiation, they use the mode-locked
titanium-sapphire laser MIRA 900-B. The laser pulse
duration is 100 fs and the wavelength is 730 nm. The
nonnormalised TPSFs are recorded by means of the
Hamamatsu streak-camera (Streak Camera Hamamatsu
C4334) with the time resolution 10 ps. The studied
scattering phantom is a cylinder made of epoxy resin
with the admixture of TiO,. Cylindrical inserts of the
same material stained with the Indian ink simulate the
absorbing inhomogeneities. The method used to solve
the problem of the inhomogeneity localisation (Section
4.4) implies the data pickup for a single position of the
source and 10 positions of the detector, the optical
inputs of which are arranged with equal angular step
along the phantom perimeter.

5 Methods of diffusion tomogram
reconstruction

In contrast to the problem of hardware design for
diffusion tomography, the problem of developing
software for DOT image reconstruction still has no
completed commercial solution. In spite of the rapid
progress of computer technologies, there are still no
precise and fast algorithms for high-quality
reconstruction of diffusion tomograms in the time scale,
acceptable for clinical studies. This fact is the main
reason why diffuse optical tomographs are still absent at
the world market of instrumentation for medical
imaging. Indeed, the problem of image reconstruction in
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DOT is much more complex than, e.g., in X-ray or
ultrasonic tomography. The reason is that due to
multiple scattering of light the dependence of the
measured data upon the reconstructed optical
parameters is nonlinear in principle. At present a variety
of methods for solving the inverse DOT problem are
developed. The conventional classification of methods
is presented in Fig. 7.

Nonlinear
=  multistep
Methods based methods
on inverting -
Perturbation
the operator — |m—_ S EeeE
equation
— Projection
methods

Inhomogeneity
Methods m=mp |ocalisation
=» approximately methods
formulating the

iNverse problem | ———

Methods for solving the
inverse DOT problem

Other
methods

Fig. 7 Classification of methods for solving the inverse
DOT problem.

5.1 Methods based on inverting the operator
equation
The most general mathematical formulation of the

inverse DOT problem is the problem of inverting the
nonlinear operator equation

g(r..r,) =@[f ()], )

where g(r,,r,) is the result of measuring the optical
signal for the positions r, of the source and r, of the
detector at the boundary of the studied scattering object,
f(r) is the desired function of optical parameter
distribution (object function). The particular form of the
functions g(r,,r,) and f(r)depends on the technique
and geometry of tissue irradiation and data registration,
as well as on the chosen reconstruction method.

In contrast to the Radon equation underlying the
projection tomography, the operator equation (5) has no
general analytical solution. Therefore, it is commonly
inverted using the discrete model, according to which
the 3D reconstruction domain is divided into a set of
volume elements. Each volume element (i, j,k) is
characterised by its discrete value of the object function
fi ;- The reconstruction problem is reduced to the

search for the best estimate of the vector f =vec{f, ; },
satisfying the operator equation

g=[f], (6)

where g is the vector of measurement data, and the
operation “vec” denotes the rearrangement of a 3D array
into a vector. The traditional approach to the estimation

of f consists in the linearization of Eqg. (6) by
expanding it into the Taylor series [3, 5, 9, 10, 12, 17]
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g = O[f,]+ OTF,](F 1) +§(f Y OIIE )4 (7)

where f, is the initial approximation forf , a ®[f,]1=J
and ®"[f,]=H are the Jacobian and Hessian matrices,

the analogues of Fréchet derivatives of the first and the
second order in the continuous case. If, e.g., one
neglects the third and the higher terms of the expansion,
the system of linear algebraic equations (SLAE) follows

Ag = JAF, (8)

where Ag=g-O[f,], Af =f—f,.

The reconstruction methods based on the singe
inversion of the system (8) and using only single-step
linearization of the operator equation (6) are known as
linear or perturbation methods [3, 5, 9, 12, 14, 15, 17,
19-22, 32, 34-36, 47, 49, 52, 56, 57, 59, 64, 66, 79, 80,
84, 93, 98, 104, 106, 110, 117, 159, 224, 227, 228].
Before the procedure of Eq. (8) inversion, the vector
®[f,] and the matrix J should be determined basing on

a certain exact model of radiation, propagating through
the matter, e.g., the radiative transport theory [1-6, 10,
12, 14, 15, 21, 41, 59, 62, 82, 95], its diffusion
approximation [1-17, 18-25, 29-40, 43, 45-49, 52, 56,
57, 59-61, 63-73, 75-77, 79-81, 83-91, 93, 94, 96-98,
100, 103, 104, 106-108, 110, 114, 116-120, 122-128,
133-145, 159-161, 224, 227], or the Monte Carlo
method [10, 51]. These calculations do not require
considerable time expenditures only in particular cases
of homogeneous scattering objects with simple
geometries, when the known analytical solutions of the
radiative transport equation can be applied [5, 6, 10, 22,
32, 43, 46, 52, 69, 80, 83, 93, 98, 104, 106, 110, 115,
224, 237]. In the general case one has to address the
labour-consuming numerical methods, such as the finite
element method [3, 5-7, 12, 19, 21, 29, 37, 45, 59, 76,
91, 125, 224], finite difference method [12, 19, 21, 40,
41, 55, 62, 123], and boundary element method [19, 21,
141, 149].

The inversion of the system (8) itself is nontrivial,
since the system, overdetermined or underdetermined in
the case of strong data deficiency, is inconsistent and
the matrix J is ill conditioned. Therefore, there is no

solution of Eq. (8) in the common sense, Af =J7Ag.

That is why in order to invert Eq. (8) they use the
methods with regularisation. Tikhonov regularisation is
most frequently used, which implies the minimisation of
the functional [5, 13, 21, 61, 77, 90, 97, 124, 139, 238]

w(AF) = |Ag - IAF| + A|Af[] )
where ||-|, denotes the L, (Euclidean) norm, and 4 is
the regularisation parameter. When using the direct

Tikhonov inversion, the solution of Eq. (8) is written in
the form (see, e.g., [77])
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Af =[J"J+ 21T I Ag, (10)

in the case of overdetermined Jacobian matrix, and in
the form

AF =JT[37 + AT Ag, (11)

in the case of underdetermined one. In Egs. (10) and
(11) 1 is the identity matrix. Practically to solve the
problem of minimising the functional (9) they more
frequently use the iteration algorithms of least squares
[5, 57, 239, 240], conjugate gradients [5, 12, 51, 241],
steepest descent [5, 21, 242], algebraic techniques [5,
10, 12, 21, 57, 80, 83, 84, 93, 98, 104, 106, 110, 117,
159, 227, 228, 243, 244], Newton-type algorithms [12,
21, 23, 77, 224, 245], etc.

As a rule, the linear reconstruction methods are
efficient only when the small perturbation theory is
valid [246, 247], i.e., when the optical inhomogeneities
are small-scale and possess small amplitude. Otherwise,
one step of linearization is not enough and the system
(8) has to be inversed multiply, solving the forward
problem at each step and repeatedly calculating the
matrix J . Such multistep procedure implying the
optimisation of the functional of the general form

w(f) =g —@If]|; + AQ[f] (12)

to get the regularised solution f© =f® + Af® at a
certain (s+1) -th step of approximation, underlies the

nonlinear reconstruction methods [3, 5, 7, 9, 12, 17, 19,
21-23, 29, 31, 33, 37, 40, 41, 45, 55, 62, 70, 77, 89, 91,
95, 103, 123-125, 224]. In Eqg. (12) Q[f] is the
stabilising functional. If the Tikhonov regularisation is
used, then, obviously Qff] :||f||z . In recent years

multiple publications appeared where the efficiency of
minimisation of the Holder norm L at 0<p <2 (see,

e.g., [159, 248-254]), or the total variation norm (TV -
norm) [3, 33, 110] is justified. In these cases the
following relations are valid for the stabilising
functional

arf=|fl;. (13)
1p
where |[f] =[Z| fi,j,k|pj is the Holder norm, or
ik

o=, (1)

where
Il =

= Z;\/( fi,j,k - fi—l.j,k )2 +( fi,j.k - fi‘j—l‘k )2 +( fi‘j,k - fi.j,k—l)z
i

is the total variation norm.

J of Biomedical Photonics & Eng 2(2)

020202-27

doi: 10.18287/JBPE16.02.020202

Sometimes one can achieve higher accuracy of
reconstruction, if a certain orthonormal transform

f=T[f] is found, in the space of which the

reconstructed signal (the image f ) satisfies the principle
of transform sparsity. The sparsity criterion is the

condition ||f||p£R , where R is a certain positive

number [255]. In this case the functional (12) is written
and minimised already for the signal in the space of the

transform (for the image f ). Such approach, called
compressive sensing or compressive sampling [255-
257], is successfully applied in DOT [248, 249, 252,
254], but is even more used in DFMT [258-272]. As
seen from the presented references, the publication
boom falls on the recent 3-4 years. The explanation is
that due to small dimensions of the laboratory animals
for DFMT a real possibility exists to approach the
millimetre and submillimetre spatial resolution, which is
of extreme importance for experimental oncology.

To solve the problem of minimising (12) a variety of
multistep reconstruction methods are developed with the
iterative correction of the Jacobian (and sometimes
Hessian) matrix. These methods are mainly based on the
Bayesian algorithms [42, 50, 68, 73, 76], the Newton-
type algorithms [3, 5, 7, 12, 21, 29, 33, 37, 59-62, 70,
77, 91, 116, 119, 123-125, 224], and the gradient-type
algorithms [12, 21, 40, 41, 45, 55, 59]. In the case of
minimising the norm L, (Holder norm for p=1 or

Manhattan norm) the linear programming algorithms are
exploited, too [273]. As an example, Figure 8 presents
the key diagram of a multistep algorithm, based on
multiple linearization of the reconstruction problem.

Having reconstructed the spatial distribution of the
absorption coefficient at different wavelengths and
using, e.g., Egs. (2) — (4), one can visualise the
distributions of different functional parameters, playing
important role in the diagnostics of oncologic diseases.

At present in the world, a few software complexes
exist in which the multistep reconstruction algorithms
are successfully implemented for 2D and 3D cases. The
most well-known are the package TOAST (Temporal
Optical Absorption and Scattering Tomography,
University College London, Great Britain) [29, 45, 224,
274] and NIRFAST (Near Infrared Fluorescence and
Spectral Tomography, Thayer School of Engineering at
Dartmouth College, USA) [275, 276]. Note, that the
field of application of these packages is not restricted to
DOT as such, but also includes the DFMT and the
diffuse optical correlation tomography.

Due to multiple light scattering, the spatial
resolution of diffusion tomograms is essentially worse
than the resolution provided by other methods of
medical imaging, such as X-ray CT, MRT, and
ultrasonic reflectivity tomography. According to Refs.
[5, 35, 43, 57, 75, 83, 84, 104] it can be characterised by
the value of root-mean-square (RMS) deviation of
photons, migrating from the point of emission to the
point of detection, from their average statistical
trajectory. This value mainly depends upon the object
dimensions and the depth of the visualised structure
location. Thus, the resolution in DOT is a spatially
varying quantity. Multistep algorithms implementing
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the nonlinear reconstruction methods, are the most
precise ones and allow the resolution about 4-6 mm in
the depth of the scattering object with the dimension 10-
12 cm, and 1-3 mm near the boundary of the object
[77]. Although for the reason mentioned in the
Introduction the oncologists are not fully satisfied with
the above value of in-depth resolution, they partially are
ready to agree with it, since the contrast of tumour-
visualising images appears quite satisfactory for setting
a correct diagnosis. This is explained by the fact that the
quantitative values of optical and functional parameters
can strongly differ in healthy and cancer tissues (see, in
particular, Tables 1 and 2). Thus, e.g., according to the
analysis of Refs. [113, 121, 202, 205, 208, 212-214] the
absorption coefficient in the therapeutic transparency
window varies within the limits from 0.01 [205] to 0.65
[213] cm™ in healthy breast tissue and from 0.042 [121]
to 0.86 [213] cm™in carcinoma. It is interesting to note
that the absorption coefficient of benign neoplasms
varies from 0.6+0.2 to 1.15+0.2 cm™ [213]. According
to Ref. [212], the most probable ratio of absorption
coefficients of cancer tumour and healthy breast tissue
lies within the range 1.5 — 2, and the ratio of reduced
scattering coefficients in the range 1 — 1.25. It is also
necessary to allow for the difference in refractive index
between the normal tissues and malignant neoplasms,
which should be taken into account in the tomographic
reconstruction algorithms. Thus, e.g., the refractive
index of normal breast tissue at the wavelength 800 nm
amounts to 1.403, while in the case of malignant
neoplasm it is 1.431 [10]. As to the functional
parameters, from Table 2 it is seen that the ranges of
characteristic values of haemoglobin oxygen saturation
essentially overlap in healthy breast tissue and
malignant tissue, namely, 49 — 92% and 38 — 81%.
However, the ratio of haemoglobin concentrations of a
cancer tumour and healthy tissue lies within 1.4 -1.9
[129, 145, 146, 150, 154, 179, 225, 226], and the ratio
of tissue optical indices within 2.2 — 7.5 [145, 179, 225].
These facts confirm the possibility of getting good
contrast in visualising the corresponding parameters
and, therefore, successful recognition of malignhant
neoplasms against the background of the healthy breast
tissues.

The analysis of reconstruction time using multistep
algorithms is presented in Refs. [41, 70, 88, 91, 103,
107, 125, 140, 224, 275]. According to Refs. [125, 224,
275], for getting a regularized solution it is enough to
perform nearly 10 iterations. If a computer (or
workstation) with central processing units is applied,
one iteration takes a few minutes to reconstruct a 2D
image, and a few tens of minutes for a 3D one. Some
data on the computation time with the indication of
number of iterations, number of finite elements of the
used mesh, and the computer parameters are
summarised in Table 4. Apparently, the values shown in
Table 4 cannot satisfy current requirements of medical
diagnostics. However, one can trace positive dynamics
of reducing the reconstruction time in the last years. The
major success is, apparently, due to the use of graphics
processing units (GPUs) for parallel computations [88,
91, 103, 107, 275]. We can expect that the next step in
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the development of processor technique will allow the
ultimate solution of the computing rate problem in
DOT.

Measurement data modeling

Comparison between model |, Experimental
and experimental data data
—a L ]
S Problem linearisation and
[k Jacobian calculation
52 1
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Linearised problem solution > iteration

Solution correction and stop
criterion check-up

Fig. 8 Block diagram of the multistep reconstruction
algorithm.

In spite of this undoubtful prospect, today the
researchers continue to seek a compromise between the
reconstruction accuracy of multistep algorithms and the
high speed of algorithms implementing approximate
methods of solving the inverse DOT problem. In the
review of approximate DOT methods presented below
from the point of view of accuracy and speed of
reconstruction, it is reasonable to select three large
groups: the perturbation semianalytic methods, the
methods of projection tomography (or projection
methods), based on the fast inversion of Radon
equation, and the methods approximately formulating
the inverse DOT problem.

5.2 Perturbation semianalytic methods

The most obvious way to simplify and accelerate the
reconstruction procedure is to use the perturbation
methods, in the first approximation neglecting the
nonlinearity of the problem. However, as mentioned
above, the implementation of a single step of
linearization (i.e., a single step of the multistep
reconstruction) using the numerical methods already
requires significant time (see Table 4). Hence, they
widely use various versions of the perturbation method
based on the known analytic solutions of the optical
diffusion and radiative transport equations to calculate
the matrix of the SLAE (i.e., the Jacobian matrix),
describing the linearized reconstruction problem. Such
methods, S.R. Arridge called the semianalytic ones [12],
have been studied by many authors [5, 12, 22, 31, 34,
36, 41, 47, 52, 56, 57, 59, 64, 66, 69, 80, 82-84, 93, 98,
104, 106, 110, 123, 127, 227]. All these methods reduce
the inverse DOT problem to the solution of the linear
Fredholm integral equation of the first kind

g(r. 1) = [ W(r,r,nf(r) dr, (15)

where V is the volume of the scattering object,
W(r,,r,,r) is the weight function, accounting for the
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Table 4 Reconstruction time for multistep algorithms.

doi: 10.18287/JBPE16.02.020202

!\lumper of 2D or 3D l\_lu.mber of mesh Reconstructlon Computer References
iterations finite elements time
350MHz
20 2D 6400 12 hours Pentiumll LINUX Klose et al. 1999 [41]
Workstation
400MHz
10 2D 6615 36 minutes Sun Ultra-10
Workstation Hillman et al. 2002
450MHz [224]
6 3D 36857 38 hours Pentium PC
1GB RAM
107918*
4151** 8.3 hours 1’7G.HZ Dehghani et al. 2003
10 3D 38725% Pentium PC [125]
16556** 1.6 hours 2GB RAM
3,2GHz .
4 3D 336030 1 hour Pentium PC [S;g]we'ger etal. 2005
2GB RAM
2,2GHz .
10 3D 46415 8 hours Xeon PC '[El'llf(')‘]a'd etal. 2007
800MB RAM
9570* . 3,7GHz
9 2D 3418%* 10 minutes LINUX Redhat Dehghani et al. 2009
215208* Workstation [275]
1 3D 75215%* 5 hours 4GB RAM
1 2D ~20000 2 minutes 1,33GHz
GPU NVIDIA Prakash et al. 2010
1 3D ~36000 7 minutes Tesla C1060 [88]
4GB RAM
1,47GHz
. GPU NVIDIA Schweiger et al. 2011
1 3D 444278 18-25 minutes GTX 285 [91]
1GB RAM
0,7GHz
GPU NVIDIA Saikia et al. 2014
1 3D 66314 20-30 seconds Tesla K20C [103]
5GB RAM
3,4GHz
912 2.8 seconds GPU NVIDIA Zhang et al. 2015
6 3D ~14000 5.0 seconds
~20000 7.6 seconds GTX 590 [107]
) 16GB RAM
* solution of forward problem, ** image reconstruction
contribution of each point of the object to the formation
of the signal between the points r, and r, . In fact, the W, (r,,r,,1r) =VG(r,, r)VG(r,r,) (17)

semianalytic methods, using the Born [246] or Rytov
[247] perturbation model, determine a certain analytic
(or semianalytic) representation of the function
W(r,,r,,r) . The matrix of SLAE is obtained as a result
of the discretisation and joining the weight functions,
calculated for different source-detector links. Thus,
V.A. Markel, who studied the frequency-domain
technique of data recording, proposed the following
simple and elegant formulae [52]:

W, (r,,r,,r)=G(r,nNG(r.r,) (16)

for visualising the distribution of absorbing
inhomogeneities and
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for the scattering ones. In Egs. (16) and (17) G(r',r) is

the Green function of the Helmholtz equation for the
amplitude of the frequency dependent component of the
photon density.

From the point of view of a compromise between the
accuracy and speed of reconstruction, the semianalytic
methods occupy the intermediate position between the
nonlinear methods and the methods of projection
tomography. The neglect of nonlinearity and the
inevitable limitations in choosing the geometry and the
initial approximation, as a rule, negatively affect the
reconstruction accuracy. On the other hand, the
inversion (even single) of the large-dimension matrix
with nonzero elements requires iteration algebraic
techniques with regularization, which are not the fastest
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ones [5, 10, 12, 21, 57, 80, 83, 84, 93, 98, 104, 106, 110,
117, 159, 227, 228, 243, 244]. However, to the opinion
of the authors, the semianalytic methods of time-domain
DOT have a perspective from the point of view of both
improving the reconstruction accuracy and minimisation
of processing time. To achieve higher spatial resolution
one has to use for reconstruction the new types of data
extracted from the TPSF. The reduction of the
processing time is possible by paralleling the iterative
reconstruction procedure.

In late 90-s - early 2000-s V.V. Lyubimov from SOI
proposed an original perturbation model for time-
domain DOT [35, 36, 43, 46, 47]. Then this model,
below referred to as Lyubimov model, was developed
by joint efforts of the researchers from SOI and RFNC-
VNIITF [5, 57, 59, 66, 75, 79, 80, 83, 84, 93, 98, 104,
106, 110]. The model is based on the probabilistic
interpretation of the laser pulse energy transfer by
photons from the source to the detector and introduces
the density of conditional probability
P[r,t| (r,.t,) — (r,.t,)] that the photon, migrating from
the source spatio-temporal point (r,,t,) to the detector
spatio-temporal point (r,,t,) , at some intermediate time
t appears at the spatial point r €V . According to this
model, the equation to be solved has the following
integral form [5, 93, 104, 110]:

g(rs,ts,rd,td) =
_ W/xa (rs’tslrd ,td,l‘)5,tta(r)+ & (18)
VAW, (rt 1t 1) SD(F)

where

ta
Wﬂa(rs,ts,rd,td,r):c.[‘s Pr.tl(r,t,) — (r,.t,)]dt, (19)

Wor, 41t 1) === [ P[] (1,) = (1,8,
S (20)
><|:Cya +aln G(r—-r,t —ts)}dt.

Here g(r,.t,r,,t,) is the result of optical signal
measurement, directly used for reconstruction; c is the
velocity of light in the object; o, (r) and 6D(r) are
the local spatial perturbations of the optical parameters
4, and D; G(r—r',t—t") is the Green function of the
nonstationary diffusion equation. The probability
density P[r,t|(rs,ts)—>(rd,td)] is also expressed in
terms of the Green function. Thus, in the case of Robin

boundary condition the following relation is valid [5,
57, 93]

G(r—r,t-t)G(r, —r,t, —t)

P[r.tl(r,.t) > (r,t)]= o _rt 1) - (21D

J of Biomedical Photonics & Eng 2(2)

020202-30

doi: 10.18287/JBPE16.02.020202

For relatively small times of signal registration
(t, —t, <3000 ps ), according to Ref. [5, 98], one can
use even simpler Dirichlet boundary condition, for
which the probability density P[r.t|(r,.t,) = (r,.t,)]
can be presented as [5, 36, 43, 47, 98, 106, 110]

Prtl(r,t) > (r,.t)]=

0
G(r—rs,t—ts)%G(rd—r,td—t)' 22)

0
%G(rd _rs’td _ts)

where 0/0q is the derivative in the direction normal to

the medium boundary. Thus, for simple geometries,
used in optical mammography and mammotomography,

the  weight functions W, (r.,t,r,,t,r) and

W, (r,,t,,r,,t,,r) can be calculated analytically or
semianalytically [5, 35, 36, 43, 46, 47, 80, 83, 93, 98,
104, 106, 110]. Thus, e.g., in Ref. [106, 110] we
proposed an approach in which the banana-shaped
distributions of photon trajectories W, (r,,t,r,,t,r)

and W, (r,,t,,r,,t,,r) are calculated analytically for the

geometry of semi-infinite space. The corresponding
distributions for transmission geometry of a plane layer
are found using the original method of equivalent
inverse source that makes use of the results, obtained for
the semispace.

The measurement result, g(r,,t,,r,,t,), referred by

us to as the time-resolved optical projection [5, 93, 98,
104, 106, 110], is defined by the relation

1—‘(rs ! ts ! rd ’t)|t:td

g(r,.t,r, t)=—IN——-—"-—",
o 1—‘0("-5'1:57"-111t)|t:t‘j

(23)

where I'(r,,t.,r,,t) is the TPSF recorded by the
detector r, from the source r, in the time-domain

technique of data collection; the subscript “0” refers to
the homogeneous scattering object unperturbed by the
presence of optical inhomogeneities.

The crucial feature of Lyubimov model is that the
time-resolved optical projection (23) is determined for a
single time t, —t, of signal registration. Hence, in

principle, to reconstruct the image one has to know not
the entire TPSF, but only one count of it. The time-
resolved optical projections differ from the integral
measurement data [5, 12, 224], used by the Western
researchers, by the possibility to improve the spatial
resolution via the choice of t, —t, at the leading edge of

the TPSF pulse. Thus, in Refs. [104, 106] it is shown
that if for the reconstruction one uses the total banana-
shaped distributions of photon trajectories, defined by
the relations (19) and (20), then it is possible to resolve
features as small as 3 mm inside the object of size 8 cm.
This is confirmed by Fig. 9, presenting the result of
reconstructing the model scattering object having the
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rectangular shape with the dimensions 10x8 cm with
two round absorbing inhomogeneities 3 mm in
diameter. The optical parameters of the object have the

following values: z =0.05 cm™, D =0.034 cm, and
n=14 . The inhomogeneities with the absorption
coefficient g, =0.075 cm™a are located near the centre

of the object and the separation between them is equal
to the diameter. Figure 9 visualises the distribution
ou, (r) . Only the central part of the tomogram with the

dimensions 5x4 cm is shown. The relative drop between
two peaks of the image intensity in Fig. 9 is nearly 65%,
which considerably exceeds the conditional level of
20% Rayleigh-Foucault visual resolution criterion. The
obtained estimate of spatial resolution (better than 3
mm) is even higher than the resolution of exact
nonlinear multistep DOT algorithms. To solve the
inverse problem we used the original modification [5,
80, 83, 84] of the known multiplicative algebraic
reconstruction technique MART [243], allowing for the
nonuniformity of distribution of the weight coefficients
over the image domain.

) y(cm)

Fig. 9 Example of reconstruction of a numerical model
with two absorbing inhomogeneities 3 mm in diameter.

As to the processing time, in Refs. [104, 106] it was
not optimised. In the case of using the banana-shaped
distributions the 2D reconstruction takes 30-50 minutes
using the modified MART in the MATLAB
environment at the personal computer with the
processor 2.6-GHz Intel Core 2 Due having 4 GB RAM.
According to our estimates, by optimising the code and
using the software environment faster than MATLAB,
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the processing time can be reduced by several times. Of
particular interest is also the application of object-
oriented approach for the implementation of Lyubimov
model using the GPUs. In this case, as follows from the
experience of our colleagues [88, 91, 103, 107], the
speed gain can be as large as 2 and more orders of
magnitude.

Note, that the approach, analogous to the one
described above, can be also implemented in DFMT,
where for visualising the fluorophore lifetime they more
and more frequently use the time-resolved measurement
data [235, 267, 277-281]. In this case, the role of the
time-resolved optical projection (23) can be played by
the ratio of fluorescence and incident radiation fluxes,
measured for individual counts of temporal fluorescence
response and the TPSF, respectively [282].

To solve the inverse problem the IAP RAS team also
uses linear methods, based on the inversion of the
integral equation (15). In this case, the role of the
measurement result g(r,,r,) is played by the detected

signal of fluorescence response, and the role of the
object function f(r) by the function of fluorophore

distribution in the tissue. In Ref. [159] for the
reconstruction of fluorophore distribution, they used an
original method, generalising the standard algebraic
technique ART [243] and based on the minimisation of
the Holder norm. It was shown that for p=1 (the L

norm) the method allows the spatial resolution gain as
compared to the ART that minimises the Euclidean
norm. In Refs. [227, 228] I.I. Fiks proposed one more
original inversion method based on the non-negativity
condition of the fluorophore distribution function. The
method named by the author as the method of Tikhonov
functional with non-negative components, implies the
transition from the SLAE to a system of bilinear
algebraic equations solved by iterations. At each
iteration, the Tikhonov regularisation is applied. The
method was demonstrated to yield diffuse fluorescence
tomograms of higher quality than the algebraic
techniques ART and SMART [244], as well as the
algorithm of non-negative least squares NNLS [239].
Thus, the studies performed at the experimental diffuse
fluorescence tomograph designed in the IAP RAS
confirmed the possibility of reliable resolution of two
fluorescent inhomogeneities 3 mm in diameter, the
separation between their centres being 6 mm. However,
the thickness of the scattering phantom, containing
inhomogeneities, corresponded to the size of a small
laboratory animal and amounted only to 2 cm.

Ref. [143] presents the breast diffusion tomograms
of voluntaries, obtained at the IAP RAS setup adapted
for mammography studies. The tomograms visualise the
spatial distributions of both optical and the functional
parameters and confirm the possibility of reliable
detection of cancer tumours (ductal carcinomas) with
the size about one centimetre.

5.3 Projection methods

The reconstruction of diffusion mammograms in real
time, during seconds or parts of a second, is now
available only using the projection DOT methods. The
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rapid development of X-ray CT in the end of the 20-th
century formed certain stereotypes in the opinion of
medical society on how fast the tomogram
reconstruction can be. Today using the electron beam
tomograph of the 5-th generation it takes less than 50
milliseconds to get an X-ray 2D tomogram [283]. A 3D
structure is reconstructed during 3-5 seconds.
Apparently, such impressive figures are one of the
reasons why the researchers working in the field of
optical imaging still do not give up the attempts to apply
the fast algorithms of projection tomography to DOT
[38, 59, 66, 112, 114]. In mid-90s the company Philips
(the Netherlands) even produced a commercial sample
of diffusion mammotomograph using continuous-wave
laser radiation, in which the breast image was
reconstructed from blurred optical projections using the
backprojection algorithm [112, 114]. However, the
quality of resulting tomograms was poor, and Philips
recently stopped the production of this tomograph.
Projection methods provide only rough approximation
of the real spatial distribution of optical
inhomogeneities and yield not only to nonlinear, but
also to perturbation semianalytic DOT methods in the
precision of structure reproduction. First, this is due to
the assumption of rectilinear light propagation
underlying the projection methods. This assumption is
invalid in principle, since in turbid media the photons
have no regular trajectories. Second, the projection
methods allow for the contribution to the optical signal
only from the volume elements, crossed by the unique
straight line, connecting the source and the detector. The
contribution of other volume elements, crossed by
complex trajectories of multiply scattered photons, is
neglected. The experience by Philips showed that the
rapid reconstruction with poor (> 6 mm) resolution is
inefficient in the diagnostics of breast cancer.

Thus, the projection approach to the reconstruction
of diffusion tomograms should be cardinally modified
to have prospects in clinical practice of cancer
diagnostics. The modification should relate the basic
assumptions that restrict the precision of reconstruction,
such as the rectilinear light propagation and simplified
calculation of the Jacobian matrix J.

An example of such cardinal modification of the
projection approach is the photon average trajectory
(PAT) method developed by the researchers from SOI
and RFNC-VNIITF [5, 15, 35, 36, 43, 46, 47, 57, 59,
75, 79, 80, 83, 84, 98]. Similar to all projection
methods, this method reduces the inverse DOT problem
to integration along a line, which ensures the fast
tomogram reconstruction. However, in contrast to other
projection methods, the PAT method operates not with
straight lines, but with average statistical photon
trajectories, curved near the boundaries of the scattering
object. Thus, the PAT method allows for the character
of light propagation near the boundaries thus essentially
improving the accuracy of reconstructing the structures
near the boundaries [80]. Moreover, the average
trajectory consists of the points that give the maximal
contribution to the recorded signal. Taking the
contributions of these points (volume elements crossed
by the photon average trajectory) into account allows
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the improvement of the spatial resolution of structures
inside the object by 2 times as compared to the rough
reconstruction along straight lines [104].

The PAT method is based on finding the most
probable average statistical trajectory of a photon for
each source-detector link. The trajectory is then used for
reconstruction. Indeed, given the volume distribution of
conditional probability density P[r,t|(r,,t,) = (r,,t,)],
one can find the centre of mass for this distribution at
every moment of time te[t,t,] and, therefore,
determine the trajectory along which this centre of mass
moves. This trajectory is PAT. In the PAT method, the
inverse DOT problem is reduced to the solution of the
integral equation with integration along the curvy
average trajectory, referred to as the fundamental
equation of PAT method [57]. For absorbing
inhomogeneities, this equation has the form

t ) J‘ 5;ua (r) ) (24)

v(l)

where e, (r) is the desired object function (absorbing

inhomogeneity distribution function); <-> denotes the
operation of averaging over the spatial distribution of
photons that contribute to the signal; L is the photon
average trajectory from the source point r, to the

detector point r, ; | is the path length passed by the
centre of mass of the distribution
P[rt|(r,,0) > (r,,t,)] along the PAT to the time
moment t; v(l) is the relative velocity of the centre of

mass as a function of | . Eq. (24) is an analogue of
Radon transform and can be resolved with respect to the
function < du,(r)> by means of fast algorithms of

projection tomography. In particular, this is
demonstrated in Ref. [57], where using the least-squares
method with QR-factorisation [240], specially oriented
to the inversion of SLAE with sparse matrices, the 2D
reconstruction of the function <du,(r)> was

performed during 0.5 s, the record-breaking time for
DOT. The spatial resolution of the PAT method in this
case was 9 mm. Later we improved the resolution to 6
mm [5, 83, 84, 98] by using the original modification of
the algebraic technique MART, already mentioned in
Section 4.2. However, no further progress appeared
possible. Apparently, the spatial resolution ~6 mm is a
limit, if the contribution to the recorded signal from the
majority of the object points that do not lie on the PAT
is not taken into account. In spite of relatively low
resolution, to the opinion of the authors of the review,
the PAT method can be successfully used to obtain
“survey” images of breast in real time, similar to the use
of topographical method in X-ray CT.
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5.4 Methods approximately formulating the
inverse problem of diffuse optical
tomography

Alongside with the methods described in Section 4.1-
4.3, at present a considerable variety of different
methods and approaches to the solution of inverse DOT
problem is developed, not aimed directly at the
inversion of the operator equation (5) or integral
equation (15). All such approaches and methods are
inherently approximate from the point of view of setting
the mathematical problem. We conditionally classify
them as methods, approximately formulating the inverse
DOT problem. As examples of such methods we can
mention the inversion methods using neuron networks
[284, 285], the nonlinear statistical methods developed
by the MSU team [44, 53, 54, 58, 105] and, of course,
the methods of localising optical inhomogeneities with
regularisation [10, 74, 92, 99, 101, 102, 109, 113, 115,
121, 129-132, 208, 212].

The attempts of using artificial neuron networks for
solving inverse problems on the base of detection of
backscattered optical radiation are described in two
papers by Russian researchers [284, 285]. In Ref. [284]
it is shown that the medium absorption coefficient can
be estimated with the error of 20%, and the scattering
coefficient and the anisotropy factor with the error of 5-
10%. Ref. [285] demonstrates the possibility to detect
the optical inhomogeneity with the size 2-3 mm at the
depth 3-5 mm. To the opinion the authors of the review,
the inversion methods based on neuron networks are of
great interest for solving the problems of optical
diagnostics. However, additional studies should be
carried out to justify the efficiency of their application
in clinical conditions as DOT methods.

The nonlinear statistical methods proposed by the
MSU team are based on the hypothesis that the density
of probability to detect the inhomogeneity f,(r) using

the measured signal from the i-th source-detector link
(below referred to as the i-th measurement) is

proportional to the difference of photon fluxes d)? and
@, , recorded for the homogeneous reference object and

the object, perturbed by the presence of inhomogeneity.
In this case, the following relation is valid:

t(n=2 qfi p(F), 25)

where p’(r) is the probability density of photons of the
i-th measurement crossing the arbitrary point r of the
reference object. The function p’(r) is calculated

approximately using the Monte Carlo method and
different methods of approximation [44, 53, 54]. The
probability density to detect the inhomogeneity from the
results of all N measurements is calculated using the
formula

J of Biomedical Photonics & Eng 2(2)

020202-33

doi: 10.18287/JBPE16.02.020202

f()=>"f(r). (26)

In fact, the function f,(r) plays the role of the object

function, i.e., the function that describes the inner
structure of the object. Note, that there is some analogy
with the backprojection algorithm in absorption
tomography [283], when the result of reconstruction is
obtained by summation of all projections, interpolated
on the image mesh. The algorithm (25), (26) implies
strong dependence of the reconstruction result upon the
a priori knowledge of the reference object. To remove
this drawback, the authors of [54, 58, 105] proposed two
modifications of the algorithm. One of them [54, 58]
implies the introduction of iterative procedure,
according to which at each next iteration the functions

@’ and p°(r) are corrected using the results of the

previous one. In Ref [105] the authors proposed using a
differential measurement scheme and recording the
optical signal at two different wavelengths 4 and 4,.

In this case, in Eq. (25) instead of the difference
@’ —®, one can use the difference of the measured

fluxes @,(4)-P,(4,) , and thus minimise the

dependence of the result of reconstruction upon the
reference object.

In spite of the absence of rigorous mathematical
substantiation, the nonlinear statistical methods are
undoubtedly attractive, and, above all, allow the
reconstruction of structures with high spatial resolution
~ 3 mm in the object with the diameter 14 cm. Actually,
such resolution was obtained for the structures with
100% contrast, i.e., the absolutely absorbing
inhomogeneities. Unfortunately, the nonlinear statistical
methods are unable to separate reliably the spatial
distributions of the optical parameters g, and . ,

which makes it impossible to use them in functional
diagnostics of tissues.

The inhomogeneity localisation methods are the
fitting methods based on the comparison of
experimental data with the calculated ones, obtained
from the analytical solution of the diffusion equation for
homogeneous medium with a spherical inhomogeneity.
For the aims of optical mammography, they usually
apply the planar layer transmission geometry and the
time-domain technique of tissue probing and signal
detection. The classical approach described, e.g., in Ref.
[115], can be conditionally divided into three stages. At
the first stage the breast is assumed to have
homogeneous structure, and the mean values of the
optical parameters x4, and u. are estimated using the

results of comparing the measured and calculated
photon fluxes, transmitted through the layer. At the
second stage the tumour with the optical parameters, the
localisation, and the size to be determined, is modelled
by a spherical inhomogeneity. To derive the analytical
relations, the model of diffraction of spherical waves of
photon density, rounding a spherical obstacle is used
[286]. The solution is constructed in the frequency
domain using the image method [287], and then to find

30 June 2016 © JBPE



A.B. Konovalov et al.: Diffuse optical mammotomography: state-of-the-art and prospects

the photon fluxes perturbed by the presence of the
inhomogeneity, the transition to the time domain is
performed. To compare the measured and calculated
fluxes, the least-squares method is commonly used. At
the third stage, the measured TPSFs are used to form
optical mammograms.

The method of inhomogeneity localisation, in fact,
yields no information on the real shape of the tumour. It
allows one to determine only the place of its localisation
and the “effective” size. However, such methods with
certain success are used in experimental clinical studies
to determine optical parameters of breast tissues in vivo
[115, 121, 129-132, 208, 212].

Most recently, the methods of inhomogeneity
localisation acquired further development at TSTU [92,
99, 102, 109]. In these papers the authors propose that
the localisation problem should be solved using late-
arriving photons that form the trailing edge of the TPSF.
In Refs. [92, 99] the numerical and nature experiments
were used to show that the time dependence of TPSF
logarithm has an asymptote, the position of which is
determined exclusively by the late-arriving photons.
From the geometric characteristics of this straight line
one can draw conclusions about the optical parameters
u, and g of the scattering object, for which the

measurements are carried out. If, e.g., for a cylindrical
object with an inhomogeneity the measurements of
TPSF are performed at different angular positions of the
detector, then, analysing the position of appropriate
asymptotes, one can estimate the localisation of the
inhomogeneity, as well as its size and optical
parameters. In Ref. [102] in order to localise the
inhomogeneity it was proposed the use of the 3D
visualisation of the set of TPSF, where the role of the 3-
rd dimension is played by the angle « between the
source fibre and the detector fibre. From the curvature
of the obtained 3D surface one can estimate the size of
the inhomogeneity and the approximate depth of its
localisation. Finally, in Ref. [109] the authors used a
two-step procedure to make the localisation more
precise. At the first step, using the so-called
inhomogeneity index, which represents the dependence
of the mean flux density of late-arriving photons upon
the angle & , the initial approximation of the image of
the cylindrical object section with inhomogeneity is
formed. At the second step, the optical and geometric
characteristics of the inhomogeneity are specified by
iterative minimisation of a certain objective function.
Note, that the time of specified image formation using
the workstation HPZ640 with two six-core processors
E5-2620v3c and 32 GB RAM did not exceed 3 seconds.

6 Conclusion

In the present review, we discuss the state-of-the-art of
diffuse optical mammotomography, the promising
method of breast cancer diagnostics. The review of
diffusion tomography instrumentation is presented, as
well as of the modern methods of reconstructing spatial
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distributions of optical and functional parameters. It is
shown that the problem of developing the
instrumentation for a diffuse optical mammotomograph
at present is actually solved. To date the only obstacle
for entering the market of medical imaging facilities is
the absence of fast reconstruction algorithms, capable of
reconstructing the diffusion tomograms with required
precision in real time. However, the present-day
development level of methodological base for diffusion
tomography alongside with the rapid progress of
computer technologies allows us to suggest that this
obstacle will be removed in a few years. Thus, the
multistep nonlinear methods and some perturbation
methods of reconstruction allow the achievement of
resolution, very close to that required by oncologists
(features smaller than 4 mm). The next step in the
progress of processor techniques will solve the problem
of reconstruction time. Thus, one can expect the
appearance of commercial diffuse optical tomographs
specialised for the breast cancer diagnostics in the
nearest future.

The contribution of Russian scientists to the
development of methodological base of the diffusion
optical tomography is worth adequate appraisal. The
methods developed by them, namely, the inversion
methods using the perturbation Lyubimov model, the
algebraic method for minimising the Holder norm, the
method of Tikhonov functional with non-negative
components, the nonlinear statistical methods, and the
method of inhomogeneity localisation, based on
detecting late-arriving photons, can occupy a deserved
place among other methods of solving the inverse
problem of diffusion tomography. In view of the
prospects of the optical mammotomography, we
particularly mention the contribution of SOl and RFNC-
VNIITF teams. Thus, one of the implementations of
Lyubimov perturbation model allowed the record-
breaking spatial resolution (features smaller than 3 mm
in the object of size about 8 cm). The other
implementation allowed the record-breaking
reconstruction time (0.5 s). One can expect that if in the
nearest future it becomes possible to perform clinical
testing of the developed methods, then the Russian
producers will be able to offer a competitive product for
the market of commercial diffuse optical tomographs.
We emphasise that potentially the value of 3 mm
corresponds to the size of a cancer tumour when it may
be not yet invasive, so that its detection allows the hope
for successful healing of the patient. That is why one
can expect that the DOT methods based on the
perturbation Lyubimov model will be efficient in the
diagnostics of oncologic diseases of breast just at the
early stage of their development.
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Abstract. Postmenopause is the naturally occurring stage in woman’s life after the
permanent cessation of the menstruation longer than 12 months. The transition from
the young to the postmenopausal stage impacts the variation in the heart rate. It is
important to analyze and detect the variation in Heart Rate Variability (HRV) between
young and postmenopausal women in different postures to understand the impact of the
age and physical activities on the autonomic health of heart. The aim of this study is to
(i) investigate the effect of autonomic regulations of heart rate in young and
postmenopausal women in various postures and (ii) determine the possibilities for the
reliable, efficient and accurate HRV analysis signal processing algorithm in detecting
HRV variations between young and postmenopausal women. The experiments were
performed on 25 young women and 25 old women in the postmenopausal phase.
Various linear methods have been applied for analysing and detecting HRV variations
between young and postmenopausal women. The results concluded that the
postmenopausal group showed significantly lower (p < 0.05) values of SDNN, NN50,
pNN50, RMSSD, and HRVTi than young group both in the lying and standing postures.
These results indicate a decrease in the parasympathetic activity in postmenopausal as
compared to the young women due to the age. Further, the performance of linear
methods in detecting HRV variations between postmenopausal and young women in
different postures was calculated. It is also concluded from the results that HRVi
outperforms other HRV analysis methods in detecting HRV variations between
postmenopausal and young women. © 2016 Journal of Biomedical Photonics &
Engineering.
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1 Introduction

Every women experience the menstrual cycle and
menopause in its life. The menstrual phase, luteal phase
and follicular phase are the three phases of the
menstrual cycle. Out of these phases, follicular phase is
the phase which starts after the end of menstrual phase
where the hormonal variations are not affected by
progesterone. The menstrual cycle ceases at an
approximate age of 45 to 50 years which is commonly
termed as menopause. The termination of menstruation
continuously longer than 12 months is postmenopause.
During the menstrual cycle and postmenopause, there
are many physiological changes occur in women that
affect the cardiac functioning of the heart [1-2]. As the
women age increases from young towards the
menopause and to the postmenopause, the risk towards
the cardiovascular diseases also increases. Moreover,
every women experience an extensive fluctuation in
HRV during the menopause and even after the
menopause. Thus, it is important to study the impact of
age and posture on the cardiac functioning of the heart.
Moodithaya et al. [3] compared the HRV variations
in premenopausal and postmenopausal women. Souza et
al. [4] reviewed the influence of cardiovascular diseases
and its association with physical training in
postmenopausal state of women. Neves et al. [5]
compared the autonomic regulations of heart rate in
young and postmenopausal women. Farag et al. [6],
Rosano et al. [7] and Rosa Brito-Zurita et al. [8]
investigated the effect of estrogen therapy on the
autonomic modulation of heart rate. Tuomikoski et al.
[9], Beljic et al. [10], Huatamaki et al. [11] and Lee et
al. [12] evaluated the effect of hot flushes in the cardiac

J of Biomedical Photonics & Eng 2(2)

020301-2

functioning of postmenopausal women. Brockbank et al.
[13] reported decreased linear HRV parameters in the
postmenopausal women rather than premenopausal
women.

The wvariation in HRV is linked with the
development of heart diseases. The cardiovascular
diseases are considered to be the prime reason of
mortality in the postmenopausal women. Therefore, it is
important to analyze and detect the variations in HRV
between the postmenopausal and young women in order
to have the insight of heart, so that the proper
counseling and prescription can be given to the women.

After an extensive literature survey, it has been
observed that there are certain shortcomings in the
existing studies in the analysis and detection of HRV in
young and postmenopausal women [14]. Following are
the shortcomings of the existing studies:

1. To the best of author’s, there is no substantial
work that delves down to the details of HRV analysis in
young and postmenopausal phase of women in the lying
and standing postures.

2. There is no such study that exhibits the
performance of HRV analysis methods in detecting
HRYV variations between the young and postmenopausal
women in the lying and standing postures.

So, decoding HRV variations using linear methods
of HRV during the postmenopause and young women
proves to be crucial in determining the health conditions
of women and also necessary to decide course of action
for treatment of various types of diseases. In other
words, the analysis and detection of HRV variations
between the postmenopausal and young women can be
used to evaluate the adaptations of autonomic
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regulations of heart in the young and old women in
different postures.

The objective of the present study is to compare and
detect heart rate variations between the postmenopausal
and young women in the lying and standing postures.

In linear methods, first the time domain methods
such as Standard Deviation of NN interval (SDNN),
number of pairs of adjacent NN intervals differing by
more than 50ms (NN50), percentage of number of pairs
of adjacent Normal to Normal intervals differing by
more than 50ms (pNN50), Root Mean Square of
Successive Differences (RMSSD), mean Heart Rate
(HR), HRV Triangular Index (HRVTi) have been
implemented on preprocessed HRV dataset of 25 old
women in the postmenopause and 25 young women in
the lying and standing postures separately. Similarly,
frequency domain methods such as Low Frequency/
High Frequency (LF/HF ratio) have been applied on
same data set. The results indicate that there is decrease
in the parasympathetic activity in postmenopausal
women as compared to the young women in the lying
and standing postures. It is also concluded from the
results that HRVTi performs better than other HRV
analysis methods in detecting HRV variations between
the postmenopausal and young women.

2 Data Description

In this paper, two ECG data sets were used to evaluate
the HRV variations between the young and
postmenopausal women. First dataset consist of 25
young healthy women in the follicular phase of the
menstrual cycle having age group of 18-24 years has
been recorded using BIOPAC and second dataset of 25
old healthy women with postmenopause phase having
age group of 45-55 years in the lying and standing
postures.

ECG dataset has been acquired using
BIOPAC®MP150 system at sampling frequency of
500Hz. Software Acknowledge 4.2 has been used for
acquisition of HRV signals of all subjects. All ECG
recordings were performed for 15 minutes duration.
After each recording of 15 minutes in lying posture,
subject rested for 10 minutes before beginning another
15 minutes recording in standing posture. The written
consent was taken from all subjects.

3 Results and Discussion

The present research work is expected to (i) find the
autonomic regulations of heart in the young and
postmenopausal women in different postures and (ii) to
evaluate HRV analysis methods that can detect the HRV
variations  between the young women and
postmenopausal women in different postures.

In order to analyze the HRV between the young and
postmenopausal women, the results are presented in box
plots as median, 1% and 3" quartiles and outliers. The
postmenopausal and young women data set was
statistically analyzed using non parametric Mann—
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Whitney test comparison. The level of significance was
set at p<0.05.

Secondly, the performance evaluation of HRV
analysis methods in detecting HRV variations between
the postmenopausal and young women is done using
accuracy as statistical parameter.

Fig. 1 to Fig. 7 illustrates that analysis of HRV
expressed as various time and frequency domain
indexes (SDNN, NNS50, pNN50, RMSSD, HRVTi,
mean HR and LF/HF ratio) obtained for
postmenopausal and young women data sets in the lying
and standing postures. It is shown in Fig. 1 to Fig. 5 that
there is significant difference (P<0.05), with lower
values of indexes like SDNN, NN50, pNN50, RMSSD,
HRVTi in the postmenopausal women as compared to
the young women in the lying as well as in standing
postures. Further, Fig. 6 and Fig. 7 shows that there is
no significant difference (P>0.05) in Mean HR and
LF/HF ratio in the lying and standing postures.

The comparative analysis of various time and
frequency domain HRV indexes of postmenopausal and
young women in the lying and standing postures is
shown in Table 1.

The results demonstrated in Table 1 states that mean
and Standard Deviation (SD) of all the parameters of
linear methods like SDNN, NN50, pNN50, RMSSD,
and HRVTi in postmenopausal in the lying as well in
standing is less than corresponding mean values of the
young women. On the other hand, the mean LFHF ratio
in young women comes out to be less than the
corresponding mean LFHF ratio of postmenopausal
phase both in the lying and standing postures. But, mean
HR of postmenopausal women is higher in the lying and
lower in the standing posture as compared to the young
women.

Thus, based on the results shown in Fig. 1 to 7 and
Table 1, it is observed that there is significant decrease
in HRV in the postmenopausal women in the lying and
standing postures as compared to the young women, i.e.,
HRVp < HRVy where HRVp is the value of HRV in the
postmenopausal stage of women and HRVy is the value
of HRV in the young women.

The prime reason can be the influence of age and
relatively low physical activities in old women.

Secondly, various linear HRV analysis methods
(Time domain and frequency domain) are used to detect
the HRV variations between the postmenopausal and
young women in the lying and standing postures. This is
done using statistical performance evaluator. This
statistical parameter is known as accuracy and is defined
using following:-

The accuracy is defined as the ability of HRV
method to detect correct HRV variations between the
postmenopausal and young women. Each group
(postmenopausal (Np) and young women (Ny)) consists
of 25 subjects i.e. Np =25 and Ny =25 respectively. For a
specific HRV method, each value of postmenopausal is
compared with each value of young women. Then,
based on the correct relationship of HRVs between the
postmenopausal and young women true cases are
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Fig. 3 Comaprative analysis of young and
postmenopausal women using pNNS50.

calculated by summing all true cases. Then, by dividing
the true cases by total number of comparisons
(N =N, P * N, y).

Thus based on the above mentioned explanation, the
accuracy is defined as follows:
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where TS, =l(Truecases), if correct relationship
between postmenopausal and young women is detected;
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Table 1 Mean and standard deviation values of Linear Methods of HRV in young and postmenopausal women in lying
and standing postures.

HRYV Analysis Lying Standing
S.No Methods Young Women  Postmenopausal women Young Women Postmenopausal women
L. SDNN 47.266+15.432 24.075+11.373 43.987+11.199 30.170£16.324
2. NNS50 264.208+212.079 28.958+78.939 74.333+114.78 22.291445.612
3. pNNS50 23.562+19.237 3+8.259 5.962+9.693 2.983+6.067
4. RMSSD 42.512+18.397 18.13749.971 23.241+10.680 22.420+22.480
5. meanHR 78.229+10.425 78.429+12.924 93.820+10.378 84.016+15.198
6. HRVTi 11.479+1.676 9.433+2.045 11.095+1.201 7.21242.737
7. LF/HF ratio 1.243+1.646 2.341+2.646 2.757+1.360 5.453+7.982

N

TS, =0(otherwise); ZT S, is the total number of true
h=1

cases.

The HRV method is considered as accurate if for
each subject the correct relationship of HRV variation
between the postmenopausal and young women, i.e.,
HRVp < HRVy (This relationship is established using
Fig.1 to Fig.7) is detected. The accuracy of various
linear methods in detecting HRV variations between
postmenopausal and young women in the lying posture
is shown in Fig. 8.

10 p>0.05

9 |

¢ ‘ — 0.05
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Fig. 7 Comaprative analysis of young and

postmenopausal women using LF/HF ratio.

SDNN NN50 pNN50 | RMSSD Mean HRVTi LF/HF

HR ratio
[l Accuracy (%)| 89.2 87.8 87.8 82.5 51.6 89.9 72.6

Fig. 8 Comparative analysis of linear methods of HRV
in young and postmenopausal women in the lying
posture.

From Fig. 8 and Fig.9, it is amply clear that HRVTi

is having higher accuracy in detecting HRV variations
between the postmenopausal and young women in the
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lying and standing postures. Thus, it is concluded from
Fig. 8 and Fig. 9 that HRVTi performs better than other
linear methods in detecting HRV variations between
young and postmenopausal women in the lying as well
in standing postures.

SDNN NN50 pNN50 | RMSSD Mean HRVTI LF/HF

HR ratio
‘l Accuracy (%)| 79.8 74.4 70.4 66.5 348 92 473

Fig. 9 Comparative analysis of linear methods of HRV
in young and postmenopausal women in the standing
posture.

4 Conclusion

HRYV is a non-invasive approach that is used to provide
information about the autonomic regulation of heart in
young and postmenopausal women. The menopausal
transitions are commonly associated with fluctuations in
cardiac activity. This study was expected to (i) compare
the variations of heart rate in postmenopausal and young
women in the lying and standing postures and (ii) assess
the performance of overall accuracy of each linear
method for detecting HRV variations between the
young women and postmenopausal women. It is
concluded from the results that there is reduction in
HRYV in the postmenopausal women as compared to the
young women both in the lying and standing postures.
This reduction may be due to the age and less agility in
old age. It is also concluded that HRVTi is able to detect
HRYV variations between the young and postmenopausal
women better than other linear HRV analysis methods.
The study can be extended to apply nonlinear methods
for HRV analysis and to improve the accuracy of
detecting HRV variations between postmenopausal and
young women.
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Abstract. A new algorithm of structural image reconstruction in Optical Coherence
Tomography is described. The modified rapid scanning optical delay (RSOD) line, low
numerical aperture, small angle raster scanning with consecutive averaging and
multilevel digital filtering have been used to obtain high quality structural images of an
onion and the nail bed of a human thumb. The proposed method significantly improves
image contrast and allows visualization of small blood capillaries under the nail plate.
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1 Introduction

The signal expression measured by an OCT system is
derived, which reveals the possibility of tissue
dispersion compensation by introducing the required
amount of dispersion in the reference arm and may be
implemented by incorporating the grating- based rapid
scanning optical delay (RSOD) lines in the reference
arm of OCT.

Since the early nineties when this technique became
commercially available its characteristics such as
sensitivity, field of view, coherence probing depth
(CPD), resolution and speed of image acquisition are
continuously improved [1].

Biological tissues characterized by a high scattering
coefficient and therefore on the great depth most part of
the light are scattered and only a little part of it escapes
object without being scattered, so OCT can be efficient
only at small depth at one or two millimeters. But
instead optical coherence tomography can provide much
better (less than 10 micrometers) resolution, so that it
could be used to visualize even tiny biological

structures.
Broadband
Source

—
Fibre-optic

Detector

beam splitter

Typical OCT system (Figure 1) consists of
Michelson interferometer with low coherence light
source (supercontinuum lasers or superluminescent
diodes). Light emitted by the source divided by the
beam splitter and directed to the reference and the
sample arm where the investigated object is located.
Light reflects from optical heterogeneities inside sample
arm and from mirror inside reference arm and returns
back to the beam splitter which directs it to the
photodetector. After that the acquired data is processed
and displayed as a 2D image of the inner structures of
the object under investigation [2].

OCT systems could provide high resolution images
where even smallest blood vessels could be visualized.
But due to imperfections of the setup components and
mistakes in the process of studying objects like bulk
motions of the patient acquired images could have low
contrast so it could be very hard to distinguish necessary
details of the object, which could be very important in
the biomedical diagnostics [3]. Therefore, increasing the
image contrast is an important procedure that should be
applied in the data processing algorithm. One way to do
it is to apply small angle raster scanning and averaging
over several adjacent A-scans [4,5]. Also if we want to
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Fig. 1 Schematic of the OCT system.
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get as much useful information as possible, processing
steps should be flexible so we can use it for studying
variety of biomedical objects; and fast, so we can use it
to process images in real-time and at the video rate. This
technique along with digital filtering is described in this
paper.

Reference and sample arm electric waves are given
as:

E=E +E_ cos(kzr + (Pl);

(1
E=E +E cos(kz‘v + (pz),

Interference signal appeared in the detector is:

I=<EE >=I +E. +E. +
+2E E, cos[2nfi + (¢, —9,)]= @)
=1, +1 +1 +2I I cos(2rAfiAg(1)).

Incoherent component could appear as the phase
noise and reduce quality of the acquired images [6,7].
Currently it is not possible to completely reduce its
value to zero, but reducing radiation power of the low
coherent source would sufficiently decrease its ratio.
Application of the small angle raster scanning with
consecutive averaging leads to additional phase noise
reduction [8]. At the same time this increases signal-to-
noise ratio (SNR), reduces speckle noise and leads to
image contras enhancement. After eliminating direct
current and filtering the low frequency 1/f noise the
electric signal from (1) and (2) is represented as
follows:

I(0)=1,+1,cos[(®, -0, )t+Ag(1)]. 3)

In a linear optical delay line (ODL) the reference
arm mirror scans with constant velocity, £V, in the fiber
optic Michelson interferometer giving depth-resolved
signal and, at the same time, can introduce the carrier
frequency f, = 2V /A determined by the classical
Doppler shift of the reflected light [9, 10].

For rapid scanning optical delay line (RSOD)
bandwidth is expressed as:

_ AAda

N 4
Af Kkzat’ “4)

where da/dt is the angular velocity of the scanning
mirror, « is the instantaneous scanning angle and K is a
coefficient which depends on RSOD implementation.
Application of the rapid scanning grating based ODL
makes it possible to separate group and phase delay,
keeping respectively high scanning speed (1-100 kHz)
and tuning the carrier to the frequency range with
minimal noise ( f;~25 kHz) enabling considerable
increase of SNR.

J of Biomedical Photonics & Eng 2(2)

020302-3

doi: 10.18287/JBPE16.02.020302

The purpose of this paper is to describe efficient real
time image processing algorithm using RSOD based
OCT system based on multilevel analog and digital data
filtration.

2 Materials and methods

In our work we use the modified RSOD [11].
Decoupling of the group and phase delay enables to use
it together with ultrafast methods (swept source and
spectral domain systems). That enables to make image
acquisition at video rate in real time mode while
keeping carrier frequency respectively low, within 20-
30 kHz. The modified RSOD can reduce reference arm
radiation power by one-tenth of a milliwatt [12].

In this work we present algorithm of image
processing for time domain optical coherence
tomography (TDOCT). TDOCT couldn’t provide fast
acquisition speed as Fourier domain optical coherence
tomography but it still can make it fast enough to make
data acquisition at video rate [13]. Also images acquired
with TDOCT using improved RSOD could provide
information of even smallest structures which
sometimes can’t be visualized with some modern OCT
techniques [5,8,14].

Other important feature is using relatively small
numerical aperture (NA). The diameter of the beam
waist expressed as:

1.222
w= .
2[N.A]

)

Decreasing NA and increasing confocal parameter to
a size comparable with coherence probing depth (to
1.5-2.5 mm), we increase the sample beam waist up to
50-100 microns. This could affect spatial resolution and
reduce it by more than 3 times, but for multi layered
objects this resolution is quite enough to obtain good
and clear image [15].

The applied algorithm presented in the Fig. 2. It is
necessary to distinguish important stages: "bandpass
filtering", "splitting the signal", "threshold filtering",
"Fourier transform", "raster averaging" and "median
filtering".

_ Butterwoth Signal Threshold
Raw data * filtering splitting filtering STFT
High quality Median Rasle.r
image filtering averaging

Fig. 2 Improved algorithm of structural image
reconstruction.

The first step is to filter the signal by a bandpass
Butterworth filter. The purpose of this step is to remove
the high- and low-frequency noise to smooth the noise
of the interference pattern. The next processing step is
to divide the interference signal into equal duration
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segments. Note that, the data have a discrete spectrum
due to the use of digital methods of its registration that
leads to a number of restrictions specific to the discrete
representation of continuous data.

After that threshold filtering is performed for each
segment of the interference signal. This filtering has a
high efficiency because usually interference has much
lower amplitude than the amplitude of the desired
signal. The next stage of the data processing is the
application of the short time Fourier transform (STFT)
to each segment. Since the path difference of the
interferometer arms changes continuously, STFT
window must also be equal to the coherent envelope and
shifted continuously, for one digital point. It has been
shown empirically, however, that the signal processing
with the window shifted by 15-35% gives the same
image quality as a continuous window shifting.

Performing averaging of neighboring rows and
columns of the image pixels gives additional advantage
in the algorithm. Number of columns that are unified
into one is defined as a function of the number of A-
scans, and for 900 A-scans it is 3-10. Number of rows
that are unified into one is determined depending on the
probing depth and often in between 3 and 7. This
considerably increases image contrast and significantly
reduces the noise. The final stage of the processing
algorithm is a graphical and median filtering which is
used to suppress the additive and impulse noise of the
image.

One of the key features of the algorithm is use of the
parallel computing using central processing unit (CPU).
Modern CPU contains 2-128 cores which allow
parallelization of the image processing algorithm. Most
of the image processing algorithms for optical
coherence tomography described in numerous papers
are using only single core while the other available
cores are inactive [16]. This occurs most often in case

a
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than MATLAB or LabVIEW computing environment
used because most of the inner functions in these
packages are single threaded and using all CPU cores
means use of additional Toolboxes. Some other
algorithms implement parallelization using Graphics
Processing Unit (GPU) which allows sufficiently
increasing speed of image processing but it means
additional money cost for buying GPGPU compatible
video card [17]. Programming languages which allow
multi-threaded calculation such as C# allows making
image processing at video rate speed (24 frames per
seconds) using even inexpensive CPU with 2-4 cores
onboard.

3 Results and discussion

The described algorithm was applied for two-
dimensional mapping of an Allium cepa onion bulb
(Fig.3) and human nail bed (Fig.4). There are several
advantages we can get with the modified RSOD:
transmission bandwidth sufficiently improved its value
fourfold, incident radiation power was decreased to
0.4 mW and it enables to shift carrier frequency to
region of several tens of kilohertz what helps to avoid
noise increasing at the higher frequencies. Decreasing
radiation power sufficiently reduces value of the
inherent component in acquired interference signal.
Applying low numerical aperture helps to register
mainly photons which are reflected from the layered
structures and to avoid multiply scattered in the tissues
photons. Photons which exit from the biological tissue
after multiple scattering do not contain information
about structure of the object that leads to additional
increasing of SNR of the demonstrated images. [18].
Nail bed capillaries what can be seen with a naked eye
appear on the images after application of the described
image processing only.

C

Fig. 3 Structural images of an onion bulb (A/lium cepa) 180 A-scans (a) and 900 A-scans before (b) and after applying

the proposed algorithm (c). The image size is 2x2 mm.
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b

Fig. 4 Structural images of a human thumb nail in vivo. 180 A-scans before (a) and after the averaging (b). Blue circle

marks the nail bed capillaries. The image size is 1x2 mm.

Table 1 Comparison of performance of OCT image processing modalities.

Proposed Koprowski Enhanced Gamma . . .
Technique  algorithm R., Wrobel Z.  Lee filter Map Filter Proposecc}lPa[ljgorlthm Yifan Jl[a ln 7?(: GPU
CPU CPU [16] CPU [19] CPU [19]
Processing
time per 27-29 volumes/s 26 volumes/s
one frame 00?7 0.27-12 0.13 0138 (gize 1024x256x200)  (size 1024x256x200)
(seconds)

Signal-to-noise ratio was calculated using the ratio
of the mean value of maximal signal intensity to
standard deviation as described earlier [5]. Value of
SNR for the presented images increased by 20-30%
after the application of the described algorithm.

Acquired structural images of in vivo human nail of
a thumb before and after using the proposed algorithm
are presented in Fig.4. Fig.3 shows 900 A-scans of the
structural image of the onion bulb (Allium cepa). After
data processing with the improved algorithm the
contrast of the image has been considerably improved.
Averaging over 5-7 A-scans sufficiently improves
image quality in both cases. In case of 180 A-scans
image resolution of the picture after processing is good
enough. Averaging over 10 and more A-scans blurs the
image and leads to the loss of useful information
especially on the bigger depth.

The processing has been performed using program
written on the C# programming language using a
computer with a standard computational power (four-
core processor 3.4 GHz, 2 GB RAM). Computation
performed using each core of the CPU with Threading
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namespace which included in C# standard. Processing
time per image is 0.027 seconds, which suggests the
possibility of using presented algorithm for image
processing and representation of the acquired images in
video mode.

Performance of the algorithm compared to some
other image processing modalities is presented in the
Table 1. Speed of the algorithm using CPU compared to
other techniques has highest performance and allows to
process images at the rate higher than 24 frames per
second. However Koprowski et al. [16] approach
includes layer recognition modality which is not
implemented in our algorithm, but can be added to it
after the digital filtering. In addition Koprowski et. al.
program is written for MATLAB package which uses
single threaded functions mostly, this can significantly
reduce calculation speed. Our algorithm can also be
implemented for GPU. In this case, a slight increase in
performance to compare with other techniques based on
the use of GPU can be seen. However time domain
OCT systems cannot provide such data acquisition
speed for three dimensional real time data
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representation so our image processing algorithm
without technical improvements of TDOCT system
described above can be used for swept source and
Fourier domain systems what will be the subject of our
future research. All algorithms were applied using Intel
Core 15-4670 processor and GTX 780 video controller
using MATLAB, C# and CUDA C software packages.

4 Conclusion

In this paper we have described high quality OCT image
processing  algorithm. Multilevel filtering, low
numerical aperture, small angle raster scanning enables
visualization even small blood capillaries, which is hard
to distinguish without the described procedures. New
processing algorithm with GPU parallelization allows
representing images in real time mode. Opportunity of
localization of such small nail bed capillaries allows
studying blood flow in them thus extracting velocity
information in vivo. Detection of the phase shift and

J of Biomedical Photonics & Eng 2(2)
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reconstruction functional images instead of structural
ones will enable to represent the direction of blood flow
in them. Application of the multilevel filtration
algorithm for carrier frequency Doppler shift
registration and interferogram phase shift information
could also give advantages to study blood flow in the
lager vessels.

By using this technique, the frequency change in the
reference arm is not required. Consequently, the
technique reduces the requirements for the detection
bandwidth of the photodetector and simplifies data
acquisition and signal processing during real-time
imaging. Presented in vivo results demonstrate that this
technique might be useful in the clinical management of
patients when blood-flow monitoring is essential.
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Changes of the skin barrier and bacterial colonization after
hair removal by clipper and by razor
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Abstract. Background: Inappropriate hair removal increases the risk of surgical site
infections which are associated with a higher morbidity and mortality of surgical
patients. Here, the effects of a clipping device and a disposable razor on the skin barrier,
microbial burden and surface structure were compared. Methods: Changes in bacterial
colonization, transepidermal water loss, antioxidant status and the skin surface
structure were investigated on the calves of 12 healthy volunteers. Measurement time
points were at baseline (tbase) and 24 hours after hair removal (tz4). Results: Both, the
disposable razor and the clipper showed a decrease in log colony-forming units count
from tpase (mean(tpase) * standard deviation = 2.6 £ 1.27, median * standard error =
2.6 £ 0.37) to t24 at prazor= 0.05 and pclipper = 0.06 respectively. At t24 clipping resulted in
a higher reduction of log colony-forming units (mean(tz4) = 1.76 + 0.8, median =
1.69 £ 0.23) compared to the use of the disposable razor (mean(tz4) = 1.84 £ 0.85,
median = 1.91 + 0.24). Furthermore, the razor-treated group showed an increase in
colony-forming units from to to t24, whereas clipping lead to a continuous decrease in
colony-forming units from to to t24. An enhanced appearance of microlesions and a
significant increase of transepidermal water loss after shaving using the disposable
razor (p = 0.005) were found indicating skin barrier disruptions. Clipping showed no
significant effect on transepidermal water loss. Conclusion: Hair removal using the
clipping device results in less disruption of the skin barrier compared to the razor,
avoiding the development of microlesions. This could be favorable for the prevention of
surgical side infections and postoperative wound management. © 2016 Journal of
Biomedical Photonics & Engineering.

Keywords: preoperative hair removal, skin barrier disruption, post-operative,
postsurgical infection, clipping.
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1 Introduction

Preoperative hair removal within the scope of surgical
disinfection has been controversially discussed and is a
critical factor for the prevention of postsurgical wound
infections. Preoperative hair removal is practiced to
ensure a clear surgical site to facilitate the peri- and
postoperative wound care and the application of wound
dressings as well as to prevent the contamination of the
surgical site with hair sticking pathogens [1-3].

However, several clinical studies have shown that
hair removal by conventional razors can cause incisions
and other microscopic injuries, to the epidermis, which
serve as a reservoir for bacterial colonisation. This may
favour bacterial contamination of the surgical field and
lead to an increased risk of surgical site infections (SSI)
[4-12].

The prevention of SSI is of great importance, since
surgical wounds show a delayed wound healing process
after infection prolonging the duration of the hospital
stay [13]. Furthermore this can cause unnecessary pain,
it can have a negative impact on the operation result and
is associated with substantial morbidity and mortality
[14-16]. It has been shown in several trials that the
infection risk after shaving is increased in comparison to
hair clipping [4, 6, 7, 17-19]. Apart from the hair-
removing device, the point in time may also play a
crucial role for the prevention of postsurgical infections.
If hair removal is desired, previous investigations
indicate that the preferable time is immediately before
surgery [13, 20]. However, only few studies have been
conducted investigating the most convenient point in
time for clipping and these studies did not include the
effect on the outcome in surgical patients [1].

In the present study, the effect of hair removal on the
skin barrier and microbial burden was studied at up to
two time points, directly after (t0) and 24h after (t24)
hair removal and compared to baseline measurements
(tbase), which were performed immediately before hair
removal. A surgical clipper with a disposable shaving
head and a conventional single-use shaver have been
investigated. We compared the skin surface of treated
subjects using laser scanning microscopy (LSM) (t24),
measuring the transepidermal water loss (TEWL) (t24),
the antioxidant status of the skin in form of carotenoid
concentration (t24) and the bacterial growth (t0 and t24)
after hair removal. TEWL is a well-suited indicator of
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changes in the skin barrier function showing increased
values in case of a disrupted skin barrier. In vivo LSM
is a non-invasive spectroscopic method to visualize the
skin surface structure and evaluate the skin barrier at the
cellular level [21]. Furthermore, using resonance Raman
spectroscopy the antioxidant status of the skin was
determined non-invasively indicating changes in the
production of free radicals due to cellular impairment or
inflammatory processes. Moreover, taking into
consideration that the highest concentration of
carotenoid antioxidants can be detected in the
uppermost layers of the stratum corneum [22], the razor
can potentially influence the epidermal carotenoids.

2 Methods

2.1 Study design

12 healthy male subjects aged between 20 and 40 years
have been enrolled in the study. The investigations have
been performed on hairy skin areas of the calves. The
hair removal devices have been randomly assigned to
either the right or left calf of the subject.

On both calves the observation areas for the
measurements were marked with a template and
assigned to the different measuring devices and time
points. All measurements took place prior to the hair
removal and 24 hours afterwards. Bacterial growth was
additionally investigated directly after hair removal to
further investigate the temporal course of bacterial
colonization. After baseline assessments before hair
removal both calves were shaved and clipped with the
assigned method according to the manufacturer's
instructions of use. The subjects were asked to indicate
the painfulness of the hair removing procedure on a
scale from 1 to 10. All volunteers participating in the
study had given their written informed consent. The
study had been approved by the Ethics Committee of
the Charit¢é - Universitdtsmedizin Berlin and was
performed according to the declaration of Helsinki.

2.2 Hair removal devices

The Clipper Professional 9681 from 3M Medica is a
commercially available medical device, which is
intended for pre- and perioperative hair removal. It was
applied with the disposable shaving head 9680 from the
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same manufacturer and compared with a conventional
single-use razor (Wilkinson Sword GmbH, Solingen,
Germany).

2.3 Transepidermal water loss (TEWL)

TEWL measurements were conducted using a standard
protocol before and 24h after hair removal. Prior to
TEWL measurements the volunteers needed to
acclimatize in standardized climatic conditions. For
acclimatization the calves of the measured subjects were
uncovered and relaxed at a temperature of 20 £ 2 °C and
50 + 10% relative humidity (rH) for at least 30 minutes
before the actual measurements began. Measurements
were conducted using a Tewameter® TM 300 (Courate-
Khazaka, Cologne, Germany) with appropriate
software.
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Fig. 1 Clipper Professional 9681 (3M Medica).
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Fig. 2 Disposable razor (Wilkinson Sword GmbH).
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2 4 Resonance Raman spectroscopy

Resonance Raman spectroscopy was used in order to
determine changes in the carotenoid concentration of
the skin before and 24h after hair removal [23]. It has
been shown in previous investigations that carotenoids
can be measured as marker substance for the whole
antioxidant status of the skin, since the antioxidant
substances in the skin form protective chains that work
against the destructive effects of free radicals [24, 25].
Based on carotenoid absorption maxima, which lies in
the blue-green range of the spectra, the excitation laser
radiation was set at 488 and 514 nm on the skin [26]. As
a result, the resonance amplification of the Raman
signal of cutaneous carotenoids occurs and is easily
detected on the high fluorescence background. The two-
wavelength excitation scheme is used to determine most
prevalent cutaneous carotenoids beta-carotene and
lycopene separately [27]. The technical description of
the utilized device, its advantages and limitations in
comparison to other measuring techniques, were
previously described in detail by our group [27, 28].

2.5 Bacterial colonisation

The bacterial colonisation was determined prior to
(tyase), directly after (t) and 24 hours after (t,4)
application of the clipper and the razor respectively.

The number of colony-forming units (CFU) was
determined according to a standardized protocol [29]. A
sterile stainless steel ring with a diameter of 2 cm was
applied on the respective skin sites on the calves of each
subject. Then 1 ml of a solution, consisting of 50%
phosphate buffer solution (Dulbecoo’s PBS, Laboratory
GmbH, Graz, Austria) and 50% egg yolk, were filled
inside the ring. Afterwards the solution was
homogeneously distributed inside the ring with an
aseptic applicator for 30 seconds followed by the
removal of 0.5 ml of the supernatant. The 0.5 ml
supernatant were afterwards diluted in 4.5 ml basic
solution, resulting in a ratio of 1:10 and vortexed
homogeneously. 0.5 ml of the 1:10 solution were then
applied on an agar plate (TSA with 5% sheep blood)
and incubated for 24 hours at 37°C. Afterwards the
number of CFU of each plate was counted.

2.6 Laser scanning microscopy (LSM)

In vivo LSM was applied in order to evaluate the skin
surface and to visualize potential microlesions in the
epidermal layers. The Vivascope® 1500 (MAVIG
GmbH, Munich, Germany) with an optical lateral
resolution of less than 1.25 um and a vertical resolution
of 3 to 5 um was used in this study. Due to a pinhole
attenuating the light from out-of-focus planes this high
resolution can be achieved. This device provides a
combination of reflectance and fluorescence confocal
laser scanning microscopy in vivo with three different
excitation wavelengths (488 nm, 658 nm and 785 nm)
and three filter sets detecting reflectance, fluorescence
and a combination of both signals.
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The technique is based on the reflected and
fluorescent light from examined skin structures within
an area of 500 um x 500 pm with different refractive
indices and reflection patterns that are translated and
displayed as greyscale images of 1000 x 1000 pixels. In
this study, sodium fluorescein was used as fluorescence-
active dye using the excitation wavelength at 488nm to
visualize structural changes of the skin surface. Image
processing and analysis was conducted using
customised VivaScope software.

2.7 Statistical analysis

The statistical analysis of the measured results by
TEWL, bacterial colonization and resonance Raman
spectroscopy was conducted using IBM SPSS vs. 19.
Standard deviation was calculated as a measure of
spread for mean values; standard error was calculated
for median values. Wilcoxon signed-rank test was used
for analysis of related samples. Shapiro-Wilk test was
performed to test normality assumptions. Statistical
analysis of CFU data was performed based on log
reduction. Tbase values were calculated from individual
average logl0 CFU counts of both calves.

3 Results

3.1 Antioxidant status of the skin

Raman signal intensities of carotenoids and thus relative
concentrations of carotenoids in the skin showed no
significant differences before and after hair removal.
Neither the conventional razor nor the clipper lead to
statistically significant changes in beta-carotene or
lycopene signal intensities.

3.2 Bacterial colonisation

The average logl0 CFU of both unshaved calves at
tbase showed a high individual variance and showed a
mean count of 2.6 = 1.27 (median = 2.6 = 0.37). Both
the conventional razor and the clipper showed a
reduction of bacterial colonisation 24 hours after hair
removal. Shaving by using the disposable razor lead to a
significant reduction in log reduced CFU values from
thase 10 to4 (mean = 1.84 + 0.85, median = 1.91 + 0.24)
significant at p = 0.05, while the clipper showed an even
higher mean reduction in CFU from ty,. to t,4 (mean =
1.76 + 0.8, median = 1.69 + 0.23) at p = 0.06 (Figure 3).
The change from before clipping and shaving to 24
hours afterwards was found at 0.4 to 0.5 logs.

The investigations of CFU immediately after hair
removal at time point t0 showed a notable reduction in
both treatment groups that was not significant. After 24
hours though, shaving with the clipper lead to a further
and continuous decrease in CFU at time point t24
compared to t0, while the razor-treated group showed an
increase in CFU from t0 to t24 (Figure 3).

J of Biomedical Photonics & Eng 2(2)

020303-5

doi: 10.18287/JBPE16.02.020303

33 TEWL

The TEWL values increased significantly (p = 0.005)
from tyag. (mean = 5.72 + 1.5, median = 6.1 + 0.43) to ty
(mean = 10.93 £4.45, median = 10.53 £+ 1.28), after
shaving with the disposable razor, indicating a
disruption of the skin barrier (Figure 4). Shaving by
clipper showed no increase in TEWL results, but stable
values at tye (mean = 5.02+1.21, median =
5424 0.35) and tyy (mean = 5.25+1.14, median =
5.33 £0.33) indicating an intact skin barrier function
after shaving with the clipper.
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Fig. 3 Colony-forming units (CFU) before treatment
(tbase), immediately after treatment (ty) and 24 hours
after treatment (t,4) on a log10 scale.
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Fig. 4 Transepidermal water loss (TEWL) before (tpasc)
and 24 hours after (t,4) shaving using the clipper and the
razor. The difference in the razor treatment was
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significant (p = 0.005), whereas clipper showed similar
TEWL values before and after shaving.

34 LSM

In the LSM analysis it was shown that the disposable
razor causes lesions of the stratum corneum (Figure 5
(b), (d), (f)), ranging even into the deeper epidermal
layers of the stratum granulosum and stratum spinosum.
After the application of the clipper the stratum corneum
was largely intact (Figure 5 (a), (c), (e)).

Fig. 5 LSM of the skin surface 24 hours after shaving
with the clipper (a, ¢ and e) and the razor (b, d and f).

3.5 LSM

After treatment with the clipper and disposable razors
the subjects were asked to provide their subjective
sensation of pain on a scale from 1 to 10 where the
value 1 indicated "no pain" and the value 10 "strongest
pain". Three (25%) of the twelve subjects indicated a
slight to moderate pain (scale values 2-4) for the razor.
Five (41.7%) described a slight discomfort during the
shaving with the disposable razor and nine subjects
(75%) described even a burning sensation after the
shaving. Regarding the clipper, all of the twelve
subjects rated no pain (scale value 1) for the treatment.
Only one subject (8%) described a "light scratching"
after treatment with the clipper.
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4 Discussion

Preoperative hair removal should only be applied in
case it is required by the surgical procedure. There are
several clipping and shaving devices on the market, of
which we compared only two within this study. The
results confirmed that clipping is the preferable option
of hair removal. Both the TEWL changes and the skin
lesions analysed by LSM favour the use of the clipping
device to the use of a razor.

It could be shown that the skin barrier is
significantly compromised by the use of single-use
razors, but hardly no change in TEWL values was seen
after shaving using the clipper. The disruption of the
skin barrier may be one of the main causes for an
increased risk of postsurgical infections [30]. The
TEWL measurements show that shaving using the razor
causes considerable damage of the skin barrier, while
after clipping the TEWL remains stable.

Regarding the measurements of the antioxidant
status of the skin, there were no significant changes in
the skin observed, meaning that the mechanical stress
on the skin caused by both clipper and razor is relatively
low. Another explanation is that resonance Raman
spectroscopy is a technique to measure carotenoids in a
defined skin volume in a depth of up to 150pm. Both
the clipper and the razor are in contact with the skin
surface only, where the upper epidermal layers can be
damaged as seen by LSM. Therefore, changes of the
carotenoid concentration that occur only in the
uppermost epidermal layers might not be detectable in
relation to the high measuring volume. Confocal Raman
microscopy might be a more suitable method to identify
these changes in carotenoid changes in the uppermost
layers in future studies. It should also be taken into
consideration that carotenoid-rich egg yolk [31] utilized
for collection of bacteria from the skin surface could
potentially influence the Raman measurements of
cutaneous carotenoids. This influence was avoided by
the different measurement areas on the calves’ skin.

Concerning the number of superficial CFU it was
shown that the razor initially lead to a more significant
reduction in CFU, which can be due to the fact that the
hair and hair follicles are less affected by clipping. After
24 hours though the shaving using the disposable razor
lead to an increase in CFU from t0 to t24, which could
not be found in the clipper-treated group, where a
continuous and further decrease in CFU could be found.
Previous studies indicate that a disruption of the skin
barrier can favour bacterial skin colonization, which is
associated with cutaneous inflammation [32]. Therefore,
the increase in CFU after shaving with the razor at t24
could presumably be due to the disruption of the skin
barrier function found also in the TEWL measurements.
The barrier damage caused by the razor was also
confirmed by LSM, where superficial lesions in the
form of cavities and gaps were detected after shaving.
These cavities and gaps may allow both bacterial and
fungal spores to accumulate and to reach the viable
epidermis by passing stratum corneum. Such skin
lesions were not detected in the case of the clipper.
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Furthermore the discomfort and burning sensation after
shaving with the razor stated by the majority of the
subjects also confirm the mechanical irritation caused
by the single-use razor.

From previous studies it is known that considerable
amounts of bacteria and fungi can be found within the
hair follicles and that they reach the skin surface with
the sebum flow [33]. It is assumed that the higher rate of
local infections after shaving using a razor compared to
clipping is due to microlesions of the skin during the
process of shaving. By using the razor that is applied in
closer direct contact with the skin surface, microlesions
are formed, which can be used as portal of entry by
pathogens of the skin flora [2, 7]. These pathogens can
also reach the systemic bloodflow leading to SSI even if
the lesions are remote from the operation site. The
formation of microlesions can be avoided by the use of
a clipping device. Until the regeneration of these
microlesions pathogens from the deeper skin layers and
especially from the hair follicles can be continuously
released through these lesions.

5 Conclusions

In summary it can be stated that the application of the
clipper shows a number of advantages over the use of a
razor. The clipper, in contrast to the razor, does not
cause skin lesions and a damage to the skin barrier,
which allows a hair removal on the previous day of the
surgery without an enhanced risk of SSI. This means a
higher flexibility and simplicity in the preparation of
surgical interventions.
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