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INTRODUCTION

Special Issue: Optical Technologies for Biomedical Applications

We are pleased to present the fourth issue of JBPE, which focuses on optical technologies for study
of biological tissues and fluids. These are selected papers presented at Saratov Fall Meeting 2015 —
International Symposium on Optics and Biophotonics - III (September 22-25, 2015, Saratov,
Russia). This issue includes 7 representative papers that well characterize the major topics of SFM-
15.

Development of non-contacted optical methods for detection the pathological alterations in
tissues is an urgent problem of biomedical diagnostics. Invited paper of J. Li and Zh. Chen
presents a novel integrated medical imaging modality IVUS-OCT (Intravascular Ultrasound and
Optical Coherence Tomography) that provides opportunities for accurate assessment of vulnerable
plaques in vivo in patients. The authors reviewed the fundamentals, technical designs, applications
and future directions of IVUS-OCT technology. The paper of J. Li and co-authors is dedicated to
comparison of two methods of noncontact optical elastography: a laser Michelson interferometric
vibrometery and a phase-stabilized swept source optical coherence elastography system. The
elasticity of tissue-mimicking agar phantoms was estimated from the velocity of air-pulse induced
elastic waves as measured by these two techniques.

O. Sindeeva and co-authors used laser speckle-contrast imaging to found mechanisms
underlying pathological processes in the cerebral blood flow in newborn rats. In this study, authors
utilized a model of sound-stress-induced brain hemorrhages in newborns.

Method based on the optical absorption measurements (285 nm) in the protein fractions of urine
received with use of the commercial desalting columns is developed in the paper of A. Siinter and
co-authors.

The study of molecular diffusion in biological tissues is a research field of high importance with
the multiple applications in diagnostics and therapeutics. Diffusion properties and dynamic
viscosity of many immersion molecular agents can be evaluated from kinetic optical measurements.
P. Peixoto and co-authors have developed a software that integrates all processing and calculations,
turning the work easier and faster.

Computer program for analysis of the optic disc nerve images is presented by V. Bakutkin and
co-authors. The goal of the study was to reveal the bounds of the norm for the glaucoma disease
using the special “FUNDUS-camera” based on a microscope combined with the photo-camera.

Application of terahertz-frequency electro-magnetic radiation in medicine attracts more and
more attention. The study of S. Kireev and co-authors demonstrates the possibility of terahertz
wave therapy in the correction of microcirculation impairments in bone tissue.

In overall, papers collected in this special issue demonstrate well the exciting potential of

optical technologies for biomedical studies and applications aiming medical diagnostics and
treatment.

Special issue Editors:

Elina A. Genina, Alexey N. Bashkatov,

Optics and Biophotonics Department, Research and Educational Institute of Optics and
Biophotonics of the Saratov National Research State University; Biophotonics Laboratory of the
Tomsk National Research State University, Russia

Valery V. Tuchin,

Optics and Biophotonics Department, Research and Educational Institute of Optics and
Biophotonics of the Saratov National Research State University; Institute of Precision Mechanics
and Control RAS; Samara State Aerospace University, Russia
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J. Li and Z. Chen: Integrated intravascular ultrasound... [INVITED PAPER] doi: 10.18287/JBPE-2015-1-4-209

Integrated intravascular ultrasound and optical coherence
tomography technology: a promising tool to identify
vulnerable plaques [INVITED PAPER]

Jiawen Li¥, and Zhongping Chen*

Beckman Laser Institute, University of California, Irvine, 1002 Health Sciences Road East, Irvine, CA 92612, USA
# The author is currently working at the Optical+Biomedical Engineering Laboratory, the University of Western
Australia.

" Correspondence and requests for materials should be addressed to Z.C. ( e-mail: z2chen@uci.edu )

Abstract. Heart attack is mainly caused by the rupture of a vulnerable plaque. IVUS-OCT
is a novel medical imaging modality that provides opportunities for accurate assessment
of vulnerable plaques in vivo in patients. IVUS provides deep penetration to image the
whole necrotic core while OCT enables accurate measurement of the fibrous cap of a
plaque owing to its high resolution. In this paper, the authors describe the fundamentals,
the technical designs and the applications of IVUS-OCT technology. Results from cadaver
specimens are summarized, which indicated the complementary nature of OCT and IVUS
for assessment of vulnerable plaques, plaque composition, and stent-tissue interactions.
Furthermore, previously reported in vivo animal experiments are reviewed to assess the
clinical adaptability of IVUS-OCT. Future directions for this technology are also
discussed in this review. © 2016 Samara State Aerospace University (SSAU).

Keywords: Optical coherence tomography, ultrasound, multi-modality imaging,
intravascular imaging, vulnerable plaques, cardiology, intravascular OCT, IVUS,
integraged IVUS/OCT.

Paper #2865 received 2015.11.29; revised manuscript received 2015.12.25; accepted for publication
2015.12.27; published online 2016.02.01.
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1 Introduction

Coronary artery disease (CAD) is the current number
one cause of death worldwide [1]. CAD is ascribed to
the development of atherosclerotic plaques. The vast
majority of plaques remain stable after built and won’t
cause any acute coronary syndromes, such as heart
attacks. Vulnerable (unstable) plaques, however, are
prone to rupture and may lead to life-threatening events.

To  detect atherosclerotic  plaques, X-ray
angiography is routinely employed in hospitals. By
providing a two-dimensional (2D) visualization of
patients’ coronary arteries, angiography shows where
there is a severe stenosis. However, extensive data
showed that wvulnerable plaques are actually less
obtrusive plaques and are characterized with a large
lipid core overlaid by a thin fibrous cap, which are not
visible by angiography. Therefore, angiography is
usually not able to accurately discern vulnerable
plaques, prognose, and prevent heart attack.

A variety of three-dimensional (3D) imaging
techniques have been developed to image plaques.
Some techniques are non-invasive, where there is no
need of inducing a catheter into body, and others are
minimally invasive. Well-developed non-invasive
imaging modalities include ultrasound, computed
tomography (CT), magnetic resonance imaging (MRI),
single photon emission computed tomography (SPECT)
and positron emission tomography (PET). Ultrasound
[2] (spatial resolution ~400 pm) can image large
superficial arteries, such as carotid, iliac and femoral
arteries, by placing an ultrasound transducer closer to
those arteries. CT (spatial resolution ~400 um) provides
3D information by rotating the X-ray source or detector
around the patient’s body and reconstructing acquired
2D images [3]. MRI (spatial resolution ~250 pm) can
characterize and quantify plaque composition by using a
strong homogenous magnetic field [4]. Using a similar
mechanism, magnetic resonance angiography (MRA)
can assess the distribution of stenotic plaques [2].
SPECT (spatial resolution ~1 cm) can detect
inflammations, a process closely associated with the
severity of atherosclerosis, by using gamma rays [2, 4,
5]. PET (spatial resolution ~4 mm) can also visualize
inflammation, by detecting annihilation y-photons [2, 4,
5]. Currently, PET and SPECT are only used for
preclinical study [2], unlike MRI and CT which has
been used for clinical studies to image carotid arteries.
However, the coronary arteries, where heart attack
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happens, are much smaller than carotid arteries and are
constantly moving along with the cardiac and
respiratory motions. At the present stage of
development, none of these non-invasive imaging
modalities are capable for imaging of a coronary artery
with enough spatial and temporal resolution to
characterize and quantify vulnerable plaques. Therefore,
they are also not suitable for identifying vulnerable
plaques that cause acute coronary syndromes.

On the other hand, minimally invasive methods,
such as intravascular ultrasound (IVUS) and optical
coherence tomography (OCT), enable clear 3D
visualization of coronary arteries. IVUS is used to
visualize the size of a plaque burden, such as the lipid
core of a wvulnerable plaque. Furthermore, post-
processing of the IVUS signal (virtual histology-IVUS
and integrated backscatter-IVUS) offers another
contrast to characterize plaque composition. However,
the axial resolution of IVUS is only 100-200 pm and,
thus, cannot measure the thickness of a fibrous cap. In
contrast, the axial resolution of OCT is better than 10
um and allows accurate measurement of the thickness
of a fibrous cap. Nevertheless, OCT can only penetrate
~1.5 mm in coronary arteries, making it challenging and
unreliable for evaluating the size of a large lipid core.
As shown in Table 1, OCT has high spatial resolution
but low penetration depth. IVUS has deep penetration
depth but low resolution. OCT and IVUS provide
complementary information for high risk plaque
identification.

Clinical studies, using separate IVUS and OCT
catheters, also validated this observation. In 2007, a
study which enrolled 30 patients with acute myocardial
infarction was reported [6]. In this study, the ability of
OCT and IVUS to assess vulnerable plaques was
compared. In 2008, Sawada et al. [7] imaged and
evaluated plaques in vivo in 56 patients using separate
IVUS and OCT catheters. They found that neither
modality was capable of identifying vulnerable plaques
accurately, but these two modalities provided
complementary information about vulnerable plaques.
Accordingly, they proposed that the combined use of
IVUS and OCT may be a sensible tool to detect
vulnerable plaques. In 2015, an ex vivo study with a
bigger sample size was conducted and validated this
proposed idea [8]. In this study, 685 regions of interests
were imaged. Since this study was performed on
cadaver samples instead of live patients, histology slides
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Table 1 Comparison of OCT and IVUS in clinical applications in cardiology.

OCT IVUS
Axial resolution 10 pm 100-200 pm
Penetration depth 1-2 mm More than 5 mm
Detect thin fibrous cap Strong. The only clinically Weak
available technology to
measure fibrous cap
Vulnerable plaques thickness
identification Large lipid or necrotic Not able to image deeper Strong
core than 1.5 mm
Contrast of lipid and Relatively strong Weak
others
Calcification Strong Stronger than OCT
Plaque type classification Lipid Stronger than IVUS Weak
Fibrosis Stronger than IVUS Weak
Small degrees of in-stent Strong Weak but more clinical
Stent neointima evidence reported
Uncovered struts Strong Weak but more clinical

evidence reported

of the imaged regions could be dissected and analyzed
to compare with image-guided diagnosis. By using
histology as the gold standard, the positive predictive
value (PPV) was found to be increased from 19%
(IVUS-only) or 41% (OCT-only) to 69% when IVUS
was used in combination with OCT. Thus, they
concluded that the combined use of OCT and IVUS
may improve the detection accuracy of vulnerable
plaques. Apart from the complementary nature of IVUS
and OCT in identifying vulnerable plaques, there is an
increased number of studies showing that IVUS and
OCT allow for assessment of different plaque
compositions [9-11] and stent-tissue interaction [12], as
summarized in Table 1.

It should be noted that all these studies were
conducted using separate IVUS and OCT catheters and
co-registered the IVUS and OCT data sets off-line. The
co-registration was performed based on artery
landmarks [7, 8, 13], such as side branches and
calcifications, manually or semi-automatically. This
process could result in human error and interobserver
variances. Moreover, it cannot provide real-time
evaluation of the artery and cannot fit the need for
guiding intervention on the spot. An integrated IVUS-
OCT system can address all these issues and provide
complementary information to discern vulnerable
plaques simultaneously, and, thus, enable intraoperative
guidance.

Therefore it can be stated that an integrated IVUS
and OCT system holds great promise in improving
clinical outcomes in cardiology.

Over the past 6 years, integrated IVUS-OCT
systems for cardiovascular applications have been
developed. In this review, the fundamentals of IVUS
and OCT are described first to prepare readers about the
key concerns of building an integrated IVUS-OCT
system and catheter. Then the fundamental challenges
and technical advances of IVUS-OCT technology are
presented. In vivo and ex vivo studies assessing the
potentials of IVUS-OCT for imaging plaques are also
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reviewed. Last but not least, some future research
directions are discussed.

2 Fundamentals of IVUS and OCT and
their commercial products

The goal of developing integrated IVUS-OCT
technology is to provide the advantages of both
technologies at the same time. Consequently, we will
first describe fundamentals of IVUS-alone and OCT-
alone technologies before reviewing the integrated
technology. Such an understanding is vital if IVUS-
OCT is to be successfully developed. In this section,
important parameters and features of IVUS and OCT
technologies are described, and commonly-used
commercial IVUS or OCT products are introduced and
compared.

There are two main components for an intravascular
imaging apparatus (either an IVUS or OCT apparatus):
the imaging system and the catheter. The imaging
system is to generate light or ultrasound for detection
and to receive and process the returned signal. The
catheter is a miniaturized sensor inserted into the artery
to acquire signals in situ.

2.11VUS

The most important parameters of an IVUS apparatus
are the resolution of the system and the outer diameter
of the catheter.

The axial resolution of IVUS is determined by the
central frequency and the bandwidth of the ultrasound
system [14, 15]:

|4

B=———,
2-f,-BW

where f; is central frequency, BW is the fractional
frequency bandwidth, and V is speed of sound. The
comparison of central frequencies of commercial IVUS
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Company  Product name Central Outer Other features
name frequency diameter
(MHz) (French)
iCross™ 40 3.5
Atlantis™ SR 40 3.6
Bost(?n Pro
scientific . : : -
OptiCross™ 40 3.15 It performs a higher axial resolution than those of other
Boston Scientific IVUS products.
Philips Revolution® 45 3.2 Virtual histology function is available.
Eagle Eye® 20 3.5 The sensor is a phase array and ChromaFlo® imaging
(Volcano) Lo .
function is available.
View IT® 40 2.6 (3.2)* It has a smaller diameter of its imaging window (2.6
Terumo French) than its proximal shaft (3.2 French).
Intrafocus® 40 243.2) Two guide-wire channels: at the bent portion, more
stable
Kodama® 60 N.A. There are reports [17, 18] that this product can run at a
ACIST HD-IVUS faster imaging speed than other commercial IVUS

products, but no product is available yet for sale. **

*Crossing profile is 2.6 French and the outer diameter of the proximal shaft is 3.2F.
**The imaging speed of these products are all between 20 fps to 35 fps, except ACIST.

products is summarized in column 3, Table 2. Two
commercial products, Opticross and iCross from Boston
Scientific, have the same center frequency, but
Opticross performs with a superior resolution because
of its broad bandwidth.

The lateral resolution of IVUS is determined by the
beam spot exiting the ultrasound transducer [14, 15]:

R

% F#,
where F# is the quotient of the focal length f and the
outer diameter D of the transducer aperture.

Lateral resolution is not discussed as often as the

axial resolution because most intravascular applications
focus on resolving the cross-sectional features of the
multilayered structure of the artery lumen, which are in
the axial direction.
The outer diameter over the entire length of a catheter is
usually not a constant value. The crossing profile, i.e.,
the outer diameter of the distal tip, determines how
small a vascular lesion that this catheter can go into,
while the proximal shaft size determines the size of the
guiding catheter that this imaging catheter can be used
with and pass through. For example, a key feature of
Terumo’s IVUS products is the small crossing profile
although the proximal shaft diameters of these products
are similar to other companies’ products. This special
design is used for accessing arteries with large plaque
burdens, such as those with chronic total occlusion [16].
The comparison of outer diameters of commercial IVUS
products is summarized in column 4, Table 2.

Some other features of IVUS commercial products,
which are possible to be added in an integrated IVUS-
OCT apparatus, are also listed in Table 2. Volcano is a
company dedicated to developing IVUS technology. It
has developed and implemented a number of software
based imaging processing features, such as virtual
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histology, which provides automatic analysis of plaque
components, and ChromaFlo®, which indicates the
locations of blood vessels, to enhance IVUS capability.
Recently, Volcano was acquired by Philips. Silicon
Valley Medical Instrument, a relatively new player in
the IVUS market, was acquired by ACIST. Its product
is highlighted by a higher frequency and higher imaging
speed than those of established IVUS players.

2.20CT

Unlike IVUS, which was invented 60 years ago, OCT is
relatively new, and the first use of OCT in cardiology
was briefly reported in Circulation in 1996 [19]. Two
decades of research in OCT cardiovascular imaging has
led to the generation of two commercial product-lines,
from St. Jude Medical and Terumo.

The two most important features, the outer diameter
of the catheter and the imaging speed of commercial
OCT products, are compared in Table 3. Similar to
IVUS, the outer diameter of a catheter determines
whether a catheter can cross a heavily blocked coronary
artery. There are several generations of St. Jude Medical
products: the imaging speed has increased from 20
frames per second (fps, M2/M3) to 100 fps (C7XR) and
now to 180 fps (ILUMIEN™ OPTIS™). However, they
are very similar in terms of the catheter size and thus
only the latest product is listed here for comparison.

Some other clinically relevant features, which could
be considered in future to improve the design of an
IVUS-OCT catheter, are also listed. Purging, injecting
saline into the lumen of a catheter, is needed for St. Jude
Medical products. This extra step is to reduce
astigmatism and high reflection signals caused by the
catheter sheath and to decrease non-uniform rotational
distortion (NURD). But some clinicians may find this
step cumbersome and prefer using a non-purge catheter.
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Crossing Speed Other feature
profile
Terumo LUNAWAVE™ 24F 160 fps No purge is needed.
OFDI
St. Jude Medical ILUMIEN™ 2.7F 180 fps It has a dual-lumen tip design for
(Lightlab) OPTIS™ excellent handling and automated,

continuous calibration.

As shared by both IVUS-alone and OCT-alone
technologies, the speed, the catheter size, and the image
quality (such as spatial resolution) are key features.
Although it is ideal to keep the best performance of each
system when integrating IVUS and OCT together, there
are many theoretical and engineering challenges in
achieving this goal. Technical advances addressing
these challenges, in terms of the system and the
catheter, will be separately described in the following
two sections.

3 Integrated IVUS-OCT system

The foremost challenge of a clinically-adaptable
integrated IVUS-OCT system lies in enabling high
imaging speed [13]. There is a large gap between the
imaging speeds of current commercial IVUS and OCT
systems. For safe intracoronary imaging in humans, an
ultrafast integrated IVUS-OCT imaging system, which
can image at over 70 fps and take less than 4 seconds
for imaging a coronary artery, would be critical to
translate this technology to clinical applications. By
using an ultrafast system, the risk of catheter-induced
spasm [20] and the use of a toxic contrast agent would
be significantly reduced. This breakthrough could
expedite the translation of the IVUS-OCT technology
into clinical practice. However, the speed of most state-
of-the-art commercial IVUS systems is only around 30
fps. No IVUS system, either commercial or
investigational, running over 70 fps has been reported.
Thus, to develop an ultrafast IVUS-OCT system, we
have to first develop an ultrafast IVUS sub-system and
then build a synchronized IVUS-OCT system without
sacrificing the imaging quality of either sub-system.

A common design for an integrated IVUS-OCT
system is shown in Fig. 1. IVUS and OCT sub-systems
are used getting IVUS and OCT signals, respectively.
Acquired IVUS and OCT signals are then sent to a data
acquisition (DAQ) card and work station for processing.
Radial scanning is usually achieved by using a motor to
rotate the optical rotary joint and, hence, the probe. The
electrical and optical signals are transferred from a
rotational to a stationary side usually by an electrical
slip ring and an optical rotary joint, respectively. The
pullback movement of a catheter is induced by using a
linear stage. The imaging speed of the system (i.e., the
rotation speed of an imaging probe) is usually
determined by the system. However, the transmission of
rotation, mechanical strength and coaxial of the catheter
may cause non-uniform rotational distortion (NURD)
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during high speed rotation and thus limit the rotation
speed of an OCT probe.

Previous research on different generations of IVUS-
OCT systems can be summarized as a journey to
increase the imaging speed of this common system
design. In 2010, a system with a speed of 1 fps was
reported [21]. By using a digitizer for data acquisition
and a graphics processing unit (GPU) for signal
processing, 4 fps was reached in 2011 [22]. A 5-fps
imaging system, which used separated data acquisition
boards for IVUS and OCT signals, was published in
2013 [23]. Soon after this, 20 fps, a speed that is the
same order of that of a commercial IVUS system, was
achieved and safely demonstrated in vivo in pigs and
rabbits [24, 25]. In 2015, an integrated IVUS-OCT
system running at an imaging speed of 72 fps was
reported [26] by using a customized slip ring, an
ultrahigh write-speed solid-state drive (SSD), and an
ultrasound pulser/receiver faster than those employed in
a commercial IVUS system [4]. This breakthrough
facilitates the implementation of IVUS-OCT into
clinical practice. In the following paragraphs, key
elements and difficulties of previously-reported IVUS-
OCT systems will be summarized.

3.1 OCT sub-system

In an integrated IVUS-OCT system, Fourier Domain
OCT (FDOCT) is usually used. FDOCT is achieved by
calculating the Fourier transform of an acquired spectra.
Mechanically scanning the reference arm is not needed
to get depth information; thus, a faster imaging speed
can be achieved using FDOCT instead of time domain
OCT (e.g., the first generation commercial system St.
Jude Medical M2/M3). The interference signal in the
frequency domain (i.e., wavelength domain) is acquired
using either a frequency-swept laser source (swept
source OCT, SSOCT) or a spectrometer using a high
speed line-scan camera as the detector (Spectral domain
OCT, SDOCT). With the development of fast swept
lasers [27, 28], the SSOCT is able to scan at a few
megahertz. In general, the SSOCT system is also more
compact than SDOCT. Accordingly, a SSOCT system
was commonly used to be integrated with an IVUS sub-
system for dual-modality intravascular imaging.

3.2 IVUS sub-system

The IVUS sub-system is achieved by using an IVUS
pulser/receiver, which can be bought as one instrument
or built by wusing a separate pulser [23], a
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Fig. 1 Diagram (a) and photo (b) of a fully-integrated IVUS-OCT system. Black solid lines indicate IVUS and OCT
signal transfer paths. Purpule dash lines denote the trigger signals.

transmit/receive switch, and a pre-amplifier. A pulse
energy of 1-5 pJ is usually used to drive an IVUS
transducer. In one design of the IVUS-OCT systems
[21-23, 29], a Panametrics PR5900 pulser/receiver
(Olympus NDT, Kennewick, WA) was used to drive the
transducer for pulse generation and subsequent echo
signal detection. For ultra-high speed imaging, a 50
kHz-external-triggered ultrasound pulser (PR-H4, JSR
Ultrasonics, Pittsford, NY) [26] and a customized
receiver were used to drive the transducer and detect the
eco signal, respectively.

3.3 Synchronization of the system

Synchronization between the OCT sub-system, the
IVUS sub-system and the DAQ card in the integrated
system design is critical. Otherwise, the IVUS imaged
location may not match that of OCT. Usually the A-line
trigger signal of the OCT sub-system, which indicates
the beginning of an OCT acquisition, is sent to the
IVUS sub-system and the DAQ card for synchronizing
the entire integrated system, see purple dash lines in
Fig. 1. There could be other ways of synchronization,
such as altering timing between IVUS-OCT by using a
function generator, or acquiring multiple OCT frames
while only acquiring a single IVUS frame (due to
IVUS’s low imaging speed).

3.4 The fundamental challenge for an IVUS-
OCT system

Because it takes time for a sound wave to travel, there is
a theoretical imaging-speed limit of an IVUS-OCT
system. For the IVUS sub-system, when the rotation
speed is over a certain value, the echo signal generated
by the sample cannot be detected by the aperture of the
IVUS transducer. This is because the transducer had
already rotated to a different location and there is little
overlap between the new location and the original
location, see Fig. 2. A simple calculation can be used to
estimate the theoretical limitation of IVUS sub-system.
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If we want to image to 5 mm deep, t1, which represents
the time of the ultrasound wave to travel from the
transducer to the sample and back to the transducer, is
10mm/1560 m/s= 6.4 us. If a 50% overlap is needed to
maintain enough detection sensitivity, t2, the time taken
to rotate between 2 frames, needs to be considerably
bigger than t1. Thus, the maximal speed of this system
is calculated to be 78 kHz. Assume acquiring 500 A-
lines per frame, the theoretical limit for IVUS is 156
frames per second. In addition, the less overlap that
there is between the end and original locations and the
farther that the sound travels (i.e., imaging a deeper
sample), the less signal that can be collected.
Accordingly, the sensitivity of an IVUS system drops
when running at an ultrafast speed. We tested the
contrast to noise ratio (CNR), an important indicator of
the IVUS system sensitivity, at different imaging
speeds. It was found that CNR was gradually decreasing
as the speed of the system increased: CNR=6.49 dB (at
25 fps); CNR=6.19 dB (at 50 fps) and CNR=6.18 dB (at
72 fps). This experiment finding validated our
theoretical analysis. On the other hand, there is almost
no theoretical limit for OCT imaging speed since the
speed of light is significantly higher (~20,000 times in
blood) than that of sound.

3.4.1 OCT sub-system and IVUS sub-system

For the OCT sub-system, a 50 kHz (or higher
frequency) swept laser is commercially available.
However, off-the-shelf pulser/receivers, which fit the
requirements of SNR, pulse power, external trigger
compatibility, and frequency response for an IVUS sub-
system, are usually running at a speed below 30 kHz.
Thus, a customized or home-made pulser/receiver is
needed for an ultrafast imaging system.

3.4.2 Design of rotary system

Similar to the ultrafast pulser/receiver, there are few off-
the-shelf slip rings that can transmit a signal over 50
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fps, while maintaining a decent performance. To keep
an OCT and IVUS imaging probe co-axial even at the
proximal end, a through-hole slip ring is usually used.
The imaging probe is inserted through the hole of the
slip ring. A 72 fps IVUS-OCT system was reported
recently where a customized slip ring was used [26].

Transducer

Location 1 Location 2

2

t1

Distance D

Sample

Fig. 2 Demonstration of the theoretical speed limit of an
IVUS system.

3.4.3 IT challenge

Ultrafast imaging also requires the DAQ card and the
work station to transfer, process and display the signal
at an ultrahigh speed. GPU, a PCI express bus for
transferring the data and a high writing speed SSD can
be used to address this challenge. To transfer and save
the data at an ultrahigh speed, a SSD with a
write/read/transfer speed of over 800 Mbits/s is needed:
if 8192 points are acquired in each A-line for both two
12-bit channels at 50 kHz A-line speed, there will be
819.2 Megabits data coming into the SSD every second.
To process this large amount of data, an advanced GPU
is needed. A thorough analysis of the requirement of a
GPU was described by Li et al. [25]. The speed of
commercially available GPU has increased dramatically
in the past five years, and this fits the need of an
ultrafast IVUS-OCT system.

4 Catheter designs

Another important component of an intravascular
imaging apparatus is its imaging catheter. An
intravascular imaging catheter usually consists of an
imaging core (probe) and an outer catheter sheath. At
the tip of the imaging core, both OCT and IVUS
imaging sensors are located. The catheter sheath is used
outside the imaging core to avoid cross-contamination
between the imaging core and the biomedical tissue. In
order to avoid any catheter-induced injury to an artery
and catheter-induced spasm, the outer diameter of such
an imaging catheter is suggested to be smaller than 1.2
mm. Consequently, the major challenge of catheter
design is to fabricate the catheter small enough and
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adaptable for safe routine clinical procedures while
maintaining good OCT and IVUS imaging qualities.

4.1 Probe design

An integrated probe is made by assembling OCT and
IVUS sub-probes. An OCT sub-probe can use either a
GRIN lens, GRIN fiber or ball lens design. Either a
single crystal square transducer or a ring transducer,
with a center frequency at 35 MHz to 45 MHz, can
serve as an [VUS sub-probe.

The foremost difficulty in making an intracoronary
catheter is to make it small while maintaining its
imaging quality. Usually, we want to make the IVUS
and OCT sub-probes as small as possible. However,
there is a trade-off between the lateral resolution and the
size of a probe. If the depth of focus (DOF) is kept
constant, the smaller the aperture size, the worse the
lateral resolution. Thus, an optical aperture larger than
0.3 mm is commonly applied to maintain high lateral
resolution and large DOF. Previously reported
generations of IVUS-OCT probe designs address this
issue by using different configurations and methods to
minimize the IVUS or OCT sub-probes while keeping
imaging quality, see Table 4.

The first demonstration of an integrated IVUS-OCT
probe (see Gen 1.1 in Fig. 3) was reported in 2010 [21].
This probe used a side-by-side arrangement of IVUS
and OCT sensors. A different side-by-side design which
employed a common mirror to reflect the sound wave
and light beam (see Gen 1.2 in Fig. 3) was published
soon after this one [30]. Subsequently, a co-axial probe
design (see Gen 2 in Fig. 3) was reported in which a
ring IVUS transducer was used, and an OCT sub-probe
was inserted inside the ring transducer [29].

The first IVUS-OCT probe capable of imaging in a
coronary artery in vivo was demonstrated in 2011,
employing a sequential configuration [22] (see Gen 3 in
Fig. 3). This design enabled a smaller outer diameter
than the side-by-side designs [21, 30], while using the
same IVUS and OCT sub-probes and thus keeping
similar imaging quality. Notably, this probe had the
same outer diameter as a commercial IVUS-only probe.
In 2012, a probe design (see Gen 4 in Fig. 3) very
similar to the original side-by-side design was reported
[23]. However, in this design, a much smaller OCT
probe (0.14mm GRIN lens) was used, and there was a
90-degree difference between the exiting angles of the
light beam and the sound wave.

As a matter of fact, not only is a small outer
diameter important to ensure the safety of using a
catheter in a coronary artery, the length of the probe
rigid-part is also critical for safe operations. There are
many sharp turns in the path of inserting a catheter from
a femoral artery to an aorta and to a coronary artery. A
probe with a short rigid-part length can be flexible and
easily navigated into a coronary artery. The most
recently published back-to-back design [31] (see Gen 5
in Fig. 3) addressed the strict size requirements of OD
and rigid-part length at the same time. Compared with
previous designs, the length of the OCT sub-probe was
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Fig. 3 Different generations of IVUS-OCT probes.
Table 4 Comparison of different generations of IVUS-OCT probes.
Configuration OD Estimated Size of the IVUS Size of the OCT
rigid-part length sub probe sub probe
Gen 1.1 [21] Side by side 2.4 mm 5 mm 0.4 mm by 0.4 mm 0.5 mm GRIN
Gen 1.2 [30] Side by side 2.8 mm 5 mm 0.4 mm by 0.4 mm 0.5 mm GRIN
Gen 2 [29] Ring 2.4 mm 5.5 mm 2 mm by 5.5 mm 0.7 mm GRIN
Gen 3 [22] Sequential 0.69 mm 4 mm 0.4 mm by 0.4mm 0.35 mm GRIN
Gen 4 [23] Side by side 0.9 mm 2.5 mm 0.5 mm by 0.5 mm 0.14 mm GRIN
Gen 5 [31] Back to back 0.9 mm 1.5 mm 0.4 mm by 0.4 mm 0.3 mm ball lens

uide wire rail
compatible for
0.014” guide wire

Fig. 4 Requirements of an IVUS-OCT outer sheath.

reduced by using a ball-lens design instead of a
traditional GRIN lens design. The thickness of the
IVUS probe was reduced by connecting the center core
of a coaxial cable to the side of the backing rather than
to its back surface. Although rigid-part lengths of
previous generations were not reported, approximate
numbers, estimated according to the sizes of IVUS and
OCT sensors and published figures, are listed in Table 4
for comparison.

It is important to note that both the Gen 2 ring-
transducer design [29] and Gen 5 back-to-back design
[31] provide true co-axial IVUS-OCT imaging, which is
not achieved by other designs.
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4.2 Outer catheter sheath design

Essential considerations in making an IVUS-OCT outer
catheter sheath [32] are listed in Fig.4.

It is critical to select optimal materials for the design of
an outer catheter sheath. Usually, the higher the
mechanical strength (thicker material or material with a
higher durometer), the higher the reflection that will
begenerated. To ensure the high pushability of the
catheter and the high transparency of the catheter’s
imaging window, we used different materials for the
imaging window and the proximal side of the catheter.
We used a high durometer material for the proximal
side to provide high pushability and trackability. A
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relatively soft, low-ultrasound-attenuation material was
used to reduce light and sound attenuations. These two
materials were thermally bonded together to ensure a
smooth transition and a strong connection between the
imaging window and the proximal side.

When performing IVUS-OCT imaging in vivo, an
X-ray C-arm and a guiding wire are used to position it
smoothly into a coronary artery. Thus, radiopaque
markers, a guide wire rail and a telescope design, which
enable pull-back of the catheter and avoid kinking
during movements, are also needed in the outer catheter
sheath.

5 In vivo validation

After an imaging apparatus are successfully built, in
vivo animal studies are needed to be conducted, so as to
validate the safety and effectiveness of the design. The
first in vivo demonstration of integrated IVUS-OCT was
reported in 2011 by using a healthy rabbit aorta [22]. In
2014, studies showing the ability of imaging plaques
and imaging coronary arteries in vivo were published
[24, 25]. Recently, we reported ultrafast speed IVUS-
OCT for in vivo imaging [26].

One common challenge for all in vivo experiments is
the strong attenuation introduced by intraluminal blood.
This doesn’t pose a problem for ex vivo experiments
[24, 26, 31, 33] summarized in the next section, since
blood was usually drained from cadaver samples before
imaging. Prior to in vivo imaging, an optical flushing
agent is needed to be selected [34], so as to acquire clear
IVUS and OCT images simultaneously, without
inducing a great amount of toxicity. Since X-ray
contrast agents (such as iohexol and iodixanol) are often
used in patients in both IVUS and OCT procedures [35,
36], they were predicted as effective IVUS-OCT
flushing agents and were commonly used in in vivo
IVUS-OCT experiments [24-26]. However, alternative
flushing agents, which have less side-effects than X-ray
contrast agents and better OCT or IVUS clearing effects
[34, 37-41], can be used in vivo experiments in future.
Potential alternative flushing agents include mannitol,
dextran, glucose solution and propylene glycol [42]. A
high concentration of dextran was demonstrated to be
useful for simultaneous IVUS-OCT imaging and could
replace unsafe contrast agents [34].

A rabbit model is one of the most frequently used
and successful animal models for atherosclerosis
research [43]. Lesions similar to atherosclerotic plaques
can be developed in the abdominal aortas of rabbits
[44], where the size of artery lumen is similar to the
human coronary artery lumen. A smaller animal model
such as a rat cannot be utilized given the small size of
its vessels and heart. Representative IVUS-OCT image
pairs obtained in an atherosclerotic rabbit in vivo are
shown in Fig. 5. Intimal thickening (see arrows in Fig.
5) can be observed by IVUS and OCT images.

Swine is another commonly used animal model for
cardiovascular research. Porcine models are regularly
used prior to human cardiovascular research to validate
the mechanical properties (pull, torsion, flex, buckling,
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pull back, resistance, leaking, etc.) and clinical
adaptability of catheters. In general, the cost of a pig is
lower than that of a dog or primate. Pigs also have better
facility acceptance and anatomical similarities than
dogs. For cardiovascular research, pigs are one of the
best animal models. The key reasons are: 1) a pig has a
coronary artery distribution more similar to a human
than other animals; 2) a pig has similar lipoproteins
(critical molecules related to the atherosclerosis process)
as humans; 3) the morphology and biochemistry of pig
plaque is similar to that of human plaque [45]. Two
representative  IVUS-OCT image pairs obtained in
healthy swine in vivo are shown in Fig. 6. In Fig. 6 Ia,
an OCT image illustrates the three-layer structure of the
artery wall. From the center of the OCT image, there is
a high-signal thin band corresponding to the intima,
followed by a high-signal strip corresponding to the
external elastic lamina (EEL), and finally a low-signal
area corresponding to the adventitia. Since this swine
artery is healthy, there is no positive vascular
remodeling. OCT is able to penetrate all three layers of
the artery wall and provide a clear visualization of
layers. On the contrary, the layer structure in an artery
with a lipid-rich plaque (see Fig. 7) is sometimes
difficult to visualize with OCT because lipid is a high
attenuation source for an optical signal. In the IVUS
image (Fig. 6 Ib), the three-layer structure of the swine
coronary artery (wall thickness, 0.3 mm) is hardly
visualized with a resolution of 60 um. In Figs. 6 Ia and
Ib, LAD branching can be visualized.

These animal studies validated that integrated IVUS-
OCT is a feasible and safe technique for in vivo
visualization of atherosclerotic plaques with high
resolution and deep penetration simultaneously.

6 Clinical applications of IVUS-OCT in
cardiology

IVUS-OCT has great potential for improving clinical
management of cardiovascular diseases. In this section,
applications where IVUS-OCT could be used to
improve on current procedures will be summarized.

6.1 Classification of different plaque types

In 2006, three studies were published assessing the
accuracy of IVUS or OCT using separate IVUS and
OCT catheters. They all reached a similar conclusion
that IVUS or OCT shows different strengths for tissue
characterization of plaques, as summarized in Table 1.
With the development of IVUS-OCT, the ability to
classify different plaque types has been greatly
improved. Figure 7 shows examples of IVUS-OCT
image pairs of plaques with different compositions. In
the IVUS image (Fig. 7 Ia, Fig. 7 lla and Fig. 7 Illa),
positive vascular remodeling, i.e., intimal thickening, is
identified by arrows. The total plaque volume and three-
layer structure of the artery wall can also be visualized.
Acoustic shadow in Fig. 7 Ila shows the location of a
calcified plaque. However, it is difficult to classify the
plaque types of Fig. 7 Ia and 7 Illa from the IVUS
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Fig. 5 IVUS-OCT imaging of a rabbit abdominal aorta in vivo. (I) Three-dimensional cut-away rendering of the
volumetric data set acquired with an intravascular catheter in abdominal aorta of a live rabbit. The volume comprises
288 frames of images acquired in 4 s during the injection of iohexol at a rate of 3 ml/s. Red, artery wall; semi-
transparent white, lipid. Circular cross-section IVUS (Ila) (Illa) (IVa) OCT (IIb) (IlIb) (IVb) fused IVUS-OCT (Ilc)
(Illc) (IVc) image pairs and the corresponding H&E histology photos (IId) (I1Id) (IVd) at locations 1, 2 and 3 denoted
in (I). Arrows point at lipid-rich plaque regions. Scale bar: 0.5 mm. The shape of this artery changed between in vivo
imaging and histology due to the reduced intra-lumen pressure after this artery was harvested. Reprinted from [26], with
permission.

Fig. 6 An IVUS-OCT image pair obtained in a normal swine coronary artery in vivo during the injection of iohexol. (Ia)
OCT image (Ib) IVUS image (Ic) corresponding H&E histology. Another IVUS-OCT image pair, also obtained in
swine, demonstrates LAD branching. (Ila) OCT (I1Ib) IVUS cross-sectional image. (Ilc) Corresponding H&E histology.
*k denotes guidewire artifact. G: guide wire. T: tissue. V: vessel. I: intima. E: EEL. A: adventitia. Yellow boxes denote
LAD branch. Scale bar: Imm. Row I is a reprint from [24], with permission.
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images because of the intrinsically limited resolution
and low soft tissue contrast. On the contrary, plaque
types can be classified based on optical scattering
contrast of different tissue types: 1) signal-rich regions
from 3 o' clock to 6 o'clock in Fig. 7 Ib indicate a
fibrous plaque; and 2) a homogenous-boundary, signal-
pool region from 7 o'clock to 10 o'clock in Fig. 7 IlIb
represents a lipid pool [46]. Automatic and quantitative
classification of plaque types has been proposed by
using algorithms [47, 48]. On the other hand, with
limited penetration depth, OCT image cannot provide a
clear visualization of media and adventitia layers at this
intima-thickening coronary segment. The corresponding
histology images (Fig. 7 Ic, Fig. 7 llc and Fig. 7 Illc)
are stained with hematoxylin and eosin (H&E). Cells
with abundant pale, vesicular cytoplasm and bland
nuclei (Fig. 7 1llc) are lipid-laden foamy macrophages
which are also confirmed by positive stain in the CD 68
slide. The dense, compact eosinophilic fibers (Fig. 7 1a)
represent increased amounts of collagen seen in a
fibrous plaque. These histology results confirm the
classification of plaque types by the IVUS-OCT images.

Fig. 7 Imaging of a coronary artery with a fibrous
plaque (top row), a calcified plaque (middle row) and

lipid plaque (bottom row). (la)(Ila)(Illa) IVUS,
(Ib)(Ilb)(ITIb) OCT  images, and (Ic)(Ilc)(Illc)
corresponding histology image. Insets in (IlIc), high
magnified images of the histology slides. Left inset,
stained with H&E; right inset, stained with CD68.
Arrows denote the location of plaques. Scale bar: Imm.
Reprinted from [24], with permission.

Similarly, the ability to differentiate necrotic,
calcified and fibrotic tissues was also evaluated in other
studies [13, 31]. Quantitatively, the diagnostic accuracy
comparison of IVUS-OCT diagnosis, with IVUS-only
diagnosis and OCT-only diagnosis was conducted by
using 241 plaque regions [33]. It was concluded that the
use of IVUS and OCT is superior to IVUS-only and
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OCT-only diagnosis for detection and characterization
of coronary atherosclerotic plaques with high degree of
sensitivity and specificity. In summary, IVUS-OCT
shows promise to provide more accurate detection of
different plaque types.

6o

Fig. 8 Identification of vulnerable plaques by integrated
IVUS-OCT system. First row: Example of a vulnerable
plaque. (Ia) OCT image in which arrows point at the
fibrous cap; (Ib) corresponding IVUS image indicates
the location of necrotic core; (Ic) photo of the
corresponding histology slide with CD 68 stain,
highlighting macrophages and necrotic core. Middle
row: A false positive case of vulnerable plaque
diagnosis based on IVUS-only (IIb) was produced due
to the insufficient resolution and sensitivity. Size of the
thick cap can be determined by the corresponding OCT
(IIa) and CD 68 histology (IIc). Bottom row: A false
positive case of vulnerable plaque diagnosis based on
OCT-only (IlIa) was produced due to OCT’s limited
penetration depth. A small lipid pool can be determined
by IVUS (lllb) and CD 68 histology (Illc). Arrows
denote the fibrous cap. NC: necrotic core; SLP: small
lipid pool. Scale bar: 0.5 mm. Reprinted from [26], with
permission.

Accurate diagnosis of different plaque types is the
first and foremost step for discerning a vulnerable
plaque in which there is a core filled with necrotic
tissues and a cap filled with fibrotic tissues.

6.2 Identification of vulnerable plaques

IVUS-OCT has the potential to address the need to
identify vulnerable plaque in patients. Examples of
vulnerable plaque and false vulnerable plaques,
obtained by using an integrated IVUS-OCT system, are
shown in Fig. 8. A vulnerable plaque can be easily
diagnosed, as shown in the first row of Fig. 8. Arrows in
the OCT image (Fig. 8 Ia) denote the thin fibrous cap
while the size of the necrotic core can be estimated
using the IVUS image (Fig. 8 Ib). In Fig. 8 IIb,
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physicians diagnosed this ROI as vulnerable plaques
when only reading the IVUS image. This misdiagnosis
was caused by the insufficient resolution and sensitivity
of IVUS. However, using the OCT image as the
reference (see Fig. 8 Ila), a signal low region with
diffuse boundary (i.e., lipid plaque) could be visualized
and the thickness of signal high region (fibrous cap)
could be measured to be greater than 65um. In Fig. 8
Illa, physicians diagnosed this ROI as vulnerable
plaques when only reading the OCT image. This
misdiagnosis was caused by OCT’s limited penetration
depth. However, using the IVUS image as the reference
(see Fig. 8 I1Ib), the small size of the lipid pool could be
visualized.

6.3 Evaluation of stent implantation

IVUS-OCT images of a stent in a coronary artery is
shown in Fig. 9. The 3D reconstruction of the entire
pullback is shown in Figs. 9 Ila and IIb. There are two
points in the clinical workflow where IVUS-OCT may
play a key role in improving clinical outcomes: before
and after stenting. IVUS-OCT may bring new insights
into optimizing the selection and placement of stents
and minimizing side effects.

Fig. 9 IVUS-OCT imaging of a coronary artery with a
stent implanted. OCT (Ia) IVUS (Ib) images, and OCT
(IIa) TVUS (IIb) 3D rendering of a human coronary
artery specimen with a stent. In (Ila) and (IIb), the white
color coded places are stent struts and the red coded
places are coronary artery tissue. Scale bar: 1mm.

In the previous section, the ability to accurately
differentiate plaque types was discussed. Information,
such as plaque compositions and lumen dimensions that
are evaluated by IVUS-OCT, can assist cardiologists in
optimizing the treatment plan. For instance, 1) heavily
calcified lesions usually require more pressure to
generate an adequate stent expansion than a softer
lesion; 2) a lipid rich region is not a good landing point
for a stent; 3) knowing the length of the lesion and the
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size of the lumen can help the physician select the
optimal stent to use.

IVUS-OCT also provides important information
after stenting, such as (1) evidence of inadequate stent
expansion or strut apposition; (2) evidence of associated
extensive vessel damage; and (3) evidence of the
characteristics of neointimal hyperplasia in previously
implanted stents [49]. Notably, there is a study that
concluded that the best indicator to predict stent
thrombosis, a deadly risk of stenting, was the ratio of
uncovered to total stent struts [50]. By using IVUS-
OCT, visualization of stent struts and the surrounding
tissues, with OCT’s high resolution (to recognize
uncovered struts and neoatherosclerosis that are not
detectable by IVUS) [51] and IVUS’s deep penetration
depth (to image stents out of OCT image range or
depth), can be achieved. IVUS and OCT provide
complementary diagnostic values and may potentially
contribute as a clinical benefit for patients [12, 52].

6.4 Other clinical applications

IVUS-OCT can also provide clinically valuable,
complementary information for some other applications.
For example, spontaneous coronary artery dissection is
a disease that induces acute heart attack, but cannot be
predicted and then prevented by using typically heart
disease risk factors. Intravascular imaging is needed to
make definitive diagnosis for this disease [53-55]. OCT
was reported to allow the recognition of intimal tear
while IVUS enables analysis of structures which are
beyond the image range or depth of OCT, such as side
branches, 3-layered membranes and dorsal structures
[56].

7 Future directions

Since the first development and demonstration of
integrated IVUS-OCT technology in 2010 [21, 30],
many technical breakthroughs have been achieved in the
past 5 years. However, more research and validation
are required before this technology can be implemented
into the daily clinical routine. The first and foremost
step to achieve this goal is evaluating the diagnostic
accuracy of IVUS-OCT in patient, which, however, is
extremely costly. Due to the invasive nature of the
technology and the vulnerability of coronary arteries (at
where the imaging is performed), the in vivo human
evaluation of this technology is classified as a
significant risk and thus requires FDA approval for
human study to be conducted in any U.S. research
institute. The FDA approval requires significant
resources for research institutes to perform such a
clinical study. However, the involvement of medical
device companies holds promise in overcoming this
challenge. With an increased number of countries
beginning to reimburse intravascular catheters and the
fast growth of the Asia-Pacific market, the global
market for IVUS itself has reach $483.7 million in 2012
and is expected to reach $702 million in 2017 (for a
compound annual growth rate of 7.7%) [57]. This fast
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growth encourages and enables more and more medical
device companies to invest in new intravascular
technologies, such as IVUS-OCT.

Another future direction of IVUS-OCT technology
is to derive other imaging modalities from it and/or to
combine with other imaging techniques so as to make it
more powerful in identifying vulnerable plaques. The
knowledge gained in developing IVUS-OCT technology
can benefit a range of new imaging methods, such as
intravascular photoacoustic (IVPA) and acoustic
radiation force optical coherence elastography
(ARFOCE). IVPA is expected to provide stronger
chemical contrast to accurately identify lipid cores
while ARFOCE holds potential to predict the rupture of
a plaque by analyzing the stress generated by its
necrotic pool.

Both IVUS and OCT signals are generated by
detecting the scattering information of different plaque
compositions. However, the scattering pattern produced
by lipids may look similar to what is generated by
another chemical composition. The diagnostic accuracy
of IVUS in detecting lipid is limited [4]. Thus, a more
accurate detection of the chemical composition of
plaques may be of great interest to physicians. Near
infrared spectroscopy (NIRS), which detects different
molecules by their unique absorption properties, is
currently under investigation in large-scale clinical
studies [58, 59]. There is, however, a fundamental
limitation. NIRS only provides 2D imaging of a
coronary artery. To provide a 3D map of chemical
compositions of a plaque, a trend of using PA for
intravascular imaging has been seen in recent
publications [60-64]. Although in vivo validation of
IVPA in animals remains limited [61], we can expect a
fast growth of IVPA in the near future by adopting the
technical advancements of [IVUS-OCT.

From a mechanical perspective, the rupture of a
plaque happens when the stress on the plaque exceeds
its tensile strength. The stress in the cap increases with
decreasing thickness of the fibrous cap and increasing
lipid-core burden. Thus, elastography, which assesses
the mechanical properties, offers the opportunity to
evaluate plaque vulnerability by analyzing its
mechanical behavior. Several elastography technologies
have been developed or are in development, such as
ultrasound, MRI, laser speckle or OCT-based ones. The
spatial resolutions of elastography techniques are
determined by the underlying imaging modality.
Accordingly, OCT-based elastography can provide
much better resolution than MRI and US-based
elastography [65-68]. To generate elastography,
mechanical excitation of a tissue is required. The
traditional excitation approach which compresses the
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subject statically/quasi-statically has limited imaging
speed for in vivo imaging. Recently, ARFOCE was
proposed [68-70], which use a dynamic excitation
method. This novel technology enables a much higher
imaging speed and makes it possible for in vivo
imaging. When developing ARFOCE, we can borrow
insights obtained in advancing IVUS-OCT technology
since ARFOCE and IVUS-OCT both use ultrasound and
OCT. It is promising that ARFOCE can be used
intravascularly in the next couple of years to evaluate
the mechanical property of a plaque.

8 Conclusion

The integrated IVUS-OCT technology is a powerful
tool for diagnosing and characterizing vulnerable
plaque. Since the first demonstration of IVUS-OCT in
2010, significant advances have been made. The
fundamental challenge of IVUS-OCT technology has
been overcome, and the speed of a fully-synchronized
integrated system is now fast enough for safely imaging
coronary arteries in vivo. Advancements have also been
completed in catheter design: the imaging probe can be
fabricated small enough for intracoronary imaging while
the imaging quality is well maintained. /n vivo animal
studies validated the safety and effectiveness of this
technology. Ex vivo studies using human coronary
specimens demonstrated potential clinical applications
of IVUS-OCT. Future directions of this technology
include performing in vivo human studies and
developing derivative imaging modalities.
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of occurrence incidence of microcirculation impairments in the bone tissue and red
bone marrow. The presented findings give the grounds to assume that terahertz -
frequency electro-magnetic radiation at the frequency of molecular spectrum absorption
and radiation of nitrogen oxide may be recommended as a valid and effective method in
the complex treatment of patients with orthopedo-traumatological pathology.
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microcirculation [4,7]. Recently, the most commonly
used medicamentous correction of microcirculation

In traumas of the supportive-locomotive system
hemostasis is impaired at macro- and microlevels due to
the effect of an extreme factor. One of the basic
pathogenetic units determining the markedness of
catabolic processes in the bone tissue during the nearest
post-traumatic  period, is the impairment of
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impairments includes treatment with anticoagulants,
non-steroid anti-inflammation agents and desaggregants
[5]. The presence of contraindications to the use of these
preparations or the lack of the desired effect of their
usage [5] prove the necessity to search for new methods
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(including non-medicamentous ones) of
microcirculation impairments' correction.
One of effective methods aimed to improve

microcirculation in the damaged tissues is short-wave-
frequency (SWF) therapy widely used in orthopedo-
traumatological practice [2,3]. According to the opinion
of a number of researchers, the study of the effect of
terahertz —frequency (THF) radiation on
microcirculation at the frequency of molecular spectrum
absorption and radiation of nitrogen oxide (MSARNO)
— a neurotransmitter, powerful hemostasis factor,
thrombocyte  aggregation  inhibitor,  endogenic
vasodilator, - is, at the moment, of great scientific and
practical interest [1,2,3,6,8]. Some investigations
present the findings which prove the positive effect of
electro-magnetic radiation (EMR) of THF range at
MSARNO frequency on rheological properties of blood
[1].

The aim of the present investigation is to study EMR
THF MSARNO application effectiveness for correction
of microcirculation impairments in the bone tissue.

2 Methods of the investigation

This work was based on the experimental method of
investigation. The experiments were carried out on 135
white non-bred male rats of 180 — 220 g of weight. The
animals were kept in standard vivarium conditions.
Experimental studies were performed according to the
principles of laboratory practice of the Russian
Federation, and according to the requirements of
Geneva Convention «International Guiding Principles
for Biomedical Research Involving Animals» (Geneva,
1990). The experiments were carried out in a separate
laboratory excluding outside effects, dietary errors, at
constant air temperature of 18 — 22 0C, with standard
levels of light and moisture, unification of seasonal and
daily cycles.

Microcirculation impairments were modelled by
means of immobilization stress: in acute stress variant —
maximum fixation of the rats on the back for 3 hours, in
chronic stress variant - maximum fixation of the rats on
the back during 5 days for 3 hours a day.

The study consisted of 9 series of experiments, each
including 15 animals. In the 1-st series acute
immobilization stress without additional outside effects
was modelled. In the next 3 series the animals were
radiated with EMR THF MSARNO (150,176 — 150,66
GHz) at the background of acute immobilization stress.
The source of radiation was placed at the distance of 1,5
cm from the skin surface of 3 cm? area above the sternal
region (power density was 0,2 mWt/ cm?). In the 2-nd
series the duration of radiation was 5 minutes, in the 3-d
- 15 minutes, in the 4-th — 30 minutes. In the 5-th series
chronic immobilization stress without additional outside
effects was modelled. In the 6-th — 8-th series the
animals were radiated with EMR THF MSARNO at the
background of chronic immobilization stress. The
duration of radiation was 5, 15, 30 minutes in the 6-th,
7-th and 8-th series respectively. The 9-th series of the
experiment was intact control. At the end of the
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experiment the animals were decapitated in accordance
to the basic principles of euthanasia. Series of
cytological and histological samples of blood, red bone
marrow (RBM), breastbone, femoral bones were
prepared. The serial samples were stained with
hematoxylin and eosine, according to Romanovsky —
Gimse technique, with toluidine blue solution.

When studying the obtained preparations the
presence and markedness of various signs,
characterizing impairments in the vascular, intravascular
and extravascular units of the microcirculation channel
of the bone tissue and red bone marrow, were taken into
consideration.

3 Results and discussion

It was established that in immobilization stress (to
greater extent — in chronic, to lesser extent — in acute)
the most significant changes occurred in capillaries and
post-capillaries, where the signs of stasis, aggregation
and sludge of the blood formed elements were noted.
Leucocyte adhesion, high edgt position of the laminar
vessels' surface with migration to the perivascular
region were observed in the venules. In the system of
the microcirculation channel the picture of amorphic —
type sludge (according to V.V.Kuprianov, 1969) was
formed. Parietal areas contained thrombocytic groups
which gave the evidence of the tendency to
thromboformation. All the above mentioned changes
caused stasis in post-capillary-venular section, reduction
of a significant amount of capillaries, which lost their
functional properties. All units of the microcirculation
channel were subjected to pathological transformation.
Changes in smooth muscular and endothelial cells of the
vessels aggravated and were accompanied by
metachromasia, masaic hyperchromasia; signs of
dystrophy of all cellular elements, connective tissue
fibers and perivascular structures became more
pronounced, - all these changes were accompanied by
intensification of deformation of the vessels' contours.
Alongside the passage of the vessels of metabolic and
refluence units of the microcirculation channel all the
objects of the investigation (the bone tissue and red
bone marrow) showed aggravated perivascular edema,
cell infiltration, which were caused by the increase of
the vascular wall permeability. The number of the
network capillaries with the formation of loop-shaped
capillary complexes and extensive avascular regions
was significantly reduced. The red bone marrow in the
animals of the 5-th group looked like that consisting
predominantly of cells, hemopoietic cells were arranged
into islands, stroma elements were poorly differentiated.
There were revealed the signs of dystrophy; a
significant amount of stroma cells; the number of
hemopoietic activity foci was significantly reduced; the
number of cells in some islands was decreased, in other
islands the reduction of the red bone marrow was
observed. In the animals subjected to the effect of acute
immobilization stress the incidence of impairments in
intravascular and vascular microcirculation units was
significantly close to the analogous indices observed in
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chronic stress modelling. In particular, vascular dystonia
occurred in all the animals in both acute and chronic
stress. Under the influence of acute immobilization
stress extravascular microcirculation impairments of the
bone tissue and red bone marrow occurred 1,5 — 1,7
times more rarely as compared to the effect of chronic
stress. In acute stress intravascular microcirculation
impairments also occurred 1,2 — 1,4 times more rarely
as compared to chronic stress. In particular, erythrocyte
hemolysis in acute stress modelling was noted in 1/3 of
the experimental animals, while in chronic stress it was
observed in almost half of the cases (Table 1).

Table 1 Relative incidence (%) of occurrence of the
signs of microcirculation impairments in the bone tissue
and red bone marrow of experimental animals at acute
and chronic immobilization stress modelling.

Unit of ;
microcirculation . Ac_u_te . . Chr_o_nlc .
channel immobilization immobilization
(number of the signs st[ess stiess
analyzed) @=15) @=1%)
Va(ssc;lilgrr]:)nlt 76,6% 91,6%
Intra(\éa:;:;rl]esl; unit 75% 93.3%
Extrez\éa:i(;ur:g)r unit 70,6% 97.3%

There was noted practically equal decrease of the
incidence of the impairments' occurrence in all three
units of the microcirculation channel in the bone tissue
and red bone marrow in the animals subjected to the
influence of acute immobilization stress at the
background of radiation during 5 minutes and 30
minutes as compared to the effect of acute stress
without radiation (Table 2).

Table 2 Relative incidence (%) of occurrence of the
signs of microcirculation impairments in the bone tissue
and red bone marrow of experimental animals at the
modelling of acute immobilization stress at the
background of radiation with EMR THF 150,176-
150,664 GHz.

. Duration of radiation
Unit of

o circulat with EMR THF
microcirculation 150,176-150,664 GHz
channel 15 20
(number of the signs 5 minutes minutes minutes
analyzed =
yzed) (n=15) (n=15) (n=15)
Va;c;gar:;;mt 55% 7.5% 46,6%
'””a(‘gazic;r']";; unit 44,2% 2,5% 35,8%
Extravaspular unit 41’3% 4% 3204
(5 signs)

Besides, the incidence of occurrence of the majority
of the signs of microcirculation impairments at 30 —
minute radiation was less as compared to 5 — minute
radiation regimen (Table 2). In the animals subjected to
the influence of acute immobilization stress at the
background of 15 — minute radiation, practically

J of Biomedical Photonics & Eng 1(4)

227

doi: 10.18287/JBPE-2015-1-4-225

complete normalization of the bone tissue and red bone
marrow microcirculation conditions was noted in
accordance with zero indices of the incidence of
occurrence of the majority of the corresponding signs.
Moreover, the incidence of occurrence of some signs of
microcirculation impairments (dystonia and swelling of
the vascular wall, focal perivascular edema, interstitial
edema, poikilocytosis) in the animals of that
experimental series did not exceed 1/5.

The analysis of the impairments' incidence in
intravascular, vascular and extravascular units of the
bone tissue and red bone marrow microcirculation
channel in the animals subjected to the effect of chronic
immobilization stress made it possible to establish
significantly equal decrease of that index at the
background of 5 — minute and 30 — minute radiation.
Besides, when comparing the corresponding indices
between the above mentioned experimental series of the
animals, there was noted the tendency to more
pronounced decrease of the incidence of occurrence of
the majority of signs of microcirculation impairments at
30 — minute radiation as compared to 5 — minute
radiation (Table 3).

Table 3 Relative incidence (%) of occurrence of the
signs of microcirculation impairments in the bone tissue
and red bone marrow of experimental animals at the
modelling of chronic immobilization stress at the
background of radiation with EMR THF 150,176-
150,664 GHz.

Duration of radiation

Unit of microcirculation with EMR THF
channel 150,176-150,664 GHz
(number of the signs 5 minut 15 30
analyzed) (T=n1u5)e s minutes minutes
(m=15) (m=15)
Vascu_lar unit 50% 26.6% 45%
(8 signs)
Intravasg:ular unit 45% 17.5% 38.3%
(8 signs)
Extravas_cular unit 62.6% 30,6% 5206
(5 signs)

The animals under chronic immobilization stress at
the background of 15 — minute radiation, as compared to
other experimental series of chronic stress modelling,
demonstrated maximum degree of correction of
microcirculation impairments in the bone tissue and red
bone marrow, in accordance to the minimal incidence
indices of the majority of corresponding signs. The
incidence of occurrence some signs of microcirculation
impairments (dystonia and swelling of the vascular wall,
focal perivascular edema, capillary network reduction;
metachromasia of Haversian canals' elements; bone
matrix acidophilia) in the animals of that experimental
series did not exceed 1/3, the signs of erythrocyte
hemolysis were noted in none of the cases.
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4 Conclusion

Application of radiation with EMR THF at 150,176-
150,664 GHz frequency at the background of acute and
chronic immobilization stress contributes to the
decrease of occurrence incidence of microcirculation
impairments in the bone tissue and red bone marrow. It
has been established that in experimental conditions the
effect of EMR THF at the frequency of molecular
spectrum of absorption and radiation of nitrogen oxide
(150,176-150,664 GHz) on microcirculation
impairments in the supporting tissues under
immobilization stress depends on the radiation duration.
The highest degree of correction of the supporting tissue
microcirculation impairments is reached by application
of 15-minute radiation duration.

The presented findings give the grounds to assume
that EMR THF MSARNO may be recommended as a
valid and effective method in the complex treatment of
patients with orthopedo-traumatological pathology.
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Abstract. Purpose: Elastography is an emerging method for detecting the pathological
changes in tissue biomechanical properties caused by various diseases. In this study, we
have compared two methods of noncontact optical elastography for quantifying Young's
modulus of tissue-mimicking agar phantoms of various concentrations: a laser
Michelson interferometric vibrometer and a phase-stabilized swept source optical
coherence elastography system. Methods: The elasticity of the phantoms was estimated
from the velocity of air-pulse induced elastic waves as measured by these two
techniques. Results: The results show that both techniques were able to accurately
assess the elasticity of the samples as compared to uniaxial mechanical compression
testing. Conclusion: The laser Michelson interferometric vibrometer is significantly more
cost-effective, but it cannot directly provide the elastic wave temporal profile, nor can it
offer in-depth information. © 2016 Samara State Aerospace University (SSAU).
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1 Introduction

The biomechanical properties of tissues are important
parameters for tissue characterization [1]. For example,
keratoconus structurally degenerates the cornea [2],
tumors generally stiffen tissue [3], and atherosclerosis
hardens the vasculature [4]. Thus, quantifying changes
of biomechanical properties of tissue can provide
critical information for early diagnosis and effective
treatment of various diseases [3, 5].

Several elastographic methods have been developed

imaging modalities measure the tissue response to the
excitation, and these measurements can then
characterize the biomechanical properties of tissue
through the use of appropriate mechanical models.
However, these elastographic methods require relatively
large tissue deformation due to their limited
displacement  sensitivity.  Alternatively, Brillouin
microscopy can map the Brillouin shift of tissue in 3D
with high spatial resolution without external loading
[15, 16]. While it is understood that the Brillouin shift is
related to the Young’s modulus, accurately quantifying

in the past few decades to characterize the the stiffness of tissue from the Brillouin shift is still a
biomechanical properties of tissues, such as ultrasound challenge.

elastography ~ (USE)  [6],  magnetic ~ resonance Optical coherence elastography (OCE) is an
elastography (MRE) [7], acoustic radiation force emerging technique that can assess the biomechanical

imaging [8], supersonic shear imaging [9], and dynamic
corneal imaging [10]. All of these methods combine an
imaging technique with external loading, such as
mechanical compression [11], acoustic radiation force
[12], pulsed laser [13], or focused air-pulse [14]. The
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properties of tissues completely non-destructively [17,
18]. Similar to USE and MRE, OCE is an elastographic
extension of its parent imaging modality, optical
coherence tomography (OCT) [19]. In addition to
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Fig. 1 Schematic of PhS-SSOCE experimental setup.

micrometer-scale spatial resolution,
OCT has enabled nanometer-scale displacement
sensitivity [20]. We have previously utilized the
superior displacement sensitivity of OCT to analyze the
propagation of a low amplitude (< 10 pm) focused air-
pulse induced elastic wave [21]. By quantifying the
velocity, the Young’s modulus can then be estimated
with reasonable accuracy as compared to uniaxial
mechanical testing [22, 23].

However, OCT setups, particularly phase-sensitive
systems, can be complex and expensive. Simpler and
more cost-effective techniques such as Michelson
interferometer-based laser vibrometery could potentially
also provide measurements for calculating the velocity
of the air-pulse induced elastic wave [24]. Laser
vibrometry has been successfully used in various
applications due to its high sensitivity, which has
enabled detection of very small vibrations on the order
of the source wavelength. Laser vibrometry was first
applied in different engineering fields, such as modal
analysis, vibration and noise testing, characterizing
loudspeakers, and assessing piezoceramic transducers
[25]. Recently, laser vibrometry has gained traction in
biomedical and bioengineering applications, such as
auditory research [26, 27], dentistry [28, 29], cardiology
[30-32], as well as elastography and rheology [33-38].

In this study, a phase sensitive swept source optical
coherence elastography (PhS-SSOCE) system and laser
Michelson interferometric vibrometer (LMIV), both
developed in our lab, were utilized to measure the
velocity of focused air-pulse induced elastic waves
propagating in tissue-mimicking agar phantoms of
various concentrations. The Young’s modulus was then
quantified from the wave velocity and was compared to
the stiffness as measured by uniaxial mechanical
compression testing. The results show that the velocities
as measured by both systems were very similar, and the
estimated Young’s modulus was consistent with
mechanical testing.

phase-resolved
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2 Materials and methods

A home-built focused air-pulse delivery system [14]
induced elastic waves in tissue-mimicking agar
phantoms of various concentrations (1%, 1.5%, 2%,
w/w, n=3 for each concentration) The elastic waves
were then detected by the LMIV and PhS-SSOCE
systems, separately. The air-pulse delivery system
employed an air gate and a control unit to provide a
short duration (~800 pus) focused air-pulse to the sample
surface, and the control unit enabled synchronization of
the air-pulse with the OCE and LMIV systems. The air
source pressure was obtained from a standard pressure
gauge, and the air-pulse was expelled through a cannula
port with a flat edge and inner diameter of ~150 pum.
The localized air-pulse excitation was precisely
positioned with a 3D linear micrometer stage.

The PhS-SSOCE system was comprised of the
previously described air-pulse delivery device and a
home-built phase stabilized swept source optical
coherence tomography (PhS-SSOCT) system. A
schematic of the experimental setup is displayed in Fig.
1. Further details about the PhS-SSOCT system can be
found in our previous work [39, 40]. Briefly, the PhS-
SSOCT system utilized a broadband swept laser source
(HSL2000, Santec, Inc., Torrance, California) with
central wavelength of 1310 nm, bandwidth of ~130 pm,
scan rate of 30 kHz, and output power of ~39 mW. A
fiber Bragg grating was used as the A-scan trigger that
improved phase stabilization. The axial and lateral
resolutions of the system were ~11 pm and ~16 pm,
respectively. The phase stability of the system was ~16
milliradians, which corresponded to ~3.3 nm
displacement sensitivity in air. The experimental
acquisition and data processing methods are detailed in
our previous work [41]. Simply, successive M-mode
images were acquired in a line, and the M-mode frame
trigger was synchronized with the air-pulse so that
effectively, the same elastic wave was imaged.
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LMIV schematic is depicted in Fig. 2. The LMIV
employed a Helium-Neon (HeNe) laser with wavelength
of 633 nm and output power of 1.5 mW (model 31005,
Research Electro-Optics, Inc., Boulder, CO). The output
of the HeNe laser was expanded and collimated to 90%
of the objective lens aperture to maximize photon
collection. The light beam was then split into sample
and reference arms using a 50:50 non-polarizing cube
beam splitter. In the sample arm, the beam was
transmitted through a 10X microscope objective and
focused on the sample surface. In the reference arm, the
beam was directed to a matching 10X microscope
objective and focused onto the surface of a silver mirror.
After the reflected light beam passed through the beam
splitter, the interference signal was detected by a silicon
photodetector (model DET100A, Thorlabs, Inc., USA).
The temporal intensity output from the photodetector
was captured by a digital oscilloscope (model DS4014,
Rigol Inc., USA). The air-pulse stimulation and the data
acquisition were synchronized by a TTL signal, which
was provided by a digital pulse generator (model 575,
BNC Inc., USA). The system was assembled on a 3-
inch thick optical breadboard and supported with four
sorbothane isolation pads to maximize system stability
and minimize environmental noise. During the LMIV
measurements, all data was acquired with the same
acquisition window and oscilloscope sampling settings.
Six co-linear measurements positions were recorded on
each sample, and the distance between two adjacent
positions was 1 mm. The time ¢ for the wave to
propagate from a reference measurement position to
each location was obtained by cross-correlation
analysis. The elastic wave velocity, ¢, was then obtained
by the inverse slope of the linear fit of the propagation
distances, Ad, to the elastic wave propagation delays, At
[42].
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Oscilloscope

IF: Interference filter T
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Fig. 2 Schematic of LMIV experimental setup.

Since the tissue-mimicking agar phantoms can be
treated as an isotropic homogeneous elastic material, the
Young’s modulus [43], E, was estimated by [23, 40,
441:
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where p=1.02 k/gm’ was the material density, and
v=0.49 [21, 44] was the Poisson ratio. For all
experiments, the output pressure of the air-pulse was <
10 Pa. Uniaxial mechanical compression testing (model
5943, Instron Inc., MA, USA) was performed on the
same samples after OCE and LMIV measurement [23].

3 Results

Figure 3 shows typical 1% agar phantom surface
response signal to the air-pulse at various positions
during OCE (Fig. 3(a)) and LMIV (Fig. 3(b))
measurement. During OCE measurements, 501 M-mode
measurements were acquired over 6.9 mm. Figure 3(a)
shows typical surface responses to the air-pulse
stimulation at OCE measurement positions which were
0.1 mm apart, and the first acquisition position was 1
mm away from the excitation position. During LMIV
experiments, the first measurement position was also 1
mm away from the stimulation position, but successive
measurement positions were 1 mm apart as depicted in
Fig. 3(b).

Figure 4 shows the elastic wave propagation velocity
as measured by both systems. The group velocity as
measured by OCE was 1.724£0.25 m/s, 3.41+£0.49 m/s,
and 5.1140.26 m/s in the 1%, 1.5%, and 2% agar
phantoms, respectively. The velocities measured by the
LMIV from the same agar samples were 1.75+0.03 m/s,
3.66+0.26 m/s, and 5.13+0.28 m/s, respectively.
Statistical testing by a paired t-test showed no
significant difference between the two systems (P=0.90,
0.25, and 0.89 for the 1%, 1.5%, and 2% phantoms,
respectively).

Figure 5 shows the Young’s modulus (F) of the
samples estimated based on the OCE and LMIV
measurements using equation (1) and as measured by
“gold standard” mechanical testing system. The
Young’s moduli of the 1%, 1.5%, and 2% agar
phantoms as estimated by OCE were 8.01+2.3 kPa,
31.39+9.19 kPa, and 69.45+7.07 kPa, respectively. The
elasticities as quantified by the LMIV were 8.12+0.28
kPa, 35.69+5.07 kPa, and 70.14+7.57 kPa for the 1%,
1.5%, and 2% phantoms, respectively. The stiffness of
the same samples was also measured by mechanical
testing (MT), which resulted in a stiffness of 9.46+0.43
kPa, 45.34+2.32 kPa, and 89.25+9.4 kPa for the 1%,
1.5%, and 2% samples, respectively.

4 Discussion

The shape of the displacement as measured by the
LMIV (Fig. 3(b)) was somewhat similar to the
displacements detected by the OCE system in this work
(Fig. 3(a)) and previous work [23, 40]. The differences
in the shape of the temporal profiles can be attributed to
the different ways of each technique measure the

1 Feb 2016 © SSAU



J. Li et al.: Assessing mechanical properties of tissue phantoms...

doi: 10.18287/JBPE-2015-1-4-229

0 04
—~ 1
= -0.005 4
—
= 5
- 4 : -0.0104
c ©
by -
g -31 —1mm 2 0.015-
8 —1.1mm g
T -4- —1.2mm .9 -0.0204
Q. 1.3mm =
R ——14mm —
a -5 t5mm 00257
1.6 mm
-6 T T T T T T T -0.030 T T T T T T T
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 il

(a)

Time (ms)

(b)

Time (ms)

Fig. 3 Sample surface responses of a 1% agar phantom recorded during (a) OCE and (b) LMIV experiment at the

indicated distances from the air-pulse excitation.

displacement of the sample. OCE measures the optical
path difference between sample and reference arm, and
the LMIV measures the intensity of light reflected from
the sample surface. More specifically, the elastic wave
may undulate similar to a wave in water, and the
resulting change in sample surface geometry relative to
incident beam may explain the kink during the inward
process. Furthermore, OCE can easily provide absolute
displacement, which can be used in other OCE
techniques, such as compressional OCE for stress/strain
analysis [45].
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Fig. 4 Elastic wave propagation velocity measured by
OCE and LMIV. Statistical testing was performed by a
paired t-test to demonstrate that the velocity
measurements made by both systems were not different.
The respective P-values are labeled.

Statistical testing via a paired t-test showed that
there was no significant difference between the
velocities measured by both systems, with P=0.90, 0.25,
and 0.89 for the 1%, 1.5%, and 2% phantoms,
respectively (Fig. 4). However, the LMIV can only
measure the wave propagation at the surface of the
sample since internal scattering is dominated by the
specular reflection from the surface. In contrast, OCE
can provide depth-resolved elasticity measurements
[46]. To further demonstrate the depth-resolved
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elasticity characterization by OCE, a sandwich-type
agar phantom was constructed with a 2% agar layer
between two layers of 1% agar (Fig. 6). Because the air-
pulse induced elastic wave wavelength is large, spectral
analysis was utilized to provide depth-resolved elasticity
assessment [46], and all three layers were differentiated
successfully. Figure 6 shows the phase velocity of the
air-pulse induced elastic wave at 180 Hz. The boundary
layers are marked by the dashed red line.

| I oce
100 | Lmiv
1 MT

1 1.5 2
Agar Concentration (%)

Fig. 5 Young’s modulus (F) estimated by the OCE
system, LMIV, and as measured by mechanical testing
(MT).

The Young’s moduli estimated from the group
velocities were smaller than as measured by mechanical
testing. However, this is in agreement with our very
recent investigation and can be explained by
assumptions about sample geometry in Eq. 2 and the
non-linearity of the agar stress-strain curve [23].

The LMIV can provide very rapid detection of
elasticity since the data acquisition and post-processing
are minimal. During OCE study, 501 successive M-
mode images were acquired at 100 ms per M-mode
image, resulting in an acquisition time of approximately
half a minute. However, due to the large data size, the
post-processing time can be on the order of several
minutes. Since each OCE measurement position results
in a longer acquisition time and more data, there is an
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intrinsic  trade-off between spatial resolution and
acquisition and processing times. Lateral measurements
in the LMIV system were made by translating the
sample, whereas the galvanometer-mounted mirrors
were used to make measurements at the transverse
locations in the OCE system. An automated motorized
linear stage would dramatically speed up the acquisition
time of the LMIV, but the speed would be limited to
ensure that no damage was caused to the sample or that
there was no slipping of the sample. Hence,
elastographic measurements made with OCE are
simpler because the probe beam is moved and not the
sample. Furthermore, the LMIV requires precise
alignment in order to capture the reflected photons.
Moreover, OCE can provide a depth-resolved image of
the sample, making alignment significantly easier.

~180 Hz

(o]
|

Phase velocity (m/s)

T : T T T
0 500 1000 1500

Depth (um)

Fig. 6 Phase velocity of the air-pulse induced elastic
wave at 180 Hz in a sandwich-type agar phantom (top)
with OCT image of the phantom (bottom). The layer
boundaries are marked by the dashed red line.

In this study, successive M-mode images were
acquired and an air-pulse excitation was synchronized
with each measurement. This technique may not be
feasible for in vivo measurement due to multiple
excitations and the extended acquisition time, which
may lead to excessive laser exposure. However, we
have recently developed a technique that takes
advantage of recent advances in OCT sources by
directly imaging the propagation of an air-pulse induced
elastic wave. Here, only a single excitation was
necessary for a line measurement and the MPE limit for
the sample (cornea) was not exceeded [47]. However,
the spatial and temporal resolutions were still limited as
compared to the OCE technique described in this work.
Recently, GPU-accelerated compressional OCE has
been demonstrated, enabling near real-time 3D elasticity
assessment  [48].  Combining  high-performance
computing would drastically reduce the processing time
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of the OCE post-processing and would also enable near
real-time characterization of tissue biomechanical
properties and is currently under development.

Another core issue for comparison of the two
techniques is the cost. The approximate total costs of
building the OCE and LMIV systems are listed in Table
1. The LMIV system is approximately one-tenth the
cost of the OCE system. The LMIV system requires a
simple HeNe laser, whereas the OCE system requires a
broadband low coherence swept source laser. As the
LMIV system is an open space system, there are no
expensive fiber based components. Fiber optical
components are becoming more mainstream and prices
continue to decrease. However, the price disparity will
still exist due to the sheer difference in complexity of
the two systems.

Table 1. Approximate cost in $US of the OCE and
LMIV systems used in this study

OCE LMIV

Light source 20000 850
Optical components 4500 2550
Scan 2850 0
Control units 6500 600
Data acquisition 10000 150
Data processing 3000 500
Total cost 46850 4650

5 Conclusion

In this work we have utilized two optical techniques,
laser Michelson interferometric vibrometry (LMIV) and
optical coherence elastography (OCE) to assess the
elasticity of tissue-mimicking agar phantoms. A focused
air-pulse induced elastic waves in the samples, which
were then detected by the two techniques. The stiffness
of the agar phantoms as quantified from the velocity
were measured by the LMIV and OCE systems was in
good agreement. The LMIV system was significantly
less complex and cost-effective as compared to the OCE
system, but the LMIV system cannot provide-depth
resolved elasticity assessment. Therefore, if depth-
resolved elasticity or high spatial resolutions are not
necessary, then LMIV may be a simple and cost-
effective technique to measure the elasticity of tissues
completely noninvasively.

1 Feb 2016 © SSAU
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Abstract. The detection of small quantities of proteinuria has gained significance as
multiple studies have demonstrated its diagnostic, pathogenic, and prognostic
importance. More than 260 samples of urine taken from the patients suffering chronic
kidney disease (CKD), diabetes and hypertension have been analysed in the certified
laboratory, with urine analyser H-50 (urine test strips) and with an optoelectronic set-
up specially designed for this study. Albumin, protein and creatinine concentrations
have been determined in the laboratory and the data thoroughly analysed with the aim
to find new approaches to tackle the lowered level proteinuria problems. Special
attention has been paid to a particular screening focus group of 16 patients all having
normal or slightly abnormal levels of albumin in parallel with enhanced levels of total
protein (45% cases) up to 0.4 g/L. A fair correlation between the maxima in the protein,
protein/creatinine, protein/albumin values and CKD in the focus group has been
observed. The urine test strips method gave 94% negative false results for the focus
group whereas the new sensor has shown in all cases the presence of proteins. The
sensor signals higher than the mean in this focus group were obtained for the donors
with the diagnosed CKD and some other diseases. The new method is based on the
optical absorption measurements (285 nm) in the protein fractions received with use of
the commercial desalting columns PD-10. The method can be applied in the wide region
of protein concentrations from <0.1 g/L up to the levels of severe proteinuria (~10g/L).
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1 Introduction therefore CKD is an important public health issue. CKD

is the common disease but few individuals have strongly
Population studies have demonstrated the presence of reduced glomerular filtration rate (GFR), kidney failure
the chronic kidney disease (CKD) in 10% cases and or severely increased albuminuria. However, there is
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substantial evidence linking increased albuminuria to
outcomes of CKD [1, 2]. The detection and evaluation
of small quantities of proteinuria have gained
significance as multiple studies have demonstrated its
diagnostic, pathogenic, and prognostic importance [1-3].
There exists a large need for the express and cheap
methods for the population screening and regular
monitoring of albumin and/or protein levels in urine of
people suffering the CKD. Albuminuria should be
monitored also regularly in patients with transplanted
kidney [4]. Screening of healthy people is also an
important topic but there is not enough evidence to
recommend checking the kidney function of otherwise
healthy people for signs of disease [5]. One can think
that the development of assay methods will allow the
people to perform self-screening even at home. This
may be appropriate because the CKD is the common
disease and higher albuminuria is associated with
adverse kidney outcomes [6].

Urine test strips (or dipsticks) are well known
instruments invented for such purposes but the cheap
test strips cannot enable sufficient sensitivity and
precision. In the KDIGO 2012 guidelines [2] it is stated
that “...there is no standardization between
manufacturers. The use of such strips should be
discouraged in favour of quantitative laboratory
measurements of albuminuria or proteinuria”. Strips are
envisaged mainly for selective detection of albumin and
are not sensitive to some other proteins, e.g., Bence-
Jones proteins (monoclonal heavy or light chains) and
give often negative false results [7].

At the same time the laboratory total protein assays
are also commonly flawed and wunder these
circumstances are often still standardized against
albumin [2]. Comparison of different automated assays
of urine protein was carried out [8]. It was established
that the results of different methods (Randox, Beckman,
Roche and Vitros) at low, so called, normal protein
concentrations (< 0.1 g/L in the untimed samples) do
not correlate with each other and with the data obtained
by the Ponceau S/TCA manual method used by the
authors. It was also speculated that the colorimetric (a
dye binding; Randox, Beckman, Vitros) and
turbidimetric (protein agglutination; Roche) methods
usually used in automated technologies can be not
neutral for very complex urine environment and can
depend on the concentration of one or another urine
component, e.g., sodium chloride and other salts [9].

There is one more possible explanation of deviations
connected with different reaction of different protein
components  (albumin, globulin, Tamm-Horsfall,
polypeptides) with different reagents under use. For
instance, small peptides induced significant signals with
the Beckman and Randox assays and were neglected by
the Roche and Ponceau S/TCA assays [8].

All circumstances mentioned above manifest that the
protein quantification at lowered concentrations can be
a challenge [10] not only for the work with the express
methods but even for the certified automated
laboratories. At the same time it is often impossible to
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avoid the direct estimation of proteins because there are
the diseases when it is necessary to know just the total
protein and not only albumin concentration (tubular
proteinuria, children diseases etc.) [2].

In this study we have encountered a particular case
where by the low (normal or slightly abnormal) levels
of urine albumin (< 0.03 g/L) the total protein
concentrations can be rather high, e.g., by the factor of
10 and much more. Abnormal protein level is correlated
with diabetes, hypertension, kidney and urinary failures
in these urine donors. This new fact directly points to
one more reason why it is important to provide the total
protein quantification in urine.

2 Aims

The main aim of the undertaken study was to
demonstrate the possibility to exploit the UV absorption
of proteins at A = 285 nm in specially fractionated urine
for estimation of their concentration in the whole human
urine. The second goal of the project was the
comparison of optical results with those obtained in
parallel by use of urine test strips and automated
(Roche) assays. Additionally, a concise analysis of the
obtained results from the clinical point of view is also
undertaken. The given research is a continuation of our
previous studies [11, 12].

3 Method, patient and samples

3.1 Urine fractionation

We have used the direct UV absorption measurement at
A = 285 nm for the estimation of total protein
concentration. In the whole urine the absorption at ~280
nm is very high and is induced mainly by uric acid [13,
14] and, so called, visible (blue) fluorescence substance
(VFS) present in all biological fluids [15, 16]. The
absorption of proteins is usually totally masked by these
components. Therefore urine has to be fractionated to
extract the protein fraction envisaged for optical
measurements.

For fractionation commercially available and cheap
PD-10 desalting columns (GE Healthcare) with the cut-
off at M < 5 kDa were used [17]. The urine fraction
eluted as the timely first contains the whole pool of the
typical urine proteins (albumin, globulin, Tamm-
Horsfall, etc.) and, eventually, some large peptides and
complexes with the molecular masses M > 5 kDa.

The chronogram of such a fractionation of urine
with the starting protein concentration of 5 g/L is
represented in Fig.1. The sharp peak at the retention
time t =~ 1.5 min belongs to the total protein fraction.
The other peaks are induced by the VFS (the interval
3.5 — 5 min) and uric acid (7.5 min). Additional analysis
has shown that in the protein fraction there are residuals
of the abundant metabolites urea and creatinine in a
rather high concentration of ~ 10 and ~1 mmol/L,
respectively. These metabolites absorb the light in the
region A < 250 nm and do not disturb our
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Fig. 1 Fractionation chronogram of albuminuria urine in a desalting column PD-10. The 1.5 min elution peak belongs to
proteins with M > 5 Da whereas the hump at 3.5 min to the VFS and the most intensive maximum (6.5 min) to uric

acid.
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Fig. 2 Absorption spectrum of a urine fraction M > 5kDa in the 5 mm thick layer. The concentration of protein in the

whole starting urine was 5 g/L.

measurements (see also [14]). The presence of uric acid
could not be established in the protein fraction at the
sensitivity level of the Cobas 6000 Roche method (<12
umol/L). No correlation between the wuric acid
concentration in the starting urine and the protein peak
maximum in the chronograms has been seen.

The absorption spectrum of a protein fraction
produced by use of a PD-10 column is given in Fig.2.
The spectrum was measured at a spectrophotometer
Jasco V-550. One can see that the absorption for the 5
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mm layer in the case of protein concentrations in the
starting urine material in the range of several g/L (5 g/L
in the given case) is high with optical density (OD) of
>2. In the special test with water dilution of a high
protein level fraction the linearity of OD in the range
2.84 — 0.05 with a very small correlation variation (CV)
(R? = 0.9996) was established.

It is important to mention that one and the same PD-
10 column is suitable for multiple usages up to 100
times and more. This experience has been obtained in
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the exploitation mode applied in this study: 200 pL of
starting urine plus 50 ml of a buffer for one
fractionation procedure. By this protocol strong dilution
1:250 does take place and the variations in
concentration (specific density) of starting urines are
minimised and could not be taken into account.

3.2 Choose of buffers

We have proved different buffer liquids needed for
fractionation with the wide pH range from pH3.5 (e.g.,
blank dialysate SW 380 A) up to pH9.3 (10 mM
TRIS + 150 mM NaCl + 2 mM EDTA). The distilled or
salt water with 0.9 wt. % of NaCl (physiological fluid)
can be used too. One can obtain higher signals in the
chronograms for the protein peaks (M > 5 kDa) with
distilled water but the measurement errors, i.e.,
stdev/average in this case were sometimes higher than
with the other buffers, i.e., =10% instead of 3.5 — 5% for
the more complex buffers. The results represented in
this paper are obtained mostly with the basic buffer
pH9.3 (10 mM TRIS +150 mM NaCl +2 mM EDTA).

3.3 CKD patients

Urine samples were collected from the CKD or at CKD
risk subjects (diabetes and/or hypertension) treated in
the nephrology division at the Tartu University Hospital
(TUH) or monitored in the ambulatory service at the
TUH or at the Family Medicine Providers Centre
(FMPC) Maisavahe (Tartu).

In this study we have paid much attention to the
patients with the normal urine albumin (< 0.03 g/L) and
with abnormal protein (= 0.1 g/L) in untimed samples.
The FMPC part of them (16 patients) constituted the
main focus group for the further scrutinised
investigation.

Additionally, 5 urine samples were taken from the
healthy people for comparison purposes.

The average age in the main focus group (50%
males and 50% females) was 56.75 years, whereas the
average age for the controls (4 males and one female)
was “tuned” to the close level of 57.6.

3.4 Urine samples

Altogether 261 samples of urine were collected and
analysed. All samples were taken one or two times and
usually in the first half of the day. No 10-hours or day
night  collection  attempts  were  undertaken.
Approximately 150 different urine samples were
assayed in the laboratory of the Tartu University
Hospital (TUHL) where the Cobas 6000 Roche systems
technology is being used. The albumin, protein,
creatinine and, sometimes, uric acid concentrations were
determined. The dominant part of urine samples were
delivered to the TUHL as soon as possible (mostly
within one hour). The samples collected at the FMPC
could be transported to the TUHL in several hours.
Many urine samples were stored in the frozen
condition at -10°C and some of those were reused for
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additional or special tests. No remarkable changes in
relation to protein optical absorption after the
freezing/de-freezing circles have been noted.

A part of wurines were centrifuged before
fractionation at the angle speeds of 1200-3000 rpm.
Sometimes there were precipitates on the bottom of test-
tubes with fresh or de-frozen centrifuged urines. We
avoided using in experiments the lowest part of the
fluids with precipitates but one cannot exclude the
influence of the smallest suspension particles which
scatter the light and affect the accuracy of absorption
measurements. Different scattered light levels were
indicated in some samples in the urine transparency
region at A > 300 nm but they were not quantified and
not used in the estimations. This matter should be given
more attention in the future (see p. 5.1.).

Another part of urines was filtered with use of the
Whatman FP30/0.45 CA-S 0.45 um filters. More stable
results have been obtained with filtered urines than with
centrifuged ones.

3.5 Optical cell and chronograms recording

For the measurements a UV optical cell cognate with
that used in [18] was connected to the exit of a column
PD-10 and the standard chronogram recording on a
computer monitor took place (Fig. 1). This approach
resembles those used earlier for determination of small
molecular mass urine components by the methods of
high performance liquid chromatography [19, 20]. We
have used the area under the protein peak in the
chronograms as the measure of protein absorption
(concentration) after the recalculation “peak area —
concentration”. The computer programme stopped the
measurement at the first minimum in the chronogram,
i.e. approximately at the retention time t = 2.5 min
(Fig.1) so that the peak measurement procedure lasted
usually less than 2 min. One needs an additional time
(~10 min) for the elution of all smaller mass fractions
and prepare the column for the next measurement.

The analytical error “stdev/average” in the multiple
test measurements (10 up to 20) with one and the same
urine was mostly between 3.5 and 5% at the low (0.1-
0.2) as well as at the high protein concentrations (3.5
g/L).

There is some inaccuracy in this mode of
measurements because of the overlapping of the protein
and strong VFS elution peaks (Fig. 1). We have
circumvented this difficulty by the use of the empirical
correlation “protein peak area” versus “certified protein
concentration in the starting whole urine”. This
correlation was obtained on the base of the numerous (~
100) parallel measurements in the TUHL and by our
method with all possible urine protein concentrations
from 0.03 up to 10 g/L. The obtained linear dependence
formula p = k x +b, where p is the protein
concentration, x — peak area, k — slope and b — bias,
served further for estimation of a newly measured
protein concentration (for the value of the parameters k&
and b see p.4.1). This approach does work well. The
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samples) in the widest available range of concentrations from 0.002 g/L for albumin up to 9.3 g/L for both albumin and
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Fig. 4 The part of the lowest albumin vs protein
interdependence in Fig.3.

differences sometimes still observable in the results
obtained by the proposed method and Cobas 6000
Roche assays can be connected not so much with the
technical aspects of measurements but with different
and hardly predictable variations in interaction of urine
components in the different methods and technologies
(see also Introduction and Discussion). Nevertheless, we
have used in this study the laboratory data as the
reference and designate these as “certified data”.
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3.6 Use of urine test strips

We have used a commercial DIRUI urinalysis
instrument H-50 for the work with the samples collected
at the FMPC. In this photoelectric colorimetry device
the urinalysis strips of the type H13 were used for an
automated reading of coloured strips at six possible
wavelengths 400, 520, 560, 610, 660 and 940 nm [21].
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Fig. 6 Correlation between the absorbed light sum designated as the “protein elution peak area” and concentration of
protein in the corresponding whole urines established for the widest range of concentrations up to ~10 g/L.

4 Results

4.1 Certified data obtained with the whole
urine samples

In Fig.3 we demonstrate the correlation between
albumin and protein concentrations in the whole urines
using the data obtained by the Cobas 6000 Roche
technique for 133 samples. We have tested the urines

J of Biomedical Photonics & Eng 1(4)

with the widest available concentration extension from
the lowest 0.002 g/L of albumin and 0.01 g/L of protein
for healthy people up to ~10 g/L for both components in
the severe proteinuria case. In these wide scales the
obtained correlation

y=1.15x+0.15 g/L (1)
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is perfectly linear (R* = 0.9794) and can be used for
rough estimation of protein concentration y on the base
of known albumin data x or vice versa.

It is important to note that in the empirical formula
(1) there is the bias parameter b = 0.15 g/L. This would
mean that in the albumin-free urines (x=0) there are
other proteins at a rather high concentration of 0.15 g/L.

The similar correlation formula holds also for the
albuminuria region 0.03 — 0.3 g/L (36 samples in our
collection)

y=1.15x+0.19 g/L 2)
with the CVs much larger in this case (R*=0.2391).

If we had focused our consideration particularly onto
the region of the lowest levels of both albumin and
protein, i.e., at the normal albumin concentrations
x < 0.03 g/L (50 donors) we have obtained the
essentially different correlation

y=15.65x +0.04 g/L. 3)

The corresponding distribution is depicted in Fig. 4.
The proportionality coefficient 5.65 before x in (3) is
much larger than in (1) and (2) showing the diminished
role of albumin in this region. The decrease of the bias
down to 0.04 g/L is also remarkable. The scattering of
the dots in Fig. 4 is high (R* = 0.335) what creates
difficulties for precise work in this domain. One can see
that there are some points which deviate especially
strongly upwards and lie in the range of protein
concentrations 0.15 — 0.4 g/L. This region is beyond the
normality level of protein determined typically at < 0.15
g /24 hours or translated to the concentration < 0.1 g/L
by the daily urine dose 1.5 L [22]. We will pay later on
the main attention just to these enhanced protein values
(see p.4.3).

Fig. 5 demonstrates one more possibility to
distinguish three sub-regions in the wide proteinuria
region 0.01 — 10 g/L which need to be addressed
separately. There is in Fig. 5 the depicted distribution of
concentration ratios albumin/protein Alb/Pr in the same
family of samples as in Fig. 3. The distribution can be
fairly approximated by the logarithmic law

y = 11.33In(x) + 69.89, 4
where x is the concentration of albumin in g/L and
y — ratio Alb/Pr in %. At the largest concentrations
(> 2 g/L) the total protein consists mostly of albumin
(>80%). The albumin portion asymptotically approaches
100% and one can say that in this region proteinuria is,
in essence, albuminuria or vice versa. At the curve bend
around 1 g/L the domination of albumin is not so strong
(~70%) and in the region of lower values (< 0.3 g/L) the
ratio Alb/Pr decreases abruptly. In this region the
significance of albumin is diminished and it is even
doubtful whether the albumin can be used as a
standardization agent. In determination of protein by
means of measurement of albumin it would be the case
of determination of a “large” through a “small”. These
observation and distribution (Fig. 5) gave us one more
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impetus to elaborate a method for direct determination
of non-albumin proteins.

4.2 Optical sensor data

In Fig. 6 we represent the correlation between the
optical sensor readings obtained with the urine protein
fractions as described in p. 3.I. and protein
concentrations (g/L) in the whole urines as assayed by
the Roche method in the TUHL. The correlation

y=0.99x +0.22 g/L, %)
where x is the protein concentration in g/L in a whole
urine and y is a sensor reading. The formula (5) is valid
for estimation of high protein concentrations (> 1 g/L):
the difference y — 0.22 g/L gives the protein
concentration. Using obtained protein concentration one
can estimate also the albumin level with the aid of the
correlation (1). The accuracy of these estimations is not
very high (£20% or even more) but one can mention,
for comparison, that the urine test strips do not typically
work selectively in the region of concentrations
>0.3 g/L.

In the region of the lower proteins the correlation (5)
transforms into the other formulas. For instance, for the
protein concentrations < 0.3 g/L the correlation is:

y=2.284x + 0.047 g/L; (R* = 0.405) (6)

The remarkable CVs coming together with the
correlation (6) is a reflection of the fundamental
phenomenon that the proportions of albumin and non-
albumin proteins are very different in the urines from
the range of normal (<0.03), microalbuminuria
03 — 0.3) and severe albuminuria (> 1 g/L) (Fig 5).

It is important to stress that the determination
uncertainties arise not just from the low accuracy of the
method or sensor itself. The analytical error
“stdev/average” was in some tests with 10 up to 20
repeatedly done fractionations only 3.3% and always
below 10%. The optical sensor readings are induced by
the absorption of albumin and other proteins altogether.
For instance, two urines can be of one and the same
concentration of low total protein but with a different
proportion protein/albumin (Fig. 4) and the sensor
readings can be different since not all total protein
components must have the equal absorption
coefficients. In fact, the similar problem exists by the
biochemical assays since not all particular proteins give
the equal yields in reactions with dyes or coagulants [8].
This problem is considered in more details in p. 5.2.

4.3 Screening results

We present here the results of a pilot population
screening action performed at the FMPS Mbdisavahe
(Tartu) (see p.3.3). The manifestation of our method as
a helpful instrument for such purposes is aimed at.
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Among 41 patients with diabetes or/and
hypertension registered at the FMPC there were 16
(39%) patients with the normal or slightly abnormal
albumins (< 0.03 g/L). These patients formed the focus
sub-group for our investigation (see also p. 3.3).

In Table 1 there are the data on the
albumin/creatinine (mg/mmol) and protein/creatinine
(g/g) parameters in the whole urines which are widely
acknowledged in the clinical praxis for searching and
monitoring of renal, uremic and other pathologies. Fig.
7 illustrates the specificity in distribution of the given
parameters in this focus group. We see a spectacular

difference if we depict the distribution of
albumin/creatinine values as the gradually growing
curve a and the corresponding curve b for
J of Biomedical Photonics & Eng 1(4)
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protein/creatinine. Some maxima of the curve b point to
the patients 3, 7 and 10 with the CKDs as it is noted in
Table 1.

One can note, however, that the CKD patient 9 (a
young girl) in Table 1 did “remain” without such a
particular maximum in the curve b in Fig.7. Her
albumin  /creatinine (0.626 mg/mmol) and
protein/creatinine (0.056 g/g) parameters are remarkably
lower than the mean value 0.86 mg/mmol and median =
0.085 g/g in these two rows, respectively. The repeated
tests done with the intervals of two-three months gave
the similar results for the patients 3, 7, 9 and 10 (Table
1).

It is also noteworthy that only in two cases the
values of the parameters albumin/creatinine
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(3.117 mg/mmol, patient 16) and protein/creatinine
(0.228 g/g, patient 15) exceed the references indicating
the probable danger. In both cases no information about
additional diseases was available. The control
performed with patient 15 two months later gave 0.117
g/g what points to the transient proteinuria in this case.

Table 1 The patients in the screening focus group with
low level albumin/creatinine and protein/creatinine
parameters.

Patient Alb/Creat Prot/Creat Discases
mg/mmol g/g
1 0.169 0.082 HT
2 0.173 0.036 HT
3 0.2 0.193 CKD
4 0.292 0.053 HT
5 0.316 0.051 HT
6 0.482 0.061 D
7 0.507 0.131 CKD
8 0.549 0.038 HT
9 0.626 0.056 CKD
10 0.689 0.121 CKD
11 0.713 0.041 HT
12 1.157 0.165 HT
13 1.177 0.12 HT
14 1.592 0.087 HT+D
15 1.993 0.228 HT
16 3.117 0.127 HT

Explanations to Table 1. HT - hypertension,
D - diabetes, CKD — chronic kidney disease. The
numbers in bold indicate the patients whom belong the
maxima in the curve b in Fig. 7 as well as the values
exceeding the normality references given in [2] for
albumin /creatinine (<3 mg/mmol) and in the Cobas
6000 Roche practical guide for the protein /creatinine
marker ( < 0.200 g/g) [23].

Unsatisfied with the results obtained with the
standard markers albumin/creatinine and
protein/creatinine we have tried another approach to the
same patients’ group and took into account the data on
the single albumin and protein concentrations (Table 2).
In Table 2 we give also our sensor data in g/L, ratios
protein/albumin as well as urine test strips data. We
reproduce the information about the diseases in the
focus “group 16”.

In Fig. 8 by analogy with Fig. 7, the curve a is
albumin and the curve b protein concentration
distributions. Again, we see strong fluctuations in the
protein curve b on the relatively smooth background of
the albumin curve a. It is remarkable that all patients 3,
7, 9 and 12 with the identified CKD obtain now their
own maxima in the curve b. The correspondence of the
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maxima in Fig. 8 to the “clones” in Fig. 7 is given by
the numbers placed near the maxima and at the position
13 in Fig. 8. Additionally, we have drawn the curve ¢
for the ratios protein/albumin. The curve d represents
the protein concentration data obtained with our sensor.

We see that the similar behaviour of three
distributions b, ¢ and d is obvious: the quantity (5+4)
and positions of all extrema coincide sharply.
Numerically, the Pearson correlations are: r = 0.79 for
the arrays “laboratory protein vs sensor data” and
r = 0.086 for “laboratory protein vs protein/albumin”.
Regardless the latter weak correlation we would
consider the parameter protein/albumin as a useful one
for its insensitivity to the urine density and other
characteristics (time of sampling, is it a 24 h dose or
not, is it stored for long or short time etc.). As one can
see from Table 2 and Fig. 8 the high values of the
protein/albumin ratios (> 10) can serve as indications to
the pathology.

The important result seen in Table 2 and in Fig. 8 is
that all patients 3, 7, 9 and 12 with the CKD have their
own maxima in the characteristics based on the protein
(b), protein/albumin (c) and sensor (d) data. This is in
the contrast to the situation with the creatinine
parameter involvement (Table 1 and Fig. 7) where the
CKD patient 9 had no specific maximum. All laboratory
and sensor data for the patients 3, 7, 9, 12 and 15 with
maxima in Fig. 8 and Table 2 are higher than the mean
(0.14 g/L) or median (0.11 g/L) values in the focus
group.

In parallel, almost all tests with strips gave negative
results, i.e. 15 from 16 or 94%, only for the patient 15
with the laboratory protein 0.39 g/L the reading was
positive (0.15 g/L). We take this information as a fact.

At the same time, we see that not all certified
laboratory data coincide well with our sensor readings.
These deviations are more pronounced for the higher
protein concentrations than for the lower ones: in the
last case the perfect coincidence is predominant (nine
patients 1, 2,4, 5,6, 8, 10, 11, 14 or 56% of the cohort).

We can also mention that for the FMPC patients
with the albuminuria in the range 0.03 — 0.3 g/L,
sometimes called microalbuminuria, (19 persons) 15
tests with strips (79%) gave positive results in the
relation to presence of protein. Three tests from these 15
(or 20%) one can name as false positive since the strip
readings were 1.5 up to 5 times higher than the Roche
assay ones.

The sensor data obtained in this albuminuria group
correlated well with the laboratory protein (r = 0.863)
and, surprisingly, weakly with albumin values
(r = 0.124). It means that our method works preferably
for detection of non-albumin proteins even in the
albuminuria region, at least, for the hypertension,
diabetes and CKD patients.
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Table 2 Focus group patients’ characteristics with a partial connection to the data given in Table 1.

Al e S ProAlb  Strip,gL  Disease
1 0.02 0.11 0.11 55 Neg HT
2 0.03 0.07 0.07 23.33 Neg HT
3 0.03 0.2 0.15 66.67 Neg CKD
4 0.049 0.09 0.1 18.37 Neg HT
5 0.056 0.08 0.09 14.29 Neg D
6 0.063 0.13 0.11 20.63 Neg HT
7 0.099 0.29 0.16 29.29 Neg CKD
8 0.115 0.09 0.09 7.83 Neg HT
9 0.149 0.15 0.19 10.07 Neg CKD
10 0.155 0.1 0.1 6.45 Neg HT
11 0.156 0.18 0.17 11.54 Neg HT
12 0.182 0.36 0.22 19.78 Neg CKD
13 0.186 0.24 0.1 12.90 Neg HT
14 0.218 0.1 0.07 4.59 Neg HT
15 0.254 0.39 0.33 15.35 0.15 HT
16 0.275 0.17 0.24 6.18 Neg HT+D

Explanations to Table 2. HT, D and CKD meaning is the same as in Table 2. Albumin concentration values are
multiplied by the factor 10; Neg means a negative result indicated by the strips method.

We have achieved a rather good correlation between
the Roche laboratory assays of proteins and our sensor
data (p. 4.3 and, particularly, Table 2). This fact gives a
perspective for the development and practical use of the
proposed method. Nevertheless, the deviations between
the laboratory and our data are sometimes remarkable
and they need to be explained. One of the discrepancy
sources can be the phenomenon established in [8] and,
namely, that small peptides do not at all produce signals
with the Roche assays and Tamm-Horsfall protein gives
a weak reaction. This can, in principle, explain why our
sensor values for patients 9 and 16 (Table 2) are higher
than the corresponding laboratory ones.

On the other hand, the same logic is valid in another
aspect: not all non-albumin proteins must have high and
equal absorption coefficients at 285 nm. It is possible
that some non-albumin proteins produce strong Roche
assay signals and have a lowered optical absorption
coefficient (see also 5.2). The matter has to be clarified
in details in the way of concrete identification of all
non-albumins actually present in the urine samples
under investigation and establishing the correlation
between the absorption spectra of the definite non-
albumins and their correspondence to the Roche or other
automated assays signals. This could be the aim for the
further studies which could be also more extensive and
embrace a larger screening group. The question about
the factor of light scattering in urine fractions should
also be scrutinised.

We have calibrated our method in relation to the
Roche method by fractionations with pH9.3 buffers with
a complex composition (10 mM TRIS +150 mM
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NaCl +2 mM EDTA) (see 3.2). For the wide practical
use can be, however, more appropriate the standard
physiological fluid, i.e., salt water (0.9 wt % NaCl). A
number of fractionations with salt waters have been
done with positive results (see 3.2) but the full-scale
recalibration should be done in the development of this
method.

5.2 Real proteinuria

To our best knowledge earlier the protein/albumin ratio
was not used extensively for proteinuria analysis. We
have here usefully involved it and can give one more
argument to confirm the usefulness of this parameter.
We can suppose that the readings s of our optical
absorption sensor depend, primarily, on the
concentration of non-albumin proteins p and albumin a,
i.e., s =n (p + a), where n is the adjusting coefficient.
We have in reality the laboratory data on protein /
albumin ratios or (p + a) / a, what we designate as
(p + a)/a = m. With use of the empirical m values from
Table 2 we get the equation of only one variable p:

s=n(p+p/(m-I). (7

For our focus group mp, = 17.8 and the second
member p / (m-1) in eq. 7 is in the most cases very
small. That is rather negligible for the patients 1, 3, 7
(m > 29). It means that our sensor is responsive
overwhelmingly to the non-albumin proteins. This gives
one more argument to say that we are dealing just with
proteinuria, especially, in our focus group. Therefore
our sensor can serve as a real proteinuria sensor. This
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matter needs and deserves further attention to establish
direct correlation between the individual non-albumins
and sensor readings.

Our method correlates with the well-known and
widely used in industry and laboratories method of
certification of proteins mixture solutions. The
measurement of the UV absorbance at a chosen
wavelength from the range 277 — 280 nm is being
carried out. It is recommended for 1% solutions to use a
single averaged extinction coefficient ¢ = 10 “for a
mixture of many different proteins” [24]. We did the
same and considered the mix of abundant urine proteins
as a (quasi)homogenous substance. By advancing of this
method one should take into account the differences in
extinction coefficients for separate proteins: € = 5.8
(human albumin) [25], 10.8 (Tamm-Horsfall) [26], 13.8
(y-Globulins) [27], 14.6 (Bence-Jones) [28] and search
for distinct correlations between absorbance and the
composition of typical urine proteins. This work was
out of the scope of the present investigation and can be
undertaken in the future.

It seems that the acknowledged reference values for
identification of abnormalities can be too high. For
instance, all patients 3, 7, 9, 12 with the CKD (Fig.7
and Table 1) had albumin/creatinine values smaller than
the low limit of normality range 3 mg/mmol given in
the guidelines [2]. The protein/creatinine reference
value for indications of abnormalities by the Roche
technology is > 0.200 g/g (>22.6 mg/mmol) and that is
also too high. In our focus group only the patient 15 had
once a higher ratio protein/creatinine (0.228 g/g) and
this was, most probably, a transient proteinuria case.

5.3 With creatinine or without it?

We have seen that the predictable power of the markers
involving creatinine concentrations has turned out to be
weaker than the appropriate protein and protein/albumin
parameters free of creatinine (the case of the patient 9
(Fig. 7&8 and Tables 1&2). We acknowledge that our
statistics is not rich and needs to be enlarged.
Nevertheless, one can draw some additional facts and
speculate a little bit why the use of creatinine data is not
always profitable, can be excessive and bear
unnecessary costs.

It is clear without saying that for a given specimen
of some biofluid the ratios albumin/creatinine and
protein/creatinine have the larger uncertainties (or
standard deviations) than the single albumin and protein
magnitudes. Moreover, earlier there were carried out
profiled investigations in the respect to the creatinine
data stability for the human plasma and serum [29] and
hemodialysate [30]. It was found that the creatinine
concentration assay data can fluctuate depending on the
store conditions and time intervals more than those of
the other metabolites. In the recent paper [31] it was
established that the diagnostic accuracy of the urine
protein/creatinine ratio depends on urine concentration.
Therefore we think that such a creatinine-free approach
can be plausible and useful. The stabile ratios
protein/albumin could be used in parallel or even
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replace the markers with creatinine involvement at least
in the low level proteinuria region.

5 Conclusion

As the result of the performed study we would like to
propose a new method of screening and monitoring for
the low level proteinuria. This straightforward method
can be exploited easily in work “in the field”, i.e.
outsides of the automated laboratories. The
determination of protein concentration is based on the
measurement of the UV (285 nm) absorption in
fractions of urine eluted using the commercial columns
PD-10 and specially designed optical cell. The applied
standard urine test strips method failed to indicate in
94% cases any presence of proteins in the urines in the
patients’ focus group whereas the proposed method, in
the parallel comparison, gave the correct positive
results. One more advantage of the new method over the
strips method is the possibility to use that in the wide
region of protein concentrations from the normal
proteinuria (< 0.1 g/L) up to the levels of severe
proteinuria (~10 g/L). The trials in the larger screening
groups and clinical tests are under preparation with the
aim to elaborate the screening and monitoring
algorithms.
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Abstract. Neonatal brain hemorrhages is a major problem of future generation’s health
due to the high rate of cognitive disability of newborns after vascular catastrophes in the
brain. Despite the public health impact of neonatal brain hemorrhages, the mechanisms
underlying in these pathological processes remain unknown. Here, using a model of
sound-stress-induced brain hemorrhages (per diapedesis, no per rhexis) in newborn
rats and optical methods, we found that brain hemorrhages in newborn rats are
accompanied by the increase in perfusion of brain tissues, which closely associated with
reducing of cerebral oxygenation and increasing of nitric oxide production in both the
brain tissues and blood. We assume that nitric oxide contributes the dilation of cerebral
vessels during hypoxia and the increasing of cerebral blood flow in newborn rats with
brain hemorrhages. Hypoxic-hyperperfusion during stress-related hemorrhages in
newborn animals can be an important protective mechanism against anoxia and critical
changes in cerebral hemodynamics. © 2016 Samara State Aerospace University (SSAU).
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1 Introduction

Neonatal brain hemorrhages (BH) are among the top ten
causes of development of significant cognitive disability
(42%-85% of those who survive) in newborns [1-5]. It
was believed that BH is typical only for pre-term
newborns and is uncommon among term neonates
because the incidence of BH in them is difficult to
diagnose due to absence of clear symptoms [6].
However, two magnetic resonance imaging studies of
asymptomatic term newborns found 8% (0.2T, 110
neonates) and 26% (3T, 88 neonates) incidence of BH
after vaginal delivery [7, 8]. These results show that BH
in term newborns is much more frequent that earlier
assumed.

The reasons and mechanisms underlying BH are
difficult to determine. Potential risk factors for BH are
still poorly studied. Some studies report an association
between assisted deliveries and BH in neonates, but
those results are not consistent [1, 7, 8]. Such risk
factors as  hypertension, smoking, diabetes,
atherosclerosis are not suitable for neonates. It is
assumed that stress as the main process of adaptation to
the environment is a crucial risk factor for BH in
neonates, but the mechanism of stress-related BH is
unclear [9, 10].

In this experimental study on three-day-old rat pups,
we aimed to determine the mechanisms underlying
stress-induced BH. With this aim, we focused on
different levels of the cascade of stress responses:
systemic (monitoring of cerebral blood flow - CBF),
metabolic (assessment of oxygen saturation of the brain
tissues) and molecular (evaluation of nitric oxide
content in the brain and blood). Our choice of
experimental tasks is caused by main actual questions
related to the stress-induced cerebrovascular
catastrophes. Many studies showed that abnormalities of
the CBF, including fluctuations in the CBF, provide a
considerable contribution to BH in newborns [11].
Nitric oxide is a main factor of vascular stress-reactivity
and resistance to traumatic stress [12-14]. In the central
nervous system, NO participates in the regulation of
CBF and in the cerebrovascular responses to metabolic
activity and to hypercapnia [15, 16]. But, the exact role
of these processes in neonatal BH, especially, in aspect
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of stress accompanying the birth is not established yet
and needs to be thoroughly studied.

2 Materials and Methods

Experiments were performed out in newborn mongrel
rats 3 days old. All procedures were performed in
accordance with the “Guide for the Care and Use of
Laboratory Animals” [17]. The experimental protocol
was approved by the Committee for the Care and Use of
Laboratory Animals at Saratov State University
(Protocol H-147, 17.04.2001).

To induce hemorrhagic stroke, the following
protocol of sound stress’s impact was used (120 dB, 17
Hz): 10 sec — sound, then 60 sec — pause. This cycle
repeated during 2 h [18-20].

For measurement of cerebral circulation, the
anesthetized rats (isoflurane — inhalant anesthetic) with
fixed head and scalp incision (the dura was left intact)
were immobilized. Anesthetic depth was assessed by
periodically monitoring the rear foot reflex.

To assess the stress-related changes in cerebral
hemodynamics, we studied the changes in relative
cerebral blood flow (rCBF or perfusion) using a home-
made system for laser speckle contrast imaging (LSCI).
The raw speckle images were recorded under the
following conditions: light source — HeNe laser with the
wavelength 632.8 nm; image sensor — CMOS camera
Basler acA2500-14gm; imaging lens — Computer
M16140-MP2 16 mm at F-number equal to 6, that
corresponds to speckle/pixel size ratio of around 2;
exposure time — 20 ms. The speckle images were
recorded for 3 min at an average frame rate of 40 frames
per second. Spatial speckle contrast was calculated as,
K =0o/(I), where o is the standard deviation of
intensity fluctuations and </> is the mean intensity
within a 5x5 sliding window. 50 consecutive frames
were averaged into one speckle contrast image.

The measurement of cerebral -circulation was
performed through the fontanel of newborn rats with
focus on:

1) the superior sagittal sinus, which is one of four
major sinuses collecting blood from the small veins of
the brain;

2) the small, optically unresolvable vessels
surrounding the sagittal sinus. Information about macro-
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(the sagittal sinus) and microcirculation (capillaries,
arterioles, venules) was extracted simultaneously.

Camera

Lens

Polarizer

Exposed cortex

=/
>

Fig. 1 LSCI system.

Acquisition information from resulting images about
flow indexes and vessel’s differentiation was performed
by histogram analysis of ROI (region of interest).
Detailed information about this algorithm and
calculation of speckle contrast from raw images itself
was explained in our early published article [21] but
briefly explanation is following: it was shown several
times [22, 23] that conventional LSCI system can sense
integral erythrocytes motions even in optically
unresolvable vessels. Therefore, if we overlay large
enough ROI on speckle image (ROI should contain
vessels of different caliber and even unresolvable ones)
in resulting histogram we can observe clear peaks.
Those peaks are related to different vessels with various
diameters. By analysis of this histogram and matching
each peaks to a specific collection of vessels with
particular diameter we can differentiate venous and
microcirculatory components in real time during
experiments. In this study rCBF was set to reciprocal of
speckle contrast.

The changes in oxygen saturation are often
associated with the brain injures and are an important
for evaluation of severity of these injures [24]. To
measure oxygen saturation level (SpO,) in the brain
tissue we used pulse oximeter model CMS60D (Contec
Medical Systems Co., Ltd., Qinhuangdao, China). The
system is characterized with a small volume, easy-to-
use operation and portability, which make it very
convenient for the detection of blood hemoglobin
oxygen saturation levels of small laboratory animals.
Optical sensor is based on dual wavelengths pulse
oximetry approach, using 660 nm and 880 nm for the
SpO, detection. Display screen of the system could
directly show the measured values of the pulse oxygen
saturation and pulse rate. Using USB standard for data
transmission the measurements could be also visualized
on a personal computer using software SpO, Assistant
version 2.7.0. (Contec Medical Systems Co., Ltd.,
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Qinhuangdao, China). The software allows as well to
store the data in ASCII format for a further analysis.

The content of NO (in vitro) in serum and cerebral
tissues (cerebral cortex, cerebellum, hippocampus, brain
axis) was determined by the presence of nitrite. The rats
were decapitated, the blood samples were collected, the
brain was carefully removed and homogenized. Staining
was performed using the Griess reagent-llosvaya. The
color intensity is measured with a spectrophotometer
(SF-2000 Bio, Saint Petersburg, Russia, 2002) at fixed
wavelength of 538 nm.

2.1 The protocol of experiments

The basal values of SpO, and rCBF were performed in
each healthy newborn rats (n=24). Afterward, each rat
underwent to sound stress during 2h. Next day after
stress when brain hemorrhages developed, we
performed the recording of rCBF and SpO, in the same
newborn rats (n=24). Thus, animals were divided into
two groups:

1) intact, unstressed newborn rats (the control
group);

2) stressed rats 24 h after stress-off.

The measurement of NO content in the brain tissues
and in blood was carried out on other newborn rats: the
control group including healthy newborn rats (n=24)
and the stressed group (n=24) including newborn rats
24h after stress with brain hemorrhages.

The results were reported as mean + standard error
of the mean (SEM). Differences from the initial level in
the same group were evaluated by the Wilcoxon test.
Intergroup differences were evaluated using the Mann-
Whitney test and ANOVA-2 (post hoc analysis with the
Duncan’s rank test). Significance levels were set at
p < 0.05 for all analyses.

3 Results

3.1 Stress-induced changes in the cerebral
blood flow in newborn rats with brain
hemorrhages

At the first step of our work, we analyzed the stress-
induced changes in perfusion and capacitive sectors of
cerebral circulation associated with BH in newborn rats
using LSCI system.

The sound stress induced the development of small
BH (average size 0.005 mm®) in the cortex and
subcortical tissues per diapedesis (no per rhexis), i.e.
separated red blood cells squeezed out of the
functionally damaged venous vessel walls. Figure 2 (in
the right) demonstrates a typical example of diapedesis
BH in the subcortical tissues in newborn rat. All rats
survived after sound stress, there were no dead newborn
rats. Note, that human newborns with BH demonstrate

2 Feb 2016 © SSAU



0. Sindeeva et al.: The stress-related changes in the cerebral blood flow...

S: 0.006 MMm2

doi: 10.18287/JBPE-2015-1-4-248

Fig. 2 The typical example of diapedesis (no per rhexis) brain hemorrhage (in the right) in newborn rat (the subcortical
area). The normal subcortical tissue of newborn rat from the control group is shown in the left. Hematoxylin & Eosin

staining. Bars represent 10 um (774.0X).

high survives after such brain injures but with long
lasting cognitive disorders [1-5]. The one of possible
explanation of this fact is the location of brain
hemorrhages in neonates who have usually vascular
catastrophes in the cortex, i.e. not in the deep important
brain centers controlling vital functions such as
heartbeats, breathing and etc. [3,6]. Therefore, the
consequences of BH in the intellectual zone of the brain
might not be recognized for many years [1-5].

LSCI results showed that newborn rats with BH vs.
healthy animals demonstrated an increased rCBF in
both level of venous and microcirculatory components
of cerebral circulation. But, the changes in the sagittal
sinus was more pronounced than those in microvessels
(Fig. 3). Indeed, after stress exposure rCBF increased in
newborn rats by 53+3% (p<0.05) in the sagittal sinus
and by 294+4% (p<0.05) in microvessels. In our previous
study we also obtained that stress-reactivity of cerebral
veins are greater than vessels of microcirculatory bed
[18].

J of Biomedical Photonics & Eng 1(4)

252

3.2 Stress-induced changes in blood oxygen
saturation of the brain tissues in newborn
rats with brain hemorrhages

At the second step of this investigation, we studied the
metabolic component of cerebral circulation using the
assessment of SpO, of the brain tissues. The results of
this series of experiments showed that the stress-related
changes in the CBF in newborn rats was associated with
reduced of SpO; in the brain. The following SpO; levels
averaged for all animals were obtained: 98.1+0.3% in
the control group and 76.5+3.0% (p<0.05) in newborn
rats with BH. Thus, the stress-induced pathological
changes in the cerebral circulation was associated with
reducing of SpO, by 22% (p<0.05) compared with
normal state (Fig. 4).
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Fig. 3 The relative cerebral blood flow (a.u.) assessed
by LSCI in the sagittal sinus and in the microvessels in
healthy newborn rats (the control group) and in newborn
rat with brain hemorrhages.
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Fig. 4 The SpO, (%) in the brain tissues in healthy
newborn rats (control group) and newborn rat with brain
hemorrhages.

3.3 Stress-induced changes in NO production
in the blood and brain tissue in newborn
rats with brain hemorrhages

At the third step of this work, we analyzed endothelial
component of cerebral circulation using
spectrophotometric assessment of NO production in the
blood and brain tissues in healthy newborn rats (the
control group) and in newborn animals with BH.

The results demonstrated that the increased rCBF
and hypoxia, which we obtained in newborn rats with
BH in the first and second parts of this work, were
associated with the increase in NO content in all
investigated zoned of the brain as well as in the blood
(Table 1). So, NO level in newborn rats with ICH was
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higher in the cortex, cerebellum, hippocampus, brain
axis, and in the blood compared with healthy animals.

Table 1 Stress-induced changes in NO (pg/ml)
production in the blood and brain tissues in healthy (the
control group) and with BH newborn rats.

healthy newborn newborn rats with

rats ICH
cortex 0.23+0.02 0.36+£0.03*
cerebellum 0.27+£0.03 0.32+0.02*
hippocampus 0.22+0.04 0.31+0.05*
brain axis 0.20+0.03 0.28+0.02*
blood 0.30+0.07 0.48+0.05*

p<0.05 vs.: * - healthy newborn rats (control group)

4 Discussion

Here we studied the stress-induced changes in the brain
tissues and vessels associated with BH in newborn rats
using LSCI assessment of perfusion (microvessels) and
capacitive (the sagittal sinus as a main cerebral vein)
components of cerebral circulation as well as a measure
of metabolic (SpO, in the brain tissues) and endothelial
(level of NO in the brain tissues and in the blood)
factors in the regulation of cerebral blood flow.

Our results show that the stress-induced
development of BH in newborn rats is accompanied by
the increase in rCBF in both level of microvessels and
venous zones of cerebral circulation. These results are
consistent with clinical data suggesting that
hyperperfusion is one of mechanisms responsible for
brain hemorrhages [25-27]. However, separate LSCI
analysis of venous and microcirculatory components of
cerebral circulation shows that the maturation of
changes in the sagittal sinus were more pronounced than
in microcirculatory network (53£3% vs. 29+4%,
p<0.05). This fact is according with our previous
histological data, which showed that the venous vessels
are more sensitive to harmful effect of stress than
microvessels [18]. In clinical studies also have been
shown that neonatal stroke is primary venous infarction
due to a weakness of the wall of cerebral veins in
neonates [28].

We assume that the increase in rCBF in the area of
microvessels is the consequence of congestion of blood
in the cerebral veins and the decreasing of blood
outflow from the brain. In our previous histological data
[18-20] we showed that the brain hemorrhages in
newborn rats are associated with the increase in size of
cerebral veins due to accumulation of extensive blood in
them. These changes are associated with formation of
perivascular edema, i.e. fluid pathway from the vessels.
The relaxation of cerebral veins with perivascular
edema are markers of accumulation of extensive blood
in venous system and suppression of blood outflow
from the brain leading to venous insufficiency [29].

The hypoxia is one of main reasons for critical
venous pathological changes associated with brain
hemorrhages in newborns [30]. Our results suggest that
stress-induced increase in rCBF is accompanied by
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reduction of SpO, in the brain tissues. Notice, that the
hypoxic-hyperperfusion is described also in other
studies [31, 32]. A normal physiological response to
reduction of oxygen delivery is relaxation of cerebral
vessels that activates metabolism in the brain tissues via
the increasing of CBF. The particularities of cerebral
veins are no muscles and valves in their thin walls,
therefore, they have low resistance to critical stretching
occurring during blood accumulation in them [33]. The
immature brain vessels of newborns have limitation in
vasorelaxation capabilities (increase of vessel size). The
hypoxia-induced vasorelaxation of cerebral veins causes
increasing of cerebral venous pressure [34]. This high
pressure can induce easily the rupture of thin walls of
immature cerebral veins of newborns [28].

To better understanding of mechanisms underlying
relaxation of cerebral vessels during hypoxia in
newborn rats with BH, we studied the role of NO in
these processes. Our choice of this vascular factor is
caused by the fact that NO is a vasodilator, in the central
nervous system, NO participates in the regulation of
CBF and in the cerebrovascular responses to metabolic
activity and to hypercapnia [15, 16]. Thus, NO is
complex endothelial factor, which is involved in many
levels of regulation of cerebral hemodynamics as well
as NO is a key endothelial factor for regulation of
vascular tone during stress [12-14].

We show that the stress-induced hypoxic-
hyperperfusion in the brain tissues in newborn rats with
BH is associated with increasing of NO level in the
blood and cerebral tissues. The increase NO
concentration was the same in different zones of the
brain. But, the serum NO level was higher than in the
brain that it is possible to explain by the stress-induced

J of Biomedical Photonics & Eng 1(4)

254

doi: 10.18287/JBPE-2015-1-4-248

increase in NO synthesis in the vessels of all inner
organs. In our previous results, we found that the stress-
induced increase in NO serum level is a protective
mechanism against the significant pressure effect of
stress [12, 13]. Others also demonstrate that the increase
of production of major endothelial relaxant such as NO
is one of protective mechanism responsible for
increasing of tissue perfusion during hypoxia [32].
Taking into account these data, we believe that the
elevated level of NO in the brain and blood is the
vascular protective response to hypoxia as mechanism
of compensation of oxygen deficiency via the increase
in perfusion of brain tissues.

5 Conclusion

In summary, our results suggest that stress-induced ICH
in newborn rats is accompanied by the increase in
perfusion of brain tissues, which closely associated with
reducing of SpO, in the brain tissues and increasing of
NO production in both the brain tissues and blood. We
assume that NO as a major endothelial vasorelaxant
may contribute dilation of cerebral vessels under
hypoxia that explains the increase in rCBF in newborn
rats with ICH. Thus, hypoxic-hyperperfusion during
stress-related hemorrhages in newborn animals can be
an important protective mechanism against anoxia and
critical changes in cerebral hemodynamics.
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Abstract. The study of chemical diffusion in biological tissues is a research field of high
importance and with application in many clinical, research and industrial areas. The
evaluation of diffusion and viscosity properties of chemicals in tissues is necessary to
characterize treatments or inclusion of preservatives in tissues or organs for low
temperature conservation. Recently, we have demonstrated experimentally that the
diffusion properties and dynamic viscosity of sugars and alcohols can be evaluated from
optical measurements. Our studies were performed in skeletal muscle, but our results
have revealed that the same methodology can be used with other tissues and different
chemicals. Considering the significant number of studies that can be made with this
method, it becomes necessary to turn data processing and calculation easier. With this
objective, we have developed a software application that integrates all processing and
calculations, turning the researcher work easier and faster. Using the same experimental
data that previously was used to estimate the diffusion and viscosity of glucose in
skeletal muscle, we have repeated the calculations with the new application. Comparing
between the results obtained with the new application and with previous independent
routines we have demonstrated great similarity and consequently validated the
application. This new tool is now available to be used in similar research to obtain the
diffusion properties of other chemicals in different tissues or organs. © 2016 Samara
State Aerospace University (SSAU).
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1 Introduction and theoretical background

The treatment of biological tissues and blood with
chemical compounds is widely used in many
applications of dermatology [1], clinical research [2],
and tissue or organ preservation [3]. The efficiency of
the treatment can be evaluated and quantified if the
diffusion properties of the chemical used are known for
the desired tissue. Some results have been reported for
the diffusion time and diffusion coefficients of some
chemical agents in specific biological tissues but the
techniques used to evaluate these parameters are diverse
[4-9].

The technique of optical immersion clearing is one
method where the evaluation of the diffusion properties
of the optical clearing agents in tissues is of most
importance. By estimating those parameters, it is
possible to evaluate the necessary time to turn the tissue
more transparent and to quantify that transparency as a
function of the agent concentration used to treat the
tissue [10]. The optical immersion clearing technique is
a method initially described in 1997 [11] and presents
great potential to be applied in clinical applications that
use optical diagnosis or treatment methods [2]. Such
technique originates a decrease in the natural scattering
coefficient and an increase of the natural scattering
anisotropy factor of the tissue, creating a temporary
transparency that can be later reversed [12-13]. Such
temporary tissue transparency is obtained by a
stimulated  tissue dehydration and consequent
replacement of the water in the interstitial space by a
biocompatible agent that has a higher RI, better matched
to the RI of the other tissue components [14-18]. Recent
research work demonstrated that this technique can be
used in vivo with imaging techniques such as optical
coherence tomography [19], speckle methods to monitor
blood flow in dermis or cortical tissues [20], and second
harmonic generation imaging (SHG) to improve tissue
depth and resolution [21]. These various studies have
also demonstrated the reversibility of the treatments
applied by assisted rehydration.

The mechanisms involved in this technique are
designated tissue dehydration and refractive index (RI)
matching that ultimately turn the tissue more organized
internally, leading to a smaller light scattering [13].
Such treatment is completely reversible by natural
rehydration in vivo and by assisted rehydration on ex
vivo tissue samples [10]. The potential of the optical
immersion clearing technique is very significant to be
used with clinical procedures that apply light for
diagnostic and treatment purposes [2, 7, 14].
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Considering an ex vivo sample, as it is immersed in
an aqueous solution containing a particular
concentration of a biocompatible chemical agent, the
agent in the solution creates an osmotic pressure over
the sample, which induces water loss by the tissue. This
is the dehydration mechanism, which initiates
immediately as the treatment is applied to the tissue
sample. This mechanism is in general fast, usually
contained within the first two minutes of treatment [18].
At the same time, but with a slower pace, the agent in
the solution begins to diffuse into the outer layers of the
tissue [18]. The difference in viscosity properties and
molecular size between water molecules and agent
molecules provide that the diffusion of agent into deeper
layers of tissue to create the RI matching mechanism
takes a longer time [10].

Since these two mechanisms occur simultaneously at
the beginning of the treatment, it is not easy to
discriminate one from the other and time dependence
measurements made during treatment represent the
mixed global flux, which is a combination of the water
flux out of the tissue and the OCA flux into the tissue.
This way, the individualization of the two mechanisms
needs a refined method that produces accurate results.
Such a method is described in literature [8, 13] and we
have recently proven its concept experimentally as
described in our recent publications [7, 10, 18]. In those
papers we describe how we have used thickness and
collimated transmittance (7.) measurements made from
thin muscle samples under treatment with glucose and
ethylene glycol (EG) solutions to estimate the diffusion
time, diffusion coefficient and viscosity of these agents
in muscle. Our research has produced additional results.
Those additional results were the estimated diffusion
properties of water inside the muscle [10, 18] and the
amount of free water content in the natural muscle [7,
10].

Considering as an example a treatment of a slab-
form tissue sample with a solution of a particular optical
clearing agent (OCA), we can assume that if the
solution has a significant higher volume than the sample
(e.g. 10x), the OCA diffuses through both slab surfaces
according to free diffusion. If the tissue sample has a
thickness d, we can calculate the OCA concentration
inside the tissue as a function of time as [8, 13, 18]:

Cc(t) = %fod C(x,t)dx = C, [1 —exp (—g)] D

Eq. (1) is a first-order approximation of solution of
the second Fick’s law of free diffusion for an axial
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direction crossing the tissue sample [9, 11, 13, 22 - 23].
In this equation, if the OCA concentration in the
immersing solution Cj is known, the OCA concentration
on the tissue can be calculated for any particular time ¢
as an exponential increase over time. Such exponential

increase is characterized by the diffusion time 7. If we
are performing 7, measurements during the treatment,
we can correlate the 7, time dependence with the time
dependence of OCA concentration in the tissue. This
way, we can rearrange Eq. (1) to fit the 7, time
dependence as follows [18]:

1—exp (— f)

In Eq. (2) we have indicated the wavelength 1 to say
that the equation is valid for a single wavelength, but
similar calculations can be performed for different
wavelengths. Such equation is only valid when an
effective flux is active between the immersing solution
and the tissue sample. It is common in optical clearing
treatments that if we perform the treatment for a long
period of time, we will certainly observe a saturation
regime where no active flux occurs. The time when the
saturation regime begins depends on the sample, its
geometry and also on the OCA concentration used to
perform the treatment. As an example, for treatments of
muscle samples with glucose solutions, we have
observed that the beginning of the saturation regime
occurs at a later period of time if we increase the
glucose concentration in the solution from 20% to 40%
[7]. This variation is imposed by the free water content
in the tissue and the OCA concentration we use.
Considering that the active water and OCA fluxes occur
before the beginning of the saturation regime, to process
the 7. time dependencies, we must consider only the
data between the beginning of the treatment and the
beginning of the saturation regime. This delimited data
is then displaced and normalized to obtain time
dependencies that vary between zero and unity. This
organized data is fitted with a line described by Eq. (2)
and during the fitting procedure, we obtain the

o _
Co

T.(A,t) (2)

characteristic diffusion time, 7 for the effective flux in
the considered treatment. If we have similar time
dependencies for other wavelengths we can perform this
fitting procedure for each of the wavelengths and then
calculate the mean diffusion time value for that
particular treatment. Repeating such method for other
treatments made with other OCA concentrations we can
represent the mean diffusion time as a function of OCA
concentration in the treatment solution. As we have
observed from our results for the studies of muscle
under treatment with glucose and EG solutions [7, 18],
such graph presents the highest diffusion time for a
particular OCA concentration. In the case of the muscle,
such OCA concentration was 40.5% after we fitted the
data points with a spline to evaluate dependence on
concentration. Such highest value indicates an
optimized OCA diffusion into the tissue, meaning that
no water flux occurs in this particular treatment due to
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the balance between the tissue free water and the water
in the immersing solution [18]. If the OCA
concentrations in the solutions used to perform the
treatments are well selected, the analysis of this final
graph provides information about the free water content
in the tissue under study. For skeletal muscle, we have
obtained a free water content of 0.595 (1 — 0.405),
which was a value previously unknown. At this OCA
concentration, we have estimated the diffusion time
values of glucose and EG in muscle as 302.9 s and
446 s, respectively. These values characterize the RI
matching mechanism of optical clearing with glucose
and EG [7, 18].

A similar procedure can be performed to estimate
the water diffusion time, if we consider a treatment with
a highly concentrated solution. For a treatment with
54%-glucose we have obtained a diffusion time for
water of 58.4 s and for the treatment with 60%-EG we
have obtained a diffusion time of 57.9 s. Although these
values are a little different, they indicate that the
dehydration mechanism occurs in the muscle within the
first minute of treatment.

Once the true diffusion time is obtained for OCA
and water, we can use Eq. (3) to calculate the diffusion
coefficient [11, 13, 22-23]:

d?

2T

D, = 3)

Since the OCA flux in and water flux out of the
tissue sample occur through both sample surfaces, Eq.
(3) is appropriate to calculate the diffusion coefficients
for these fluids [13]. Using Eq. (3) we have calculated
the diffusion coefficients for glucose (5.9x107"" m?/s),
EG (4.6x10"" m’/s) and water (3.21x10"'° m’/s from the
54%-glucose treatment and 3.09x107'° m’/s from the
60%-EG treatment) [18]. Although we have obtained
two diffusion coefficient values for water, they are very
similar.

Finally, the dynamic viscosity of these OCAs in
muscle can be calculated using the diffusion coefficients
in Stokes-Einstein Eq. [24]:

kpT
6mDocaTocA

Noca = )

In Eq. (4), the viscosity of the OCA is calculated
using the Boltzmann’s constant (ky=1.3807x10"% J/K),
the temperature 7 of the sample during treatment (in
Kelvin), the OCA diffusion coefficient Doy and the
OCA’s Stoke’s radius rocy, Which should be known for
the OCA in study. Performing the calculations with Eq.
(4) for glucose and EG, we have obtained the values of
1.0x107 kg/(m -s) and 1.4x107 kg/(m -s), respectively
[10]. These values indicate that muscle cell membrane
limits OCA diffusion into the muscle tissue.

The diffusion of glucose and EG in skeletal muscle
is one of many cases of interest and now that the
theoretical ~ methodology has been  proven
experimentally, similar studies need to be performed
with other tissues under treatment with different
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chemicals. The collection of such information is
strongly necessary for different medical and industrial
related specialities. In particular the knowledge of the
diffusion properties of creams and ointments in skin is
very significant for cosmetics and dermatology [25]. On
the other hand, the diffusion properties of low
temperature preservatives are of great interest for organ
preservation industry and also for food preservation in
long time periods [3, 26-28]. In the particular case of
tissue optical clearing, there are many tissues and many
OCAs that need to be studied. A particular interesting
application that can be developed is based on the
differentiation between the diffusion properties of a
particular OCA in healthy and pathological tissue. If
this method provides significant results it will be
possible to develop an optical and non-invasive
diagnostic methodology for tumour detection.

With such many fields that need the collection of the
diffusion and viscosity properties of chemicals in
biological tissues, it is highly recommended that a
software application should be developed to perform the
necessary  calculations from the experimental
measurements to obtain the diffusion time, diffusion
coefficient and viscosity of chemicals and water. We
have recently developed such application as an
integrated solution that performs all necessary
calculations in a sequential and optimized manner to
estimate the desired parameters. The application was
validated with the experimental data that we have
published for muscle treatments with glucose solutions
and results are in good agreement [7]. The following
sections describe the development and validation of the
application.

2 Materials and methods

Since our objective was to develop a software
application, we have selected MATLAB™ as our tool
and programming language. The choice of MATLAB
was made since it is a dedicated software to work with
mathematical and physical problems and offers many
possibilities in data fitting and figure generating. The
main application and all subroutines were developed in
MATLAB language. The final application contains
many routines that are used to perform the various steps,
such as load and save experimental or calculated data.
Each of the steps in the data processing or calculation
procedures is also made by a particular routine. The
sequential steps to be executed by the application are
made in an ordered manner and they will be described
sequentially in section 3.

During the application development, the
experimental data that we have obtained from the
muscle treatments with glucose solutions was used to
make corrections to the various routines. After
finalizing the application, the same experimental data
was used to perform the calculations of the diffusion
and viscosity properties of glucose and water.
Comparing those results with the ones that we have
previously obtained [10], we have validated the
application.
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3 Results and discussion

At the end of each experimental study, the only data
available is the 7, spectra and thickness time
dependence measured along the various treatments with
different OCA concentration [7, 10, 18]. To follow the
data processing and calculation procedures described in
section 1, a routine was created to comply with each
step and a main application program was developed to
integrate all routines in sequential form. The main
program is associated with a main window that is used
to provide a user interface, present the various results in
sequence to the user and allow him to adjust certain
procedures manually, when necessary.

When the main program is initiated by the user, the
application opens the main window. This window
contains a menu at the top that allows loading or saving
the experimental and calculated data, an “Options”
button that allows configuring the aspect of the main
window and a “Help” button that shows some
guidelines to assist the user in the various stages of data
processing or calculation.

To calculate data from a study, the first step is to
upload the 7, data from all treatments performed. To do
this, the user selects from the “Load” menu the option
“Load (New)”. A browser window is opened and the
user selects the main folder that contains the various
sub-folders correspondent to each particular treatment
with 7. measurements (one for each OCA
concentration). From the “Load” menu there is another
option to load a saved experiment. Such option can be
used if the user cannot finish the calculations in the
same day. The upload of all data from all treatments is
made at once and the spectra are presented on the right
as we can see from Fig. 1.

On the upper right of the main window, we have
several sub-windows that present the entire collection of
spectra measured in each particular treatment. Such
graphs are configured to present spectra between 170
and 1100 nm. Although these graphs present spectra
from 200 to 1050 nm, we have neglected spectral data
below 400 nm, since it corresponds to a strong inclusion
of fluorescence. As we can see from Fig. 1, the spectra
presented corresponds to the treatment with 20%-
glucose, as indicated by highlighted label (20) on top of
the graph. The other labels on the right are accessible by
clicking over them and the spectra from each treatment
can be seen.

Below the window with the spectra there is a matrix
containing the spectral values for each time of
treatment, so the user can check a particular value if
necessary. If we select a different treatment above the
spectra window, the data in the matrix will change
automatically.

On the upper left there is an application log window
that presents the various tasks that have been executed
or eventual errors that might occur. Below this window
there is an input window to select the wavelength
bandwidth and the number of wavelengths to calculate
the T, time dependencies. As indicated in Fig. 1, our
selection was 600 nm for the first wavelength to be
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considered, 800 nm for the last and 11 for the number of
wavelengths within the selected band. These choices
will generate T, time dependencies for wavelengths at

Load Save Options Help

AppLog: Check the Help If you are having trouble.
Glucose succefully loaded.

BandWidth:

N° Wavel:

Load Save Options Help

AppLog: Check the Help If you are having trouble.
Glucose succefully loaded.

Wavelengths generated succefully.

BandWidth:

N° WaveL:

Maximum:
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each 20 nm from 600 to 800 nm. Once these values are
appropriately selected, the user clicks the “Generate”

Glucose

Glucose
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Fig. 2 Main window after selecting the wavelengths to calculate 7. time dependencies.
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button to proceed. The previous data and graphs are
replaced as can be seen in Fig. 2.

On the left of the main window a new button was
added just below the “Generate” button. This new
button is the “Max(Auto)” button, which allows
selecting the beginning of the saturation regime in the 7,
time dependencies represented for each treatment on the
upper right graphs. Once again the graphs represented
on the upper right can be exchanged between treatments
by selecting the desired label.

Load Save Options Help

AppLog: Check the Help If you are having trouble.
Glucose succefully loaded.

Wavelengths generated succefully.

Automatic Maximum found. The 1st column of the table is editable. The 2nd column is
not editable: mean of all maximum values of the11 Wavelengths.

BandWidth:
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The data matrix presented on the lower right
contains now the 7, time dependencies for each
wavelength and corresponds to the graph presented just
above. If the graph is changed, the data in the matrix
also changes. The next step consists on finding the
beginning of the saturation regime for the treatment. To
do this, the user selects the “Max(Auto)” button and
some points appear in the graph on the right as can be
seen in Fig. 3.

Time Depend

800 1000 1200 1400 1600 1800

Time (s)
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Fig. 3 Main window after automatic identification of the beginning of the saturation regime.

The graph presented in Fig. 3 corresponds to the
treatment with 25%-glucose to show that the automatic
selection was not done accurately for this particular
case. The dots presented on the various curves of the
graph are seen at two different times of treatment: 300
and 360s in the case presented in Fig. 3. To correct this,
the user has now available on the lower left window a
new button (“Max(Manual)”) that allows for making a
manual selection of the beginning of the saturation
regime. With the automatic selection a new matrix is
presented in the lower left window. In the first column
of this matrix is presented for each treatment the time
that corresponds to the greater number of maximal 7,
values. The second column of the matrix contains the
mean maximum 7, value observed for all dots on the
graph. To correct the selection of the beginning of
saturation regime, the wuser must click on the
“Max(Manual)” button. When the user selects this
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button the first column on the lower left matrix becomes
editable. Then the user should insert the values that he
sees adequate for each treatment and click the
“Max(Manual)” button again. At this point all graphs
show the point markers at the time instant that the user
selected, as we can see in Fig. 4 for the previous case of
treatment with 25%-glucose.

Now we can see in Fig. 4 that all point markers are
located at 360s for the 25%-glucose treatment. After the
manual correction was made, a new button appears
below the “Max(Manual)” button. This new button is
called “Draw [0-max]” and it shows the treatment
graphs on the right delimited between the beginning of
treatment and the beginning of the saturation regime.
When these new graphs are generated, each dataset (for
each wavelength) was displaced vertically to have 7.=0
at =0. Figure 5 presents the case of 20%-glucose
treatment with graph contained in the first 300 s.
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Fig. 5 Main window after 7, time dependency delimited by the beginning of the saturation regime was displaced

vertically.

Once again the matrix on the lower right of the main treatment to each highest value. This normalization
window contains the data values correspondent to the procedure takes some time to be done, since
graph above and it is updated each time the user selects normalization is made for each curve that corresponds
one of the treatments from the labels above graph. In to a single wavelength within each of the various
Fig. 5 we can now see a new button called “Normalize”. treatments. At the end new graphs are presented on the
This button performs the next data processing, by right of the main window with the datasets normalized.

normalizing the delimited 7. time dependencies of each
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Fig. 6 Main window after performing data normalization to the value measured at the beginning of the saturation

regime.
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Fig. 7 Curve Fitting Tool window with all the data for the treatment with 20%-glucose.

J of Biomedical Photonics & Eng 1(4)

263

5 Feb 2016 © SSAU



P. Peixoto et al.: Software development for estimation of optical clearing agent’s...

After performing data normalization, two new
buttons appear at the lower left section of the main
window. These buttons will be used for the data fitting.
The first new button is the “Aux. Wind.”, which
generates a new auxiliary window for the fittings and
the second button is the “CF Tool”, which corresponds
to a MATLAB tool — Curve Fitting Tool and it
generates also a new window with all the datasets for a
particular treatment. In Fig. 6 we see that next to the CF
Tool there is a scroll-dawn window with the number 20
in blue. This means that if the user clicks the “CF Tool”
button, the data that will be uploaded to the new CF
Tool window for the fitting procedure will be the data
for the treatment with 20%-glucose. If the user wishes
to select another treatment, it just needs to select it from
the scroll-dawn window. Considering the 20%-glucose
treatment, Fig. 7 presents the CF Tool window.

As we can see from Fig. 7 there are many tabs at the
top with the labels “untitled fit 17, “untitled fit 2" and so
on. Each of these tabs contains the dataset
correspondent to each wavelength so the user can make
the data fit for each one independently. In Fig. 7 the first
tab is selected with the fitting line already applied to the
dataset correspondent to 600 nm. Since CF Tool is a
specific tool of MATLAB, we could not find a way so
far to name the labels according to the wavelength, but
this is considered for next improvements.

Load

Options

Diffusion Time of the Agent

o O 0O 0O O O O o
o 0O 0O 0 0o o0 o o

-

Custom Equation
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There are many fitting options in the window. For
instance, above the graph we have the equation fitting
options where the user can select the most appropriate
from a wide set of equations. In our case, the equation
to be used in the fitting is according to Eq. (2). By
selecting a custom equation and introducing Eq. (2)
manually, the user can then select the best fitting
options for this type of line by clicking the “Fit
Options...” button. The fitting is optimized when the R-
square value on the “Results” window is maximized. In
the case represented in Fig. 7, the R-square value is
0.9699 and the T value obtained in this fitting is 66.33s.
The R-square value optimization is made through a set
of options related to fitting methods. Within the Least-
square fitting method, we can for instance select
between the algorithms of “Trust-Region” or
“Levenberg-Marquardt”. The objective is to obtain the
highest R-square value to ensure the best data fit. A
fitting must be performed to all datasets correspondent
to each of the 11 wavelengths (one in each tab). The
user must do these fittings manually and sequentially.
Once all fittings are made and optimized, the
correspondent T values can be introduced manually in
the matrix of the auxiliary window:

Recommended
=)
= 1-exp(-ttau)

Fig. 8 Auxiliary window to introduce the diffusion time values for each treatment.
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The auxiliary window represented in Fig. 8 contains
the fitting equation on the right side, so that the user can
copy it to the CF Tool window to save time. Both
windows must be open at the same time to copy data
manually from one to the other. The user must introduce
the values on the matrix of the auxiliary window
manually, since there is no direct way to copy those
values from the “CF Tool” window.

Once the matrix in the auxiliary window is complete
with all the diffusion time values from all wavelengths
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and treatments, the user clicks on the “Refresh” button
above the matrix and the mean and standard deviation
for all treatments are calculated and presented in the two
lower rows of the table. At the same time a graph
appears at the lower right of the auxiliary window
containing the mean diffusion time values as a function
of OCA concentration in solution. This graph shows
also error bars that correspond to the standard deviation
values on the matrix to show how disperse are the
diffusion times in each treatment.

y=1(t)

1-exp(-ttau)

Diffusion Time of :glucose

o
o

20 30 40 50

Glucose Concentration (%)

Fig. 9 Auxiliary window after filling the T matrix.

As we can see from Fig. 9, some fields related to the
OCA and water diffusion characteristics also appeared
at the lower left. The first column corresponds to the
diffusion time and the second to the OCA concentration
in solution where those diffusion time values are
observed. Once the user clicks on the “Diff. Max/Min.”
button, the values in these fields are automatically filled
and new fields appear just below, as presented in Fig.
10.

In the first column of the diffusion characteristics,
we see from top to bottom: the maximum experimental
mean diffusion time (300s), the estimated absolute
maximum mean diffusion time (302.674s), the smallest
experimental mean diffusion time (58.4s) and the
smallest estimated mean diffusion time (58.4s). The
second column contains the OCA concentration values
that correspond to the diffusion time values in the first
column. As an example, the estimated maximum
diffusion time of 302.674s would occur for an OCA
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concentration of 40.6%. The values in the two columns
are also presented on the right side graph with different
symbols and colours.

As the diffusion characteristic values are presented,
four new fields are presented just below. These fields
are the sample thickness (left column) and the diffusion
time (right column) to calculate the diffusion
coefficients for OCA and water. The user must copy the
diffusion time values from OCA (302.674s) and water
(58.4s) into the lower second column. These values are
much approximated to the ones that we have previously
estimated for glucose. In our previous estimations [7,
18], we have estimated a diffusion time of 302.9s for
glucose from a treatment with 40.5%-glucose and the
exact diffusion time of 58.4s for water from a treatment
with 54%-glucose.

Once the first of these diffusion time values is
introduced, new other fields and buttons appear, as we
can see from Fig. 11.
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Fig. 11 Auxiliary window ready to calculate the diffusion coefficient and viscosity values.

Figure 11 shows that two new buttons became introduce, he can do it manually. If not, the new buttons
available on the left side of the thickness fields. If the are used to upload the experimental thickness time
user has the correct values for sample thickness to dependence files that correspond to the OCA
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concentrations that produce the diffusion coefficients
for OCA and water. For the case of water diffusion
time, the OCA concentration was 54%, so we can
upload the thickness time dependence of the sample for
this treatment, by clicking the “Min Diff. File” button.
For the case of OCA diffusion time, the application
estimated that an OCA concentration of 40.6% is the
ideal one. This value is almost the same as the ideal
glucose concentration obtained in our previous
estimations (40.5%) [18]. Since we do not have data for
such a treatment, we can upload the thickness time
dependence for the treatment with 40%-glucose by
clicking the “Max. Diff File” button. By using this data,
we do not introduce a significant error.

Load Options

Diffusion Time of the Agent

45
zoorsUuY
207.6000
207.1000
206.3000
201.4000
197.5000
208.4909

6.5592

35
TOT,TUUU
137.7000
136.1000
135.3000
133.9000
129.7000
138.3000
42064

40
JUUTUUY
298.1000
295.9000

293
288.9000
285
300.0000
8.5722

Conc(%)

40
40.6061
54
54

Time(s)

200
302674
58.4
58.4

- (om)

Max Diff. (exp.)
Diff. Peaks (Sp. Fit)

Max Conc.
Min Diff. (Sp. Fit)

Max Diff. File
Min Diff. File

OCA Diffusion Coefficient

Water Diffusion Coefficient

Viscosity:
-0CA
- Water

Temp. (K)

o 0267¢ (S
dw= R (cm) - IECE )

doi: 10.18287/JBPE-2015-1-4-255

At the bottom, we already see from Fig. 11 the fields to
present the diffusion coefficients and viscosity values of
OCA and water. After introducing the diffusion time
values for OCA and water, the user uploads the
thickness time dependence files. Once they are
uploaded, the application immediately creates two new
graph tabs on the right. These new graphs contain the
thickness time dependencies that were uploaded. The
application also creates in each of the graphs a point
with the thickness value that corresponds to the
diffusion coefficient presented on the left. If the
diffusion time value does not correspond exactly to a
particular measurement, the point is interpolated, as we

Fig. 12 Thickness time dependence graph for the treatment with 40%-glucose.

For the case presented in Fig. 12, a blue dot was
automatically placed at the time of 302.674s and the
correspondent thickness value of 0.0422 c¢m is placed in
the field on the left side of the auxiliary window. The
same happens to determine sample thickness to
calculate water diffusion coefficient, as presented in
Fig. 13.

In this case, a thickness of 0.0429 cm corresponds to
the 58.4 s in the treatment with 54%-glucose.

In addition to the automatic detection of sample
thickness, the diffusion coefficients are also
automatically calculated and presented in the
corresponding fields.

As we can see from Figs. 12 and 13, the calculated
diffusion coefficients for glucose and water are
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can see from graphs in Figs. 12 and 13.
Custom Equation
Recommended equation:
y=f(t)
= 1-exp(-ttau)
Glucose
l Diffusion Time‘ Max Diff. l Max Conc.l
Tissue Thickness :40% -glucose
£
E
i 0.46
(]
£
o
'E 0.44
1000 1500
Time (s)
respectively  5.9614%x1077 (cm?/s) and 3.193X

107° (cm?/s). For the diffusion coefficient of glucose
in muscle, our previous calculations have estimated the
value of 5.9x1077 (cm?/s) [10]. Our previous
estimation for the water diffusion coefficient was
(3.21x107% (¢m?/s)) [10]. By comparing between
these values, we see that the application generates very
similar values. The differences that were observed have
to do with the possibly different fitting algorithms and
options used in both estimations to determine the
various T values.

The final calculation is the viscosity of glucose and
water. To perform this calculation, the user must
introduce the temperature (in K) observed during the
studies and Stokes radius in the auxiliary window. This
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value must be in meters (m), as indicated on Fig. 13, for
example. For the temperature value we have introduced
293K (20 °C), as in our previous estimations. Since we
do not know the Stokes radius for water molecules,

doi: 10.18287/JBPE-2015-1-4-255

we have only introduced the value for glucose. This
value of 0.365X107?m is the same used in our
previous estimations and was obtained from literature
[29]. Fig. 14 shows the auxiliary window with all the
data calculated.
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Fig. 14: Complete auxiliary window with all estimated and calculated diffusion and viscosity data.
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Comparing the calculated viscosity for glucose
(9.863x1073 (kg/(m - s))) with the one from our
previous estimations (1.0x1072 (kg/(m - s))) [10], we
see that they are also much approximated.

Although there have been observed some limitations
in the application, it works in an integrated manner to
perform the necessary calculations from the raw 7, and
thickness measurements. There are some improvements
that we plan to do to this application to turn it even
better. We will discuss these matters in the following
section.

4 Conclusions and future perspective

After finalizing, testing and validating the application
we see that it is a very useful tool to help in the
calculation of the diffusion properties of chemicals and
water in biological tissues. It is an organized and
focused tool that uses the theoretical background
described in literature [13] for fast estimation of the
characteristic diffusion and viscosity properties of
optical clearing agents and water in tissues, based on
collimated transmittance 7. and thickness measurements
of a tissue sample. Such properties are particular for any
agent-tissue combination and allow the characterization
of the optical clearing mechanisms involved in the
treatment — tissue dehydration and RI matching. Once
the software has been developed, it can now be used for
several and diversified applications. For instance, future
studies can now be performed to calculate the diffusion
properties of skin lotions and topically delivered
medications. Another potential application may provide
a diagnosis method for cancer detection. Healthy and
pathological tissues have different water contents and
consequently  will originate different diffusion
properties or viscosities for agents used in a monitoring
study. By comparing between the different calculated
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properties, it might be possible to develop a non-
invasive optical diagnosis method for early cancer
detection. Future studies are necessary and this software
is a significant asset for that research.

This application can read any set of files, provided
they are named in a pre-established way and placed
inside folders that correspond to particular treatments.
Although the case presented here corresponds to
treatments with glucose at the specified concentrations
in solution, other concentrations are accepted by the
application. It also can export graphical and numerical
data in different formats like excel, pdf or MATLAB
figures. The figures were not presented in this paper, but
they can be generated and formatted according to the
wishes of the user. At any stage of the data processing
or calculation, a report can be generated in pdf or latex
formats.

There are also some things we wish to improve in
this application. As mentioned above, one thing to be
tried in the next improvements is to correct the
graphical labels in the CF Tool window to indicate
which wavelength corresponds to each dataset to be
fitted. On the other hand, the application saves
temporary files with the data from the various steps of
processing or calculation. One other improvement is to
provide these file savings in a more user friendly
manner.

Considering the benefit of having such application,
we now plan to use it in our future research. As we have
indicated in the introduction, we plan to perform several
and different diffusion studies of various chemicals in
various animal and human tissues. We will use this
application to facilitate our data processing and
calculation to obtain the diffusion properties in a more
easier and fast way.
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1 Introduction

The present work was carried out within the framework
of the Agreement about the scientific and technical
collaboration between the Stolypin Volga Region
Institute of Administration and the Research Institute of
Rural Hygiene (Saratov) and was aimed at the
development of a physical approach to the colourimetric
analysis of the human eye images. The beginning of the
development of the physical theory of colour perception
was started from 2006 and is related to the use of
artificial neuron networks in the diagnostics of eye
diseases [1]. Later efforts were mainly aimed at the use
of computer analysis of the optic disc (OD) images in
order to get objective quantitative characteristics of
glaucoma [2]. An alternative branch of studies was
related to the development of statistical theory of colour
formation and perception [3] basing on the concept of
colour temperature (CT) of the emitting object. All
existing methods of the CT determination are associated
with using the concept of the “standard colourimetric
observer” [4], which introduces uncertainty into the
colourimetric measurements. The method of CT
measurement free of this drawback is described in [3].
Another source of uncertainty in colourimetric
measurements implemented using the computer images
is due to the properties of standard monitors. These
measurements require corrections that should account
for the specific features mentioned above. However, if
the images are obtained and stored in the computer
memory in a certain format, the correction is not

LOAD FILE | COPY IMAGE |

save | DELETE |

FILE_NAME bmp

EXCEL | AL |
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necessary, since all computer programs “see” the same
file that contains all information about the colour
composition of each pixel.

This approach became possible, because in the
recent time many programs operating with the computer
images appeared, particularly in medicine. All problems
related to the correct colour reproduction are solved at
the stage of the image preparation before recording the
file.

In this paper we present the results of the OD
images, obtained using the special instrument, the
“OPTON” fundus-camera. It is a combination of a
microscope and a photo camera. The scanning method
is known as the eye fundus photorecording. The
experimental material offered by the Research Institute
of Rural Hygiene (Saratov) was obtained in patients
without expressed signs of glaucoma. The study was
aimed at clarifying the boundary between the norm and
the glaucoma pathology. The method of study was the
statistical analysis of the OD. The object of study were
the OD images obtained in a number of patients
belonging to different age groups and having no
expressed signs of glaucoma.

2 Measurement technique

To achieve the formulated goal, we developed a
computer program that determined the mean colour
characteristics and mean-square variance for different
regions of OD. Figure 1 shows the program interface.

" RED GREEN
" BLUE ALL «
2.bmp

MpesenTauma_l naykoma.ppt
MNpoekt_RGB4.exe

ENEN

Mty

(A Mpoekt
| & &: [HYXHOE) ~|

Fig. 1 The program interface. The top right window is the initial image; the small top left windows display the OD area
and the result of its processing with the program. Below them the windows for the input of the colour mask values are
seen. The rest elements are used for the interface between the program and the environment.
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Fig. 2 Division of the RGB colour space into three
subdomains.
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Fig. 3 Dependence of R2av and DR2 (ordinate) upon
the age of the patients (abscissa).
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Fig. 4 Dependence of G2av and DG2 (ordinate) upon
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Fig. 5 Dependence of B2av and DB2 (ordinate) upon
the age of the patients (abscissa).
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Fig. 6 Dependence of R3av and DR3 (ordinate) upon
the age of the patients (abscissa).
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Fig. 7 Dependence of G3av and DG3 (ordinate) upon
the age of the patients (abscissa).
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Fig. 8 Dependence of B3av and DB3 (ordinate) upon
the age of the patients (abscissa).

According to the developed algorithm the OD
domain is divided into three subdomains by applying a
special mask, the role of which is to separate the pixels
depending on their colour composition. For the RGB
version of the program (the program can support the
measurements in the HSV model as well) the pixels, for
which the values of the red, green, and blue components
satisfy the inequalities R < Ryw, G < Guyn and
B < By, are attributed to the subdomain 1 (beyond the
OD in Fig. 1 it is shown in white). The pixels for which
R> RMAXv G > GMAX and B > BMAX belong to the
subdomain 3 (the domain of physiological excavation of
the OD, in Fig. 1 shown in black). All the rest pixels
form the subdomain 2 (“healthy” region of the OD, in

16 Feb 2016 © SSAU



V. Bakutkin et al.: Statistical analysis of the parameters of the optic disk image

Fig. 1 shown in green colour). The boundary values
Ruvax, mine Guax, mine and Byax, min are determined by
preliminary pixel-by-pixel scanning of the initial image
in the top right window (Fig. 1). Figure 2 shows the
result of the division of the RGB colour space into three
subdomains depending on the mask values Ry, Gu,
Byiv and Ryiax, Gumax, Bumax.

The colourimetric statistical analysis of the OD
includes the determination of the mean values of Rav,
Gav, Bav in the subdomains 2 and 3 of the OD using the
program, as well as the calculation of the relevant root-
mean-square deviations DR, DG, DB. The measurement
performed in the groups of patients of different age
without expressed signs of glaucoma were aimed at the
determination of the boundaries between the norm and
pathology for this disease. The results of the analysis are
presented in Figs. 3-8 [5].

3 Discussion

As mentioned above, the main goal of the studies was to
find a simple criterion for the determination of the
domain of the physiological excavation of OD. This is
just the domain, in which the phenomena accompanying
the glaucoma development are observed. For this aim it
is convenient to use the so called variability coefficient
[6]: Vxy = DXN/XN,,, where X = R, G, B are the
colour components, and N = 2, 3 is the number of the
subdomain. As shown by the calculations, the value of
the wvariability coefficient VX2 for the domain
conditionally considered as healthy exceeds by more
than an order of magnitude the value of the analogous
quantity for the domain of physiological excavation
VX3. The corresponding results of the calculations for
the red component (X = R) are shown in Fig. 9. For
other colour components, the green (X = G) and the
blue one (X = B), the corresponding results demonstrate
similar behavior.

As follows from the papers [7-10], similar methods
of optic disk analysis are used in the diagnostics of wide
spectrum of eye diseases.

The authors of Ref. [7] describe the morphometric
analysis of the OD parameters using the laser retina
tomograph Heidelberg Engineering Company (HRT).
Having appeared at the market of ophthalmological
instruments in the middle of 1990s, it promoted the OD
examination to the level of accuracy, comparable with
that of the computer examination of the central visual
field. During the last 10-15 years the Russian and
foreign ophthalmologists carried out numerous complex
studies of the capabilities of this method in the eyes of
healthy persons with normal refraction and myopia, in
patients with suspicion of glaucoma, and with different
stages of low-pressure glaucoma.

In Refs. [8, 9, 10] the authors propose a method for
diagnosing the visual nerve atrophy basing on the eye
fundus imaging, extracting the OD region, and
analysing its image by means of the computer system.
The system includes the fundus camera "OPTON", the
high-resolution colour video camera, the software-
hardware complex for image digitising and the software
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for the image analysis. The developed set of indicators
for assessing the presence and the degree of the OD
decolouration provides the opportunity of the objective
assessment of the OD structural changes at the expense
of using the calculated integral index in absolute units
that allows for the distribution of the values of basic
spectral components and does not depend upon the
imaging conditions.
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Fig. 9 The values of variability coefficient (ordinate) for
the red component in the subdomains 2 (bottom) and 3
(top) for the OD versus the age of the patients
(abscissa).

The technique described in the present paper allows
the increase of precision and rate of getting objective
colour characteristics of the OD and at present has
already found application in the clinical practice [11].

4 Conclusion

The paper is devoted to the statistical analysis of the
optical disc (OD) image parameters, carried out using a
specially developed computer program. We present a
brief description of the operation of the program, the
calculation technique, and the obtained results. It is
shown that one can definitely select the region of
physiological excavation of OD by the value of the
variability coefficient of the R, G, or B colour
component, which becomes strongly reduced within the
above region.
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