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Abstract. Noninvasive cardiovascular imaging could lead
to the early detection and timely treatment of complex
atherosclerotic lesions responsible for major cardiovascu-
lar events. Recent investigations have suggested that opti-
cal coherence tomography (OCT) is an ideal diagnostic
tool due to the high resolution this technology achieves in
discriminating the different features of atherosclerotic le-
sions based on structural imaging. We explore the capa-
bility of OCT for functional imaging of normal and athero-
sclerotic aortic tissues based on time- and depth-resolved
quantification of the permeability of biomolecules through
these tissues. The permeability coefficient of 20% aqueous
solution of glucose was found to be (6.80+0.18)
X10™®cm/s in normal aortas and (2.69+0.42)
X107 cm/s in aortas with atherosclerotic disease. The
results suggest that this new OCT functional imaging
method—the assessment of the permeability coefficients
of various physiologically neutral biomolecules in vascu-
lar tissues—could assist in early diagnosing and detecting

the different components of atherosclerotic lesions. © 2008
Society of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.2870153]
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1 Introduction

Accumulation of low-density lipoproteins (LDLs) and other
lipid-bearing materials, calcium, and other blood substances
in the arterial wall leads to arteriosclerotic disease that is the
leading cause of death and disability worldwide. Significant
efforts are currently being made to understand, prevent, and
cure this disease by many scientists and clinicians around the
world. However, despite all efforts, we still do not completely
understand what causes this disease and are unable to signifi-
cantly prevent the occurrence of adverse cardiovascular
events.

The aorta is the primary artery in the circulatory system
and provides oxygenated blood to all other arteries of the
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body except those found in the lungs. The aorta is composed
of three different layers: the intima, the media, and the adven-
titia. The intima is the innermost layer and is almost com-
pletely made up of smooth endothelial cells with variable
amounts of elastic fibers. The intima includes the endothelial
lining and an underlying layer of connective tissue. Past the
intima is the media, which is composed of concentric sheets
of smooth muscle cells and elastic tissue. The layer farthest
from blood flow (the outermost layer) is the adventitia. It is a
very thick layer composed mainly of collagen fibers as well as
connective tissue and elastic fibers.

Cardiovascular imaging could help in the diagnosis of a
variety of conditions. Several imaging techniques have been
utilized to accomplish this task. Magnetic resonance imaging
(MRI) is commonly used in noninvasive cardiovascular imag-
ing but is very costly, while the frequent application of x rays
may expose the patient to excessive harmful radiation. Intra-
vascular ultrasound is a widely used technique for cardiovas-
cular imaging because of its ability to visualize normal and
diseased blood vessels from the inside,' but it has limited
resolution, low contrast, and is designed for structural imag-
ing only. Optical coherence tomography (OCT) utilization in
minimally invasive intravascular cardiovascular imaging, on
the other hand, can offer safe high-resolution images and rela-
tively low cost and can provide vital information to the treat-
ing physician.z’5

Alterations in the morphology of biological tissues can be
caused by different diseases. The alterations in the organiza-
tion of cells and tissues that compose the aorta could impact
the permeability coefficient of solutions and drugs that diffuse
through. Therefore, knowledge of diffusion values could aid
in diagnosing diseases and help differentiate among normal
and abnormal tissues. Recently we demonstrated the capabil-
ity of OCT for noninvasive and nondestructive monitoring
and quantifying of the permeability coefficient of different
analytes and drugs in various biological tissues.® In this let-
ter, we report results on quantification of diffusion of biomol-
ecules in normal and diseased areas of pig aorta. The diagno-
sis from information provided by OCT could help in timely
and effective treatment.

2 Materials and Methods

A time-domain OCT system was employed in the diffusion
experiments. Low-coherence broadband light source (Super-
lum, Inc., Russia) with a wavelength of 1310 = 15 nm and an
output power of 3 mW was used as the optical source. Imag-
ing was continuous with a two-dimensional (2-D) image mea-
suring 2.2 X 2.4 mm being acquired every 3 s by scanning
the sample surface laterally with the incident beam and in
depth with the interferometer. The estimated resolution of the
system was 25 um in air. A single one-dimensional (1-D)
curve displaying the distribution of light in depth (on the loga-
rithmic scale) was created by averaging 2-D images laterally
(over approximately 1 mm, which was enough for speckle
noise suppression).

Aortic tissues harvested from hypercholesterolemic pigs
were surgically removed and placed in 0.9% saline solution.
The experiments were performed within 2 h after extraction.
All samples were taken from the aorta of a single pig. A
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trained pathologist indicated the locations in the tissue that
were and were not affected by atherosclerosis by visual ex-
amination prior to the OCT experiments. The aortas were cut
sagittally to create a sheet, which was then cut to approxi-
mately 1-cm?-square samples with and without arteriosclero-
sis. The tissue was submerged in 3 ml of saline solution (to
prevent tissue dehydration during the experiments). Continu-
ous imaging was performed for approximately 1 h. About
7 to 9 min into imaging (required to record a baseline), 3 ml
of 40% glucose solution was added to the saline bath, creating
a total volume of 6 ml of 20% concentrated glucose.

The permeability coefficient of glucose in the aortic tissue
was calculated with the OCT signal slope (OCTSS) method,
which is explained in details in Ref. 6. The average perme-
ability coefficient was computed by analyzing the OCTSS
changes induced by glucose diffusion in a specific depth re-
gion. A linear region with minimal fluctuations from the 1-D
OCT signal was chosen, and its thickness (zregion) was calcu-
lated. The local increase of glucose concentration in the cho-
sen region caused the scattering coefficient to decrease, which
was clearly reflected in the OCTSS graph. The time (Zyegion)
was calculated by measuring from the point where the
OCTSS started to decrease to the point at which a change in
the slope of the OCT signal indicated that the diffusion has
ended and the reverse process began to take place. An in-
crease of the local glucose concentration induced a decrease
of the OCT signal slope. The reverse process, designated by
the positive slope change, is thought to have stemmed from
the difference in the concentration gradients on both sides of
the tissue causing the fluid to travel from the region of higher
concentration to the lower one (water reentering the tissue
after diffusing out due to the application of glucose). The

permeability coefficient (P) was then calculated by dividing
the thickness of the region selected by the time it took for

glucose to diffuse through (ﬁ:zregion/tregion).

3 Results and Discussion

Figures 1(a) and 1(b) are the 2-D OCT images of a normal pig
aortic tissue and an aortic tissue with early atherosclerosis,
respectively. Typical results obtained from the hematoxyen
and eosin (H&E) histological examination of aortas of the pig
model are shown in Figs. 1(c) and 1(d). A vertical view of
normal tissues [Fig. 1(c)] shows that the layers look compact
and have a normal distribution (note that the endothelium is in
one single cell layer, as it should be). In comparison, Fig.
1(d), which represents the thinnest sample from diseased sec-
tions, can be seen with significant neointimal thickening.
Figure 2 represents a typical OCTSS graph for a normal
pig aorta during a glucose diffusion experiment. The sample
was monitored for approximately 9 min before application of
the glucose solution. The monitored region was about 70 um
in thickness and 157 wm away from the surface. The OCT
signal slope decreased due to the reduction of scattering
within the tissue caused by the local increase of glucose con-
centration. Glucose solution reached the monitored region ap-
proximately 20 min after administration and it took another
20 min for it to completely diffuse through. At that point, a
reverse process in the OCTSS was shown. This change in
slope could be due to diffusion via concentration gradient
differences on either side of the tissue; the net fluid (mainly
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Fig. 1 (a) and (c) OCT and histology images of a normal pig aorta,
respectively, and (b) and (d) OCT and histology images from an early
atherosclerotic lesion in a pig aorta.

water) movement from areas of high concentration to those of
lower concentration would occur until equilibrium is reached.
The permeability coefficient of glucose 20% from four differ-
ent experiments was found to be 6.80+0.18 X107 cm/s.
The uncertainty in the permeability coefficient from five in-
dependent readings was 0.07 X 107°.

Figure 3 displays an OCTSS graph during a glucose diffu-
sion experiment in an atherosclerotic pig aorta. The same pro-
cedure was implemented as for the normal tissues experi-
ments. The permeability coefficient of glucose 20% in
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Fig. 2 Typical OCTSS graph as a function of time recorded from a
normal pig aorta sample during a glucose 20% diffusion experiment.
The smoothed graph was obtained by averaging intervals on 50
points. The tick marks indicate the interval of glucose diffusion.
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Fig. 3 OCTSS graph as a function of time recorded from an athero-
sclerotic pig aorta sample during the glucose 20% diffusion experi-
ment. The smoothed graph was obtained by averaging intervals on 50
points. The tick marks indicate the interval of glucose diffusion.

atherosclerotic aorta tissues was found to be 2.69*0.42
X 1073 cm/s (n=7) with an uncertainty of 0.03 X 10~ from
five independent readings.

The results from this study indicate that atherosclerotic
tissue had a higher permeability coefficient compared to nor-
mal tissue. These findings support the hypotheses that OCT
could not only have the capability to measure the permeability
coefficient in aortic tissues, but can also distinguish among
normal and abnormal regions of the tissues. The increased
rate at which glucose diffused into the atherosclerotic tissue
could be explained anatomically. LDLs usually diffuse
through the different layers of the aortic tissue to reenter cir-
culation but at times can become trapped inside the intima.
Inside the intima, the LDLs undergo oxidation and become
modified. Macrophages migrate between the endothelial lin-
ings of the intima and start taking up the modified LDLs
where they become engorged. This can lead to foam cell for-
mation and can eventually lead to an accumulation of plaque
that protrudes into the lumen of the aorta. As the atheroscle-
rotic plaque increases in size over time, the elastic tissues that
form the aortic layers expand to compensate for the blockage
and maintain adequate blood flow throughout the body. The
expansion of the aorta could cause the numerous cells, fibers,
and tissues of the aorta to readjust their organization. From
that organizational change, glucose could find the tissue easier
to diffuse through. This expansion could explain the increase
in the permeability coefficient of glucose through atheroscle-
rotic tissue.

The structural OCT images from our experiments did not
enable effective differentiation of normal from diseased tis-
sues (see Fig. 1). However, the functional analysis showed
significant differences between normal and abnormal tissue
regions. This information could significantly increase the
specificity and accuracy of tissue classification and further the
use of OCT in clinical imaging. It is possible that this func-
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tional imaging method could potentially differentiate compo-
nents contained in advanced atherosclerotic lesions such as
necrotic core and collagen.

4 Conclusion

The OCT functional imaging method could supplement exist-
ing intravascular structural imaging methods [such as intra-
vascular ultrasound (IVUS) and OCT intravascular structural
imaging] and have a significant impact on early diagnostics of
vascular abnormalities. These pilot results indicate that struc-
tural imaging with OCT may not be able to identify diseased
regions; however, functional imaging could enable accurate
assessment of analyte diffusion and assist in the early diagno-
sis of complex atherosclerotic lesions. The permeability coef-
ficient in the abnormal tissues was found to be about four
times than that in the normal ones. The results presented could
prove the use of OCT in functional cardiovascular imaging
and diagnosing as well as detecting atherosclerosis in aortic
tissues. While the described proof-of-concept studies mea-
sures molecular diffusion over many minutes, it is reasonable
to expect that a future clinical utility would not require con-
tinuous image acquisition to quantify molecular diffusion in
arteries. Additionally, the development or application of other
small molecules, various diffusion enhancers, drugs that
might be used to treat patients, or even biocompatible nano-
particles might significantly reduce the acquisition/monitoring
time, enabling a much faster diagnosis.
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