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1 Introduction

Abstract. Noninvasive tumor imaging could lead to the early detec-
tion and timely treatment of cancer. Optical coherence tomography
(OCT) has been reported as an ideal diagnostic tool for distinguishing
tumor tissues from normal tissues based on structural imaging. In this
study, the capability of OCT for functional imaging of normal and
tumor tissues based on time- and depth-resolved quantification of the
permeability of biomolecules through these tissues is investigated. The
orthotopic graft model of gastric cancer in nude mice is used, normal
and tumor tissues from the gastric wall are imaged, and a diffusion of
20% aqueous solution of glucose in normal stomach tissues and gas-
tric tumor tissues is monitored and quantified as a function of time
and tissue depth by an OCT system. Our results show that the perme-
ability coefficient is (0.94+0.04) X 107> ¢cm/s in stomach tissues and
(5.32+0.17) X 107> cm/s in tumor tissues, respectively, and that tu-
mor tissues have a higher permeability coefficient compared to nor-
mal tissues in optical coherence tomographic images. From the re-
sults, it is found that the accurate and sensitive assessment of the
permeability coefficients of normal and tumor tissues offers an effec-
tive OCT image method for detection of tumor tissues and clinical

diagnosis. © 2009  Society of  Photo-Optical  Instrumentation  Engineers.
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applications. A hyperosmotic agent was utilized in many stud-
ies to increase the depth of light penetration into highly scat-

Optical coherence tomography (OCT) is used in detection and
location of varied tumor tissues. Currently, OCT images of
tumor tissues have been reported in vitro and in vivo.'? OCT,
as a noninvasive imaging technique, is based on detecting
backscattering from intrinsic biological tissues. There is a de-
formed construction and morphology in tumor tissues, and
many experiments showed that signal attenuation in tumor
tissues was more evident compared with normal tissues,6 be-
cause the intrinsic optical properties of biological tissues,
such as light absorption and light scattering, are the main
factors that limit image contrast of normal and pathological
tissues.” However, there are some questions with the OCT
imaging of tumor tissues, when there are less differences in
light scattering between the normal and tumor tissues, such as
earlier cancer, poorly differentiated tissues, and so on, with
the small alteration in microstructure and morphology.

A method to change light transport deep in target areas of
tissue would improve both therapeutic and diagnostic laser
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tering tissues for the imaging technique of near-infrared opti-
cal coherence tomography.&9 Research has shown that
glycerol as a hyperosmotic chemical agent can reduce the
amount of refractive mismatch found in the tissue and mark-
edly reduces random scattering, thereby making the skin less
turbid for visible wavelengths for a controlled period of
time.'"” The application of glycerol reduced light scattering
and increased depth of visibility with optical coherence to-
mography, and the intensity images indicated changes in
blood optical properties and improved contrast of skin cross-
section glycerol application.” The mixed hyperosmotic solu-
tion of 50% glycerol and 20% DMSO has been studied and it
was found that the clearing effect of glycerol is enhanced by
adding DMSO into it for its synergistic effect.'? Many studies
showed that hyperosmotic agents could have potential appli-
cations for in-vivo low-level light imaging techniques.13’14
Dynamic diffusion of the hyperosmotic agent in tissues
was observed, and it is found that there is a two-stage diffu-
sion of the hyperosmotic agent: the first stage of diffusion is
from the top tissue to the intercellular space, and the second is
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into the cell matrix. During the first stage, the imaging con-
trast can be improved by dehydration.13 The capability of
OCT for functional imaging of normal and atherosclerotic
aortic tissues was explored based on time- and depth-resolved
quantification of the permeability of biomolecules through
these tissues. It is found that the assessment of the permeabil-
ity coefficients of various physiologically neutral glucose bio-
molecules in vascular tissues could assist in early diagnosing
and detecting the different components of atherosclerotic le-
sions. And the capability of OCT for noninvasive and nonde-
structive monitoring and quantifying of permeability coeffi-
cients of different analytes and drugs in various biological
tissues was studied.'>'® To explore the property of permeabil-
ity coefficients of hyperosmotic agents in tumor tissues and
improve the application of OCT in the diction of tumor tis-
sues, we monitor and quantify the diffusion of 20% aqueous
solution of glucose in tumor tissues. The results offer an ef-
fective method for clinical diagnosis and detection of tumor
tissues.

2 Materials and Methods
2.1 System of Optical Coherence Tomography

The OCT system used in this study mainly includes resource,
fiber conduction, reference arm, and sample arm modules.
Briefly, a broadband light source emitted from a superlumi-
nescent diode is the central wavelength at 830 nm with a
bandwidth of 50 nm. The light is delivered via a single-mode
fiber with a mode field diameter of 5.3 wm. This OCT system
provides an axial resolution of 10 to 15 wm. The transverse
resolution of the system is about 20 wm, determined by the
focal spot size produced by the probe beam. The signal-to-
noise ratio (SNR) of the system is measured at 100 db. A
visible light source (A=645 nm) is used to guide the probe
beam. The OCT system operation is controlled automatically
by computer. The detector current is demodulated using a
lock-in amplifier and a low-pass filter in software prior to
storage. Each in-depth scanning (A-scan) consists of 10,000
data points. Lateral scanning (B-scan) image is obtained by
moving the mirror relative to the tissue sample, which takes
about 1.0s. The data acquisition software is written in Lab-
View 7.2-D. OCT images are obtained in each experiment and
stored in a PC for further processing.

2.2  Material and Animal Tumor Model

20 BALB/c nude mice weighing between 15 g and 18 g, pur-
chased from the Laboratory Animal Center at Sun Yat-Sen
University, were used in this study. Animals were maintained
under specific pathogen-free conditions, in which chow and
tap water were available ad libitum. The animals were divided
into two groups: the normal control group (ten samples) and
the tumor model group (ten samples). The tumor model group
received an orthotopic (gastric mucosa) graft operation.

The human gastric cancer cell line MCG-803 cells (CTCC)
were cultured in DMEM culture medium supplemented with
10% fetal calf serum, 50-U/ml penicillin, and 50-ug/ml
streptomycin. Suspensions of MCG-803 cells (5 to 10X 106
viable cells/mouse) were implanted into the right dorsal por-
tion of BALB/c nude mice. After 20 days, the inoculated tu-
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mors reached diameters of about 3 to 6 mm, the mice were
killed, and tumor tissues were surgically extracted for estab-
lishing the animal model of gastric carcinoma in sifu. The
resected tumor tissues were sheared to small tumor tissues
about one cubic millimeter. The ten mice in the tumor model
group were opened at their abdominal cavity by operation, the
gastric walls were exposed, and then the small tumor tissues
were implanted into the gastric wall. After 20 days, when the
diameter of the implanted tumors became about 2 to 4 mm,
the animals were prepared for OCT imaging.

Then, the gastric walls in the normal control group and the
tumor model group were cut into approximately 1 X 1-cm
samples and placed in 4-ml 0.9% saline solution. Continuous
OCT imaging was performed for approximately 1 h at 22 °C.
The region was imaged for approximately 7 to 10 min before
the glucose solution was applied to establish a baseline for the
OCT signal slope graph. Then 4-ml 40% glucose solution was
added to the saline solution in a 1:1 ratio to maintain the end
level of 20% glucose.

2.3 Methods of Measurement and Calculation

The permeability coefficients of glucose in tissues ex vivo
were measured by monitoring slope changes of OCT signals
in the tissue. The permeability coefficient of glucose in the
tissues was computed with the OCT signal slope (OCTSS)."”
The glucose that diffused through the tissues changed the lo-
cal optical property, which was detected by the OCT system.
Glucose penetrated through the tissue to replace water in tis-
sues. Due to the increase of in-depth concentration, the light
scattering coefficient is altered. The changes of the optical
properties were shown in biological tissues through time in-
duced by the glucose diffusion.

The normal stomach mucosa tissues and stomach tissues
are performed by OCT at a central length of 830 nm. 2-D
OCT images were acquired by continuous imaging of the tis-
sue. 20 consecutive scans were averaged to obtain OCT inten-
sive profiles as a function of depth. A region with minimal
alterations in the OCT signal was selected for time-dependent
analysis of its optical properties as glucose diffused through
these tissues. The permeability coefficient of glucose in the
normal stomach and tumor tissues was calculated by using the
following equation:

P=

~ ™

s

where P is the permeability coefficient, z is the thickness of
the chosen section, and ¢ is the time for the glucose to diffuse
through that section.'’

2.4 Statistical Analysis

Data are presented as a mean * SD for a number of sample
animals. Data were analyzed by Student’s t-tests for unpaired
data. P<<0.05 was considered statistically significant. All sta-
tistical analyses were performed with the statistics software
SPSS 10.0 for Windows.
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Fig. 1 OCT images of (a), (b), and (c) the normal stomach, and (d), (e), and (f) tumor tissues at 0, 20, and 40 min during the 20% glucose diffusion

experiment.

3 Results

3.1 Optical Coherence Tomography Images of
Normal Stomach Tissues and Stomach
Tumor Tissues

Figures 1(a)-1(c) show the OCT images of the normal stom-
ach tissues ex vivo at 0, 20, and 40 min during the 20% glu-
cose diffusion experiment. It is shown that the submucosal
layers of normal stomach tissues are visible with layer struc-
tures at 0 and 20 min. The imaging depth is improved after
the application of 20% glucose. Figures 1(d)-1(f) display the
OCT image of the stomach tumor tissues ex vivo. It is shown
that there are no layer structures in the gastric cancer tissues
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in the tumor model group. It can be seen that there is an
improvement in the imaging depth after the application of
20% glucose.

3.2 Optical Coherence Tomography Signal Slope
Graphs of Normal Stomach Tissues and
Stomach Tumor Tissues

Figure 2(a) shows a typical OCTSS graph in the normal stom-
ach tissues during a glucose diffusion experiment. The sample
was monitored for approximately 10 min before glucose so-
lution was applied. The monitored region was about 135 um
thick and 195 wm away from the surface. From Fig. 2(a),
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Fig. 2 OCTSS graphs as a function of time from (a) normal stomach tissues and (b) stomach tumor tissues during the glucose 20% diffusion

experiment. The tick marks indicate the interval of glucose diffusion.
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Fig. 3 Comparison of permeability coefficient of glucose diffusion.

there was a decrease of the OCT signal slope caused by a
reduction of scattering in the tissues due to the local increase
of glucose concentration. 20% glucose solution reached the
monitored region approximately 20 min after administration.
This decrease of the slope could be due to the concentration
gradient differences between both sides of the tissue; the fluid
(mainly water) moved from areas of high concentration to
those of lower concentration. And the monitored region was
completely diffused through by the 20% glucose solution. At
this time, a reverse process, the increase of OCT signals, in
the OCTSS was seen. Water diffused back into the tissues due
to the difference, which means water was diffusing back into
the tissue due to the difference of the concentration gradient
of the glucose solution on both sides. After 20 min, equilib-
rium is reached. There is no evident change in the graph. The
permeability coefficient of 20% glucose from different experi-
ments was found to be (0.94+0.04)X 107 cm/s. Figure
2(b) displays an OCTSS graph during a 20% glucose diffu-
sion experiment in the tumor tissues. The same procedure was
used in the tumor tissue experiments. The tumor tissue region
monitored was 310 wm thick and 420 wm away from the
surface. The permeability coefficient of 20% glucose in the
tumor tissues was found to be (5.32+0.17) X 10~ cm/s.

Comparing the permeability coefficient in the tumor model
group with that in the normal control group, it is found that
there is a significant difference in the permeability coefficient
of glucose between tumor tissues and normal tissues (p
<0.01) (see Fig. 3).

4 Discussion

OCT techniques were used for detecting the changes in struc-
ture associated with early neoplastic diseases. OCT-based en-
doscopic systems perform imaging of specific target areas,
such as the breast duct, the urinary tract, and so on. The gas-
trointestinal tract is the first internal organ for which endo-
scopic OCT was applied for study.18 In clinical trials, OCT
endoscopes have been used in malignancies in different or-
gans, including the gastrointestinal tract, larynx, esophagus,
uterine cervix, colon, urinary bladder, and vascular,
systems.18"20 In this researches, it is shown that the alteration
of intrinsic light scattering properties in tumor tissues make
detection possible by OCT imaging, and can promote the
clinical application of OCT technique.

In this study, gastric cancer models in mice were estab-
lished, normal stomach tissues and gastric tumor tissues were
detected by OCT imaging, and a diffusion of 20% aqueous
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solution of glucose in normal stomach tissues and gastric tu-
mor tissues was monitored and quantified. By gathering inter-
ference data at points across the surface, at cross sectional
tissues, and averaging the OCT profile images, the optical
properties of tissues are measured. To measure the permeabil-
ity coefficient, the refractive index is assumed to be equal to
1.40 in gastric wall tissues. The diffusion of glucose will
change the refractive index during the course of the experi-
ment, and therefore will affect the size of the region selected
for calculations. But, this alteration in tissue optical size was
small enough and was neglected in our computation. Also,
biological tissue is a turbid nonuniform tissue with some
variations in the refractive indexes through its layers. Our
results show that the permeability coefficient of stomach tu-
mor tissues is higher than that of normal stomach tissues sig-
nificantly. These indicate that OCT has the capability to mea-
sure the permeability coefficient of biological tissues and
differentiate tumor tissues from normal constructive tissues.
The passive diffusion of macromolecules in tissues is criti-
cally dependent on the amount and structural organization that
could vary spatially within a specific tissues segment and
from normal to tumor tissues according to the disease stage.21
The alteration of permeability coefficient of hyperosmotic
agent diffusion in tumor tissues might provide a basis for
tissue characterization and early tumor diagnosis. Therefore,
monitoring and quantifying the diffusion of a hyperosmotic
agent by OCT imaging could assist in the diagnosis and early
detection of tumors, and glucose solution, one important mol-
ecule naturally occuring in blood and having no side effects,
could be easily applied in future clinical applications.

5 Conclusion

OCT’s capability of nondestructive quantification of glucose
diffusion in biological tissues makes it an excellent imaging
tool in studying drug and analyte diffusion. It is shown here
that the permeability coefficient in abnormal tissues is found
to be far bigger than that in normal ones. From the permeabil-
ity coefficient of normal stomach tissues and tumor tissues, it
is found that there is a clear difference in composition and
structure. The results presented confirm the ability of OCT in
biological tissue imaging and diagnosing, as well as detecting
tumor tissues. The methods enable accurate assessment of
analyte diffusion and assist in the early diagnosis of various
tumor tissues.
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