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Abstract. Recent reports have suggested that spectral domain optical coherence tomography (SD-OCT) is a useful
tool for quantifying the permeability of hyperosmotic agents in various tissues. We report our preliminary results on
quantification of glucose diffusion and assessment of the optical attenuation change due to the diffusion of glucose
in normal and adenomatous human colon tissues in vitro by using a SD-OCT and then calculated the permeability
coefficients (PC) and optical attenuation coefficients (AC). The PC of a 30% aqueous solution of glucose was 3.37 +
0.23 x 107® cm/s in normal tissue and 5.65 £ 0.16 x 10=® cm/s in cancerous colon tissue. Optical AC in a normal
colon ranged from 3.48 + 0.37 t0 2.68 + 0.82 mm~" and was significantly lower than those seen in the cancerous
tissue (8.48 £ 0.95103.16 + 0.69 mm~', p < 0.05). The results suggest that quantitative measurements of using PC
and AC from OCT images could be a potentially powerful method for colon cancer detection. © 2012 Society of Photo-
Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1JBO.17.10.105004]
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1 Introduction

It was estimated that more than one million new cases of color-
ectal cancer were clinically diagnosed in 2008. This disease kills
nearly half a million people worldwide each year, with the
majority of these patients suffering from adenocarcinomas.'
Early stages of colon adenocarcinoma can change the macro-
architecture of the colon tissue, and mainly include an increase
in microvascularisation, the blood content of the tissue lesion,>
and the distortion of collagen matrix.® In addition, the significant
increase in the concentration of blood and proteins in the can-
cerous tissue over that in normal tissue may lead to the differ-
ences in optical properties and permeability of an analyte
between normal and malignant human colon tissues. In other
words, the abnormalities in malignant tissues can alter physical
and physiological properties of the specimen and can cause the
change of diffusion rate of a certain analyte.* Measurement and
understanding of these changes could be utilized to detect and
identify the cancerous tissue, which may be helpful for the early
diagnosis of colon cancer.

Currently, colonoscopy is the most commonly technique
used for early detection of colorectal cancer, but this method
is only capable of surface visualization, which limits its ability
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to detect precancerous changes.’ Endoscopic ultrasound, which
is capable of depth-resolved imaging, is currently used in the
clinical and research settings, but its resolution in standard
devices is limited.’ Hence, early detection of neoplastic changes
before metastasis remains a critical objective in colorectal can-
cer diagnosis and treatment. Modern optics can provide real-
time imaging of human tissues with resolutions that are compar-
able to that of histopathology, as well as having the potential
ability to reveal biochemical and/or molecular information.
These modern optical approaches could significantly improve
the identification of malignancies at curable stages.’

Optical coherence tomography (OCT), a noninvasive tech-
nology for microstructure imaging of biological tissues, has
been used to quantify the permeability of a hyperosmotic agent
in atherosclerotic vascular tissue, cancerous gastric tissue, breast
cancer tissue, and sclera and skin tissues ex vivo and in vivo.®!?
Additionally, OCT can be used for localized quantitative mea-
surement of attenuation coefficients (AC), which can provide
additional information for discrimination of the different tis-
sues.'>™'> The scattering properties of the tissue depend on the
difference of refractive index-matching between the cells and
extracellular fluid.'® Partially applying an analyte can reduce
the optical discontinuity in the extracellular fluid and the cell
membrane, and therefore, reduce light scattering. OCT has been
used to discriminate different structural features of the normal
and atherosclerotic vascular tissues,'” apoptosis and necrosis in
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human fibroblasts. This shows that OCT is sensitive to the
changes of the attenuation coefficient caused by analyte diffu-
sion, which is induced by morphological changes of biological
tissue.'® Thus, we can adopt the OCT technique for assessing the
differences of permeability coefficients (PC) and AC in normal
and cancerous tissues caused by hyperosmotic agents. This
could assist in distinguishing cancerous from nonmalignant tis-
sue, and possibly result in early colon diagnosis.

In this paper we report the results of our studies on the real-
time monitoring, differentiation, and quantification of diffusion
of the glucose solution in human normal and adenomatous colon
tissues in vitro using spectral domain OCT (SD-OCT). Finally,
we also compare the characteristics of the glucose permeability
and optical AC properties of normal and malignant colon tissue.
The results show PC and AC calculated from OCT images are
helpful for the detection of cancerous colon tissue in the early
stages.

2 Materials and Methods
2.1 SD-OCT System

Ex vivo experiments were performed with a custom-built
SD-OCT system, the schematic of which is shown in Fig. 1.
A broadband super luminescent diode light source (SLD,
Inphenix Co. Ltd., Livermore, CA) was used as the optical
source. The central wavelength, bandwidth, and output power
were 830 nm, 40 nm and 5 mW, respectively, with the light
source coupled into a 50/50 optical fiber coupler. Then the
interference signal of the light beam reflected from the reference
and sample arms was collected by using a spectrometer, which
consisted of a transmitting grating (1200-line/mm), focus lens
(f =200 mm), and a linear CCD camera (2048 pixels,
14 uym/pixel, e2V). The system operated at an A-scan fre-
quency of 20 kHz, the signal-to-noise ratio was measured at
120 dB and the frame rate was 20 fps. The axial and transverse
resolution was 12 and 15 pum, respectively. Two-dimensional
(2-D) images were obtained by scanning the incident beam
over the sample surface in the lateral direction. The SD-OCT
system operation was entirely controlled by a personal compu-
ter. Two-dimensional OCT images were acquired from each
experiment and stored for post-processing.

2.2  Materials and Measurements

Patients volunteered for the research program conducted at the
Second Affiliated Clinical Hospital of Guangzhou University of

} RM

2-Axis
'\, Scanner

Optical Source

Coupler

OL

—
Sample

Fig. 1 Schematic drawing of the SD-OCT system: (CM-collimator, DG-
diffraction grating, FL-focusing lens, RM-reference mirror and OL-
objective lens) used in the experiment.
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Traditional Chinese Medicine, China and signed consent forms,
with the procedure being approved by the local Ethics Commit-
tee. Colon tissue samples were stored in 0.9% sodium chloride
solution after the resection, and then placed on ice and trans-
ported to the laboratory for performing measurements as
soon as possible. All the samples were divided into two groups
according to pathological diagnosis: normal colon tissues (11
samples), adenomatous colon tissues (11 samples). In order
to ensure the hydration and colon tissue samples integrity,
each sample was rinsed briefly in saline to remove excess sur-
face blood and fat tissue. Each colon sample tissue was stored in
a refrigerator at —70°C, and then was cut into approximately
1.5 X 1.5 cm size pieces for in vitro measurement. As in pre-
vious studies,'*! to guarantee the minimal changes in the phy-
siological status and optical properties of low temperature
samples, all tissue samples were prepared and measured within
12 h after removal. Prior to OCT imaging, tissue samples were
brought to room temperature and defrosted in physiological sal-
ine for approximately 30 min. Baseline values were obtained
from a selected region of the sample and monitored for approxi-
mately eight to 10 min prior to treatment with 30% glucose. The
30% glucose was then added to the colon tissues’ sample surface
for 5 min, then solutions carefully removed prior to OCT ima-
ging. Every 30 min during the measurement, glucose was
applied again on the tissue for 5 min. The 2-D images were con-
tinuously obtained by scanning the sample in the lateral and
axial direction by the OCT. Each sample was used only once.
The entire ex vivo OCT imaging was monitored for approxi-
mately 2 h at room temperature (22°C) throughout the experi-
ment. A 30% glucose (Tianjin Damao Chemical Reagent
Factory, China) solution in dH,O, with the mean refractive
index of 1.39,22 was used in the diffusion experiments. A rea-
sonable assumption for the average refractive index of colon
tissue is n > 1.4.%

2.3 Calculation Methods

The PC of the glucose in the tissues were determined by analyz-
ing the changes in the slope of OCT signal intensity induced by
the glucose diffusion in a specific depth region. This method
was described in detail in previously reported works.?***A
one-dimensional (1-D) curve displaying the distribution of
OCT signal intensity in depth plotted in a logarithmic scale
was created by averaging the 2-D images laterally. A region
in the 1-D OCT signal intensity profile was chosen where
the signal was relatively linear and with minimal oscillations.
The slope was then calculated from the chosen intensity profile
for further analysis,?*>" with the calculated OCT signal slopes
(OCTSS) normalized and plotted as a function of time. The PC
of 30% glucose in the normal and malignant colon tissue was
calculated using the following equation: (P = Zregion/ tregion)s
where P is the permeability coefficient, Zegion 18 the thickness
of the chosen section, and f,.,,, i the time for the glucose to
diffuse through that section.®'3! The penetration time was mea-
sured from the point where the OCTSS started to decrease to the
point at which the reverse process began.

The optical attenuation coefficient of the tissue can be quan-
tified from the intensity of the detected light versus the depth.
For media with absorption as described by the single-scattering
approximation, the light travels in a ballistic way and Beer’s law
can be applied to calculate the total OCT attenuation coefficient:
Uy = u, + pg, where u, is the absorption coefficient and y; is the
scattering coefficient.>> These are physical properties unique to
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the biological tissue, which play a vital role in the assessment of
the tissue feature.'>**3* In this current OCT system case, the
measured signal is defined as: '333-%

[(2(2)]: ~ ({)o)elexp(=2u,2)]7,

where the (i?(z)) is the photo detector heterodyne signal current
received by an OCT system from the probing depth z and the
mean square heterodyne signal (i?),.The result of the OCT
study is the measurement of optical backscattering or reflectance
R(z) « [(i%(z))]"/? from a tissue versus axial ranging distance,
or depth, z. The reflectance depends on the optical properties of
tissue, i.e., the total attenuation coefficient y,. Thus, combined
with Eq. (1) and R(z) it follows that the reflected power can be
approximately proportional to—j;,z in exponential scale accord-
ing to the single scattering model:

€]

R(z) = Lya(z) exp(—pz)- )

Here I, is the optical power launched into the tissue sample
and a(z) is the reflectivity of the tissue sample at the depth of z.
Therefore, measurement of OCT reflectance for depths z; and z,
allows for approximately evaluating the attenuation coefficient
and its temporal behavior. This evaluation is due to reduction of
the tissue-scattering coefficient at the agent immersion if reflec-
tivity a(z) is considered as weakly dependent on depth for a
homogeneous tissue layer. The yu, theoretically can be obtained
from the reflectance intensity measurements at two different

depths, z; and z,:'>¥3

1 | {R(zl)} 3)

=—1In
Hi R(z)

Az
where Az = |z; — z,|. For more details about the entire formulas
derivation process, check Ref. 36. Noise is inevitable in the
measurement, thus a final result should be obtained using a
least-square fitting method in order to improve the accuracy of
determining y, value. An averaged intensity profile as a function
of depth was obtained by averaging the 2-D images laterally

0 min

G

15 min

(b)

(e)

over approximately 1 mm, which was enough for speckle noise
suppression. A best-fit exponential curve was applied to the
averaged intensity profiles of each group since the noise in the
measurement is unavoidable.

2.4 Statistical Analysis

The data from all samples were presented as means = SD and
analyzed by an SPSS 16.0 software paired-test. The p < 0.05
value indicated significant difference.

3 Results and Discussion

Figure 2(a) to 2(c) showed OCT images of normal colon tissue
0, 15, and 30 min after the topical application of 30% glucose,
and Fig. 2(d) to 2(f) showed images of the cancerous colon tis-
sue. Normal colon tissue had a regular and compact appearance
and layers was clearly visible, but the cancerous tissue structure
appeared disorganized, nonuniform and had many dark crypts.
Comparison of Fig. 2(a) and 2(d) demonstrated a remarkable
difference between the normal and malignant colon tissue:
the backscattering from the cancerous tissue appeared more het-
erogeneous than that of normal colon tissue. In addition, the can-
cerous tissue appeared to have a higher scattering than the
normal colon tissue, which was most likely due to larger cell
nuclei, higher nuclear-to-cytoplasmic ratio, and higher regional
tumor cell density in tumor colon tissue.*” Figure 2 also showed
that the visibility, contrast, and imaging depth in both tissues
were significantly improved after the application of glucose.
This change resulted from the diffusion of the topically applied
analyte into the extracellular and intracellular space. A refractive
index matching environment was created by matching the
chemical agents with the main scattering components within
the tissue, leading to the enhanced light penetration. And
the light penetration was further enhanced with the reduced
light scattering due to the dehydration effect after the glucose
application. %

The typical dynamic change of the 1-D OCT normalized sig-
nal intensity profiles and corresponding exponential best-fit
curves in the experiments were shown in Fig. 3. The degree

30 min

®

Fig. 2 OCT images of normal (a)-(c) and the adenomatous colon tissue (d)—(f) at 0, 15, and 30 min, (respectively) after the application of a 30% glucose

solution.
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Fig. 3 Normalized OCT intensity profiles with their corresponding exponential best fit curves zero, 15 and 30 min after the topical application of 30%

glucose; (a) normal colon tissue and (b) adenomatous colon tissue.
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Fig. 4 The typical OCTSS graphs for human normal (a) and adenocarcinoma (b) colon tissues during a 30% glucose diffusion experiment, respectively.

of change in the OCT signal intensity increased coincided with
the glucose penetration of internal structures and a concomitant
increase in glucose concentration. The cancerous tissues yielded
a much broader but steeper OCT signal profile from Fig. 3(b)
than that observed in the normal colon tissue between zero to
—30 min. These results may be due to the additive effect of
the glucose diffusion, which enhances light transportation
into the tissue. Thus more photons propagated to the deep reflec-
tive surfaces underneath the tissue give rise to a stronger back-
reflected signal. OCTSS was calculated from an axial 95-ym
region at a tissue depth of approximately 296 ym away from
the tissue surface. As shown in Fig. 4, a similar trend was
observed in the normal and malignant colon tissue. The dynamic
OCTSS decreased due to a reduction of light scattering inside
the tissue, which was caused by a local increase in glucose
concentration with the increase in time. It is also apparent
that the OCTSS decrease in cancerous tissue was faster than
that of normal tissue, as shown in Fig. 4(a) and 4(b). In
Fig. 4(a), glucose reached the monitored region approximately
20 min after application and took another 47 min for it to com-
pletely achieve the diffusion process. In contrast, for the cancer
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Fig. 5 Comparison of the mean permeability coefficient of 30% glucose
diffusion in normal human and adenocarcinoma colon tissues.
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tissue, it only took about 13 min to reach the monitored region,
and then another 41 min to completely diffuse the whole region
in Fig. 4(b). At that point, a reverse process in the OCTSS was
observed. This reverse process could be due to diffusion via con-
centration gradient differences on either side of the tissue. The
net fluid (mainly water) movement from high concentration
areas to lower concentration will occur, such that induced
water re-enters the tissue after diffusing out until equilibrium
is reached.!®!'% The PC of 30% glucose for the normal colon
tissue in Fig. 5 was significantly slower at 3.37 £ 0.17X
107% cm/s compared with the PC in the adenomatous colon
tissue 5.65 4 0.24 x 107% cm/s (p < 0.05).

Analysis of the decrease in the OCT signal allowed us to
quantitatively determine the optical AC using the OCT techni-
que.**2 The mean OCT signal from a region of tissue was deter-
mined by the specific local optical properties of the region of
interest. Quantification of these intrinsic optical properties
can provide an extra objective, classification parameter.*’ In
both cases, the optical AC decreased with the length of time
following topical application of the glucose. This may be due
to the glucose diffusion into the tissue, wherein tissue contrast
is caused mainly by the coefficients of tissue attenuation. And
the coefficients of tissue attenuation depend on the tissue inter-
stitial space volume fraction, cell diameters, and tissue architec-
ture. The AC of normal tissue was found to differ significantly
from other cancer components with the continuous diffusion of
glucose into the tissues [Fig. 6(a) and 6(b)]. In our study the
decrease of light attenuation was much more prominent in the
cancer tissue than that of normal tissue in the same region where
we determined the OCTSS. It also can be seen from Fig. 6(a)
and 6(b) that the AC seemed to undertake periodic oscillations
when the glucose was added to the tissues. This may be related
to some exchange processes in the glucose and differently-sized
and -hydrated (collagen, elastin) structures of tissue because of
glucose osmotic impact inducing water flux from (dehydration)
these structures and back (rehydration) to them inside tissue.¥
The AC of OCT signal intensity reached its maximum (3.48 &+
0.37 mm™') in the top area and the minimum (2.68 +
0.82 mm™!) in the bottom area of the chose region in normal
colon tissue. But for cancerous colon tissue, the corresponding
values were 8.48 4= 0.95 mm™' and 3.16 & 0.69 mm~!, respec-
tively. In both cases, the differences were significant (p < 0.05).
In our experiments the AC of cancerous tissue was quite higher
than that of normal tissue in Fig. 6. Cancerous tissue had a
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Mean attenuation coefficients of normal (a) and adenomatous colon tissues (b) after topical application of 30% glucose.

higher concentration of hemoglobin, microvascular volume,
blood content and protein that consisted mainly of red blood
cells, hemachrome and fibrin, as compared with the surrounding
unaffected tissue. These elements are known to have a high scat-
tering property, which may explain that the higher AC values
were seen in the cancerous tissue.*' The specificity and sensi-
tivity were obtained based on the experimental data through
comparing the average values of normal (n = 11) and malignant
(n = 11) colon tissue groups. The specificity and sensitivity of
PC was 81.8% and 72.7%, while specificity and sensitivity of
AC was 81.8% and 63.6%, respectively. Although the specifi-
city and sensitivity of PC and AC is helpful for the detection of
normal and malignant colon tissues, combination of these values
with excisional biopsy and histopathology is necessary to dif-
ferentiate the tissues in practical applications.

This experiment presented the preliminary results of glucose
permeability and optical attenuation in normal and cancer tis-
sues ex vivo using SD-OCT technology. The differentiation
between different types of colon tissue is based on alterations
in the morphology of the tissues, such as the structural appear-
ance, tissue characterization, and concentration of blood. Altera-
tions in the organization of cells and tissue that composed the
adenomas could influence the permeability of agents and optical
attenuation in the tissue. The results showed that there was con-
siderable variation in glucose permeability and optical attenua-
tion between normal and malignant colon tissues. Therefore,
SD-OCT technology could assist in the early detection and dis-
crimination of tumors by monitoring and quantifying the diffu-
sion of a hyperosmotic agent, as well as the difference of optical
AC in the normal and cancerous tissues by SD-OCT imaging.

However, it should be noted that our experiments were per-
formed ex vivo rather than in vivo. The optical properties of
excised tissue could change from live tissue. In addition, we mea-
sured the samples at room temperature, which may also have a
little influence on the results since the optical properties of tissue
are temperature-dependent.** Therefore, an in vivo investigation is
needed to indentify these differences on the measurement.

4 Conclusions

In this paper, we have measured the optical AC and PC of glu-
cose from normal and malignant colon tissue groups using the
SD-OCT, and analyzed the changes of optical AC and PC during
the region of interest. The results of this study have shown that
the malignant colon tissue has higher optical AC and PC than
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that present in normal colon tissue. These findings also suggest
that quantitative analysis of colon tissue optical properties by
the SD-OCT technology could benefit the differentiation of the
adenomatous human colon tissue from normal tissue and early
diagnosis of gastrointestinal cancerous tissue.
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