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Monitoring of permeability of different analytes in human normal
and cancerous bladder tissues in vitro using optical coherence

tomography

Bingsong Lei, Xiaoyuan Deng, Huajiang Wei, Guoyong Wu, Zhouyi Guo,

Hongqin Yang, Yonghong He, Shusen Xie

Abstract. We report our preliminary results on quantification of
glucose and dimethyl sulfoxide (DMSO) diffusion in normal and
cancerous human bladder tissues in vitro by using a spectral domain
optical coherence tomography (SD-OCT). The permeability coef-
ficients (PCs) of a 30% aqueous solution of glucose are found
to be (7.92£0.81)x10° cm s and (1.19£0.13)x105 cm s! in
normal and cancerous bladder tissues, respectively. The PCs of
50% DMSO are calculated to be (8.99%0.93)x10° cm s™! and
(1.43£0.17)x 1075 cm s! in normal and cancerous bladder tissues,
respectively. The obtained results show a statistically significant
difference in permeability of normal and cancerous tissue and indi-
cate that the PC of 50 % DMSO is about 1.13-and 1.21-fold higher
than that of 30 % glucose in normal bladder and cancerous bladder
tissues, respectively. Thus, the quantitative measurements with the
help of PCs from OCT images can be a potentially powerful method
for bladder cancer detection.

Keywords: hyperosmotic agents, glucose, dimethyl sulfoxide, per-
meability, human normal and cancerous bladder tissues.

1. Introduction

Urinary bladder carcinoma has been currently ranked the
fifth most common cancer in the USA and the sixth in the
developed world [1,2]. A majority of cases of bladder cancer
represent non-muscle invasive bladder cancer and the recur-
rence rates reported are as high as 75% in terms of cancer-
specific survival [3,4]. High recurrence rates lead to the neces-
sity of subsequent close lifelong clinical follow-up with cytology
as well as to repeated treatment in today’s medical practice.
The above-said makes bladder cancer one of the most expen-
sive in terms of medical treatments [5]. Recent advancements
in imaging techniques may improve bladder cancer detection
and characterisation and enhance transurethral resection
quality. Liu et al. [6] mainly assessed three clinically used
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imaging techniques, including fluorescence cystoscopy, nar-
row-band imaging and optical coherence tomography (OCT).
Each imaging technique discussed has its advantages and dis-
advantages.

Improvement of diagnostic accuracy and resection thor-
oughness depends on visualisation and biopsy, which allow a
clinician to assess the location and extent of the tumour. The
motivation for new imaging technologies is aimed at improv-
ing the visualisation of tumours [7]. Fluorescence cystoscopy
(FC) has been established as a standard method for early
bladder cancer detection [8]. FC is particularly useful at
improving the detection of flat lesions, such as carcinoma in
situ (CIS) [9]. However, this technique has been related to a
relatively high number of false-positive results, which is due
to reactive changes and inflammations [10]. Narrow band
imaging (NBI) uses narrow bandwidth radiation with centre
wavelengths in the blue and green spectra to increase the con-
trast of mucosa and small vascular structures with a high
resolution, without the use of intravesical instillations [11].
Geavlete et al. improved NBI cystoscopy, showing significant
progress in tumour visual accuracy and detection [12]. Herr et
al. [13] showed that the use of NBI was associated with fewer
recurrences and longer recurrence-free intervals. The Clinical
Research Office of the Endourological Society recently
launched an international randomised trial to evaluate NBI [6].
As a result, NBI demonstrates better bladder cancer detec-
tion. In addition, further research is necessary to determine
the long-term impact of two technologies on recurrence, pro-
gression and survival in the case of bladder cancer.

Pan et al. [14] demonstrated the utility of OCT in high-
resolution imaging to delineate the micromorphology of
highly scattering tissues such as urinary bladders; besides,
they found OCT to be clinically relevant in diagnosing alter-
nations or tumour growth in these tissues [14]. Imaging
modality like OCT is a noninvasive optical imaging technique
that has been developed for high-resolution in vivo examina-
tion and cross-sectional microstructure imaging of biological
tissues or histological sections [15-21]. The layer thickness
and attenuation coefficient of the OCT signal can be extracted
from biological tissues in real-time [22—29]. The optical clearing
technique can ensure deeper penetration of light into tissues
by using optical clearing agents (OCAs) to reduce light scat-
tering by tissue layers and blood, which improves image quality
and precision of spectroscopic information from the tissue
depth [30,31].

In this paper, we have studied the permeability of glucose
and dimethyl sulfoxide (DMSO) in normal and cancerous
bladder tissues in vitro with OCT. The diffusion process of the
agents in cancerous and normal bladder tissues was moni-
tored with a spectral domain OCT (SD-OCT) during the
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experiment. This research may improve the capability of OCT
utilised in cancer detection and help patients with bladder
cancer tissues by providing prompt diagnosis.

2. Materials and methods

2.1. Materials

Patients volunteered for the research program conducted at
the First Affiliated Hospital of Sun Yat-Sen University, China,
signed consent forms, with the procedure being approved by
the local Ethics Committee. Fresh surgical specimens of bladder
tissues with thickness varying from 1.0 to 2.0 mm were excised
in nine volunteers (five men and four women) aged 40 or older
(average age of 48). All the bladder cancerous tissues were
stored in a refrigerator at —70°C until the measurement in
vitro. During the experiment, bladder samples were grouped
into two critical cases: normal bladder tissues and cancerous
bladder tissues. Then, the samples with the lateral dimension
of approximately 1.0x1.0 cm were prepared in a freezing
state for measurements. Right before OCT experiments,
samples were defrosted in physiological saline at room tem-
perature for 30 min. Continuous imaging was performed for
approximately 2 h and the room temperature was maintained
at 20°C throughout the experiment. The region of the samples
was imaged for about 5 to 10 min before hyperosmotic agents
were applied. Agents investigated in this experiment were
30% (w/v) glucose and 50% (v/v) DMSO. Continuous topical
application of hyperosmotic agents and 2-D OCT functional
imaging were performed from superficial tissues. No samples
were used more than once.

2.2. OCT system

Measurements were performed by using a SD-OCT system
(Figs 1 and 2). A low-coherence broadband superluminescent
diode with centre wavelength of 830 nm, bandwidth of 40 nm
and an output power of 5 mW was used as an optical source.
The signal-to-noise ratio (SNR) of this SD-OCT system was
measured to be 120 dB. The axial resolution was 12 um and
transverse resolution was 15 um, determined by the focal spot
size of the probe beam. The acquisition time per OCT image
was about 180 ms, corresponding to an A-scan frequency of
2000 Hz and the frame rate of 20 fps. A computer was used
to control the OCT system with a data acquisition software
written in Labview 7.2-D. A single 2D OCT image was selected
every one minute by scanning the incident beam over the
sample surface in the lateral direction and in-depth (A-scan)
scanning by the interferometer. Adjacent depth profiles could
be displayed on a gray scale level in real time, resulting in an

Figure 1. Experimental setup.
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Figure 2. Schematic of the OCT system.

image comparable to histopathology, with resolutions up to
10 um and at depths of around 2—3 mm. Altogether, more
than 200 two-dimensional OCT images obtained in each
experiment were stored in the personal computer for post-
processing.

2.3. Methods

2D OCT images were obtained from the bladder tissues (both
normal and cancerous) in each test and stored in a computer
for further processing. The permeability coefficient (PC) of a
hyperosmotic agent in a specific region of tissues ex vivo was
calculated by analysing the slope changes in the OCT signal
intensity during the diffusion process of the hyperosmotic
agent in a specific depth region. This method was previously
reported in detail in Refs [32-36].

In our work, the same method is applied to monitor and
compute the differences in PCs of the glucose or DMSO dif-
fusion in the normal human and bladder cancerous tissues.
The 2-D OCT images were averaged in the lateral direction
(x axis) (which is sufficient for speckle-noise suppression) into
a single curve to obtain a 1-D OCT signal that represented a
one-dimensional in-depth distribution of light. A region in
the 1-D OCT signal intensity profile was chosen where the
signal was relatively linear and underwent minimal alterations.
Then, the slope was calculated from the chosen intensity profile
for further analysis [37], with the calculated OCT signal slopes
(OCTSS’s) normalised and plotted as a function of time. The
PCs of 30% (w/v) glucose and 50% (v/v) DMSO in normal
and bladder cancerous tissue are calculated using the following
equation: P = z.4/t,e,, Where z, is the thickness of the chosen
section, and #,, is the time for the glucose or the DMSO to
diffuse through that section [38,39]. The penetration time
was measured from the point where the OCTSS’s started to
decrease to the point at which the reverse process began.

All the data from all the samples were presented as a
‘mean * standard deviation” and analysed by a paired-test.
All statistical analyses were performed with the statistics soft-
ware SPSS 10.0 for Windows.

3. Results and discussions

Figure 3 demonstrates a typical OCTSS graph for 30% (w/v)
glucose diffusion experiments in human normal bladder tissue.
The OCTSS of bladder tissue was calculated for the 80 um
region at a tissue depth of approximately 210 um from the
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tissue surface. Firstly, normal bladder tissue was monitored
for about 8 min to record a baseline. Then, 0.1 mL of 30%
glucose was topically applied to the OCT scanning area,
where imaging continued for another 102 min. Diffusion of
glucose solution inside bladder tissues dynamically changed
the scattering coefficient, which was detected by OCT. The
OCTSS decreased due to the reduction of scattering inside
tissue caused by the local increase in glucose concentration.
In Fig. 3, glucose solution reached the monitored region
at approximately 12 min after application and took another
89 min to completely diffuse in the entire region. At that
point, a reverse process in the OCTSS occurred. This reverse
process is thought to stem from diffusion via concentration
gradient differences on either side of tissue, which enforce the
net fluid (mainly water) movement from the areas of higher
concentration to the lower ones, thereby inducing water re-
entry to the tissue after diffusion [40—43].
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Figure 3. OCT signal slope as a function of time, recorded for (a) nor-

mal bladder tissue and (b) cancerous bladder tissue during 30% glucose
diffusion; points show the experimental data.

Figure 3b shows a typical OCTSS graph for bladder can-
cerous tissue after application of 30% glucose. The trend of
change in the OCTSS of bladder cancer tissue is similar to
that of normal bladder tissue during 30% glucose diffusion
experiments. The monitored regions are the same, but 30% glu-
cose took about 14 min to reach the monitored region, and
then only took about 67 min to completely diffuse.

Figure 3 shows that for each analyte, the dynamic OCTSS
change trend of bladder cancerous tissues is similar to that of
normal bladder tissues. However, the PCs of each analyte
for these groups of tissues have a significant difference. This

information could significantly increase the specificity and
accuracy of tissue classification and the further use of OCT in
clinical imaging.

With the same conditions and procedure, the OCTSS
graphs of 50% (v/v) DMSO were obtained in diffusion experi-
ments in normal and cancerous bladder tissues (Fig. 4).
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Figure 4. OCT signal slope as a function of time, recorded for (a) nor-
mal bladder tissue and (b) cancerous bladder tissue during 50% DMSO
diffusion; points show the experimental data.

The average PCs of 30% glucose were estimated to be
(7.92£0.81)x10%cm s and (1.19+0.13)x 10~ cm s~! in nor-
mal and cancerous bladder tissues, respectively, in ten inde-
pendent experiments. The PCs of 50% DMSO were calculated
to be (8.9920.93)x10° cm s! and (1.43£0.17)x 107 cm 57!
in normal and cancerous bladder tissues. The results with
their corresponding standard deviation are shown in Fig. 5.

One of the most obvious characteristics is that the perme-
ability in human bladder cancerous tissue is conspicuously
higher than that in normal bladder tissue. For instance, the
PC of 30% glucose increases by approximately 50.3% for
cancerous tissue compared with that for normal bladder tissue,
and the PC of 50% DMSO increases by approximately 59 %
for cancerous tissues compared with that for normal bladder
tissue. This result well agrees with several previous studies that
have been focused on the property of the permeability of hyper-
osmotic agents in normal and cancerous tissues [35,40,41, 44].
At the same time, our findings indicate that 50% DMSO has
a higher PC compared to 30% glucose, no matter where it is
used in normal or cancerous bladder tissues. The PC of 50%
DMSO is about 1.13- and 1.21-fold higher than that of 30%
glucose in normal and cancerous bladder tissues, respectively.



1168

Bingsong Lei, Xiaoyuan Deng, Huajiang Wei, Guoyong Wu, et al.

T, 1.8

= 1.6F

Q

7 14F 1
[«

= 1.2f T

?5 T

§ Lo T

G .

“78 0.8F F

2 0.6F

'?g 0.4r 1 2 3 4
2 02}

5

a_‘ O

Figure 5. Average PCs of (1, 2) 30% glucose and (3, 4) 50% DMSO in
(1, 3) normal and (2, 4) cancerous bladder tissues.

Recently, many studies analysed the relationship between
tissue composition, microstructure and macrophysiology,
showing that the bladder’s physiological behaviour reflects
both the mechanical properties of tissue and its complex
structural organisation [4,21]. In particular, the difference
can stem from the structure, composition of bladder tissues,
structural properties of glucose and DM SO molecules.

Zhu et al. [45] made a conclusion that glucose is one of
the most common analytes used as an optical clearing agent.
It has been widely used to investigate the permeability of bio-
logical tissues. Compared with any other OCAs, glucose has
many advantages, because its molecules are physiologically
important and have excellent biocompatibility as an inert
chemical compound. Glucose enters most cells by facilitating
diffusion (moving down the concentration gradient across the
cell membrane with help of a carrier protein). Nevertheless,
diffusion of glucose in bladder tissues has never been studied.
In previous studies, the average PCs have been reported in
30% glucose solution in human normal and cancerous lung
tissues, colon tissues in vitro [46,47]. Comparison of the results
of the current study with previous studies shows a significant
increase in the PC of 30% glucose in normal and cancerous
bladder compared with that of 30% glucose in lung and colon
tissues, respectively, i.e., the optical clearing effects of 30%
glucose in vitro in normal and cancerous human bladder are
significantly different compared to other human tissues.

DMSO is a dipolar aprotic solvent, which has a tendency
to accept rather than donate protons. Anhydrous DMSO has
a refractive index of about 1.48. McClure et al. [48] demon-
strated that DMSO is the only individual agent which pos-
sesses an appreciable optical clearing potential (a three-fold
reduction in reduced optical scattering, according to our recent
data on topical application). DMSO is medically approved in
the USA only for the treatment of interstitial cystitis, a type of
inflammation of bladder [49]. Although, DMSO currently is a
shunned chemical agent due to its purported systemic toxicity,
the FDA ultimately concluded that clinical studies of DMSO
are still warranted to demonstrate both the efficacy and safety
of DMSO based on data from Ref. [49]. Assessment of the
effects of 50% DMSO on permeability of normal and cancerous
human bladder tissues with a SD-OCT system shows that
DMSO resulted in a marked increase in the PC.

4. Conclusions

In this paper, we have measured the optical permeability
coefficients of glucose and DMSO in normal and cancerous
bladder tissue groups using SD-OCT and analysed the changes

of the PCs in the region of interest. The results obtained indi-
cate that the cancerous bladder tissue has a higher optical PC
than that in normal bladder tissue. As to the optical clearing
efficacy, the PC of 50% DMSO is about 1.13- and 1.21-fold
higher than that of 30% glucose in normal and cancerous
bladder tissues, respectively. These findings support the
hypothesis that OCT can be used to measure the PC, and
show a statistically significant difference in permeability of
normal and cancerous tissue (p < 0.05). These results suggest
that quantitative analysis of bladder tissue optical properties
by SD-OCT could be used for differentiation of cancerous
human bladder tissue from normal tissue and early diagnosis
of bladder cancerous tissue. Our future work will focus on
investigating the effect of topical application of OCAs on
bladder tissues in vivo and choosing the optimal concentra-
tion of hyperosmotic chemical agents according to different
stages of bladder cancer.
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