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Depth-resolved monitoring of diffusion of hyperosmotic agents
in normal and malignant human esophagus tissues using optical

coherence tomography in-vitro

Qingliang Zhao, Zhouyi Guo, Huajiang Wei, Hongqin Yang, Shusen Xie

Abstract. Depth-resolved monitoring with differentiation and quanti-
fication of glucose diffusion in healthy and abnormal esophagus
tissues has been studied ir vitro. Experiments have been performed
using human normal esophagus and esophageal squamous cell car-
cinoma (ESCC) tissues by the optical coherence tomography (OCT).
The images have been continuously acquired for 120 min in the
experiments, and the depth-resolved and average permeability
coefficients of the 40 % glucose solution have been calculated by the
OCT amplitude (OCTA) method. We demonstrate the capability
of the OCT technique for depth-resolved monitoring, differentia-
tion, and quantifying of glucose diffusion in normal esophagus
and ESCC tissues. It is found that the permeability coefficients of
the 40 glucose solution are not uniform throughout the normal
esophagus and ESCC tissues and increase from (3.30 = 0.09)x 10-¢
and (1.57 £0.05)x10-5 cm s! at the mucous membrane of nor-
mal esophagus and ESCC tissues to (1.82%0.04)x10~> and
(3.53+£0.09)x105 cm s™! at the submucous layer approximately
742 um away from the epithelial surface of normal esophagus and
ESCC tissues, respectively.

Keywords: hyperosmotic agents, glucose, permeability, human
normal esophagus, esophageal squamous cell carcinoma, optical
coherence tomography.

1. Introduction

Esophageal cancer is one of deadliest cancers worldwide and
is the sixth leading cause of death from malignancies [1].
Cancer of the esophagus exists in two main forms with dif-
ferent etiological and pathological characteristics: esophageal
squamous cell carcinoma and esophageal adenocarcinoma [2].
In China, esophageal squamous cell carcinoma is the most
prevalent histological subtype of esophageal cancer compared
to adenocarcinoma in Western countries [3]. If early esopha-
geal cancer can be diagnosed with improved systems, it will
substantially decrease both the incidence and mortality [4].
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Endoscopy is generally used to detect malignancies in the
esophagus; however, inflicted tissue samples are not always
visible to the naked eye with an endoscope in early stages of
dysplasia, thereby making biopsies random, inefficient, costly,
and ultimately unreliable [5,6]. There is a strong need to
develop improved quantitative optical diagnostic techniques
for esophageal cancer which is one of the most fatal types of
cancer worldwide [7,8]. Development of improved optical
detection methods for functional monitoring and quantification
of molecular transport in epithelial tissues as well as the con-
trolling of tissue’s optical properties are extremely important for
many biomedical applications including therapy, diagnostics,
and advanced imaging of devastating diseases such as cancer,
arteriosclerosis, diabetic retinopathy, and glaucoma [9]. Since
the optical coherence tomography (OCT) was introduced by
Huang et al. [10], this technique has been extensively applied in
many areas of biomedicine [11-13]. Rapid procedures for tissue
diagnosis are important for cancer prevention and therapy.
The OCT is a relatively new noninvasive, optical, high-resolu-
tion medical and biological imaging technology, which is cur-
rently used not only in the research lab but also in clinical
practice [14]. At the same time, the OCT is widely employed
for cancer detection in various parts of the body including the
breast [15], gastrointestinal tract [16], bladder [17], skin [18],
oral cavity [19], cervix [20], lung [21], and brain [22]. However,
the turbidity of most biological tissues prevents the ability of
OCT to be fully engaged in various diagnostic and therapeutic
procedures.

Most biological tissues strongly scatter the probe light
within the visible and near-IR range. The multiple scattering
of light is severely detrimental to imaging contrast and resolu-
tion, which limits the effective probing depth for high resolu-
tion imaging techniques [23]. There have been several attempts
to enhance the imaging depth and reduce the light scattering
in tissue for more effective clinical diagnosis. The optical
immersion method (optical clearing method) is often used to
reduce scattering by applying biocompatible, chemical, optical
clearing agents (OCAs) [24—33]. Commonly used OCAs include
glycerol, dimethy sulfoxide (DMSO), glucose, trazograph
(X-ray contrasting agent), and combinations of such poly-
mers as polypropylene glycol and polyethylene glycol [34—41].
The refractive index of these OCAs ranges from 1.43 to 1.47
[29]. A hyperosmotic agent of glucose was utilised in many
studies to increase the depth of light penetration into highly
scattering tissues for the imaging technique of near-IR optical
coherence tomography [38,42—-48].

Many diseases can alter the physiological structure of the
tissue and, thus, affect the permeability rate of molecules into
the tissue. Knowing this, the change in the permeability of
chemicals and analytes can be used to differentiate abnormal
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tissues from healthy ones, which makes it potentially promising
for the development of novel early diagnostic methods [49].
The OCT technique has also been recently demonstrated to
be a useful tool for monitoring quantifying of the permeability
coefficient of different drugs and analytes in various biological
tissues (e.g., breast, sclera, cornea, and aorta) in vitro or in vivo
[50—-53]. This technique is also suitable for depth-resolved
monitoring and quantification of glucose diffusion in sclera
with a resolution of ~40 um [51]. These results suggest that the
OCT technique could be successfully applied for functional
imaging and quantification of diffusion processes in different
types of tissue.

In this paper, we report the results of our pilot studies on
the depth-resolved monitoring, differentiation, and quantifi-
cation of diffusion of the 40% glucose solution in human normal
esophagus and esophageal squamous cell carcinoma (ESCC)
tissues ex vivo by the OCT. We also compare the characteris-
tics of glucose diffusion in these tissues. This method may be
useful in detecting, studying, and combating esophageal cancer
and may offer the basis of early esophageal cancer diagnosis
in the clinical application or medications to achieve the best
possible glucose control.

2. Materials and methods

2.1. Materials

After informed consent of the patients undergoing surveillance
endoscopy for a diagnosis of ESCC, sixteen fresh specimens
from their esophagus were studied by systematic biopsy at the
Second Affiliated Clinical Hospital of Guangzhou University
of Traditional Chinese Medicine, China. The specimens were
divided into two groups: the control group (eight samples)
taken from the distant edge of ESCC tissues and the tumour
group (eight samples) taken from the centre of ESCC tissues.
The methods used to collect and analyse reflectance signals
from epithelial tissue have been described previously [54]. The
tissues were washed with normal saline solution and sampled
immediately after being removed during the operation. Tissue
samples were prepared and measurements were taken within
1 h to guarantee minimal changes in the physiological status
of the tissues after removal. Before OCT experiments, excess
blood was removed by washing with saline solution. The room
temperature was maintained at 20°C throughout the entire

experiment. The central baseline in the samples was recorded
within 7—10 min before applying the glucose solution. The
OCT images were continuously detected for 120 min after
application of a hyperosmotic agent — the glucose solution.
Topical application of the glucose solution and OCT func-
tional imaging were performed using normal esophagus and
ESCC tissues. The 40-wt.% glucose solution was prepared by
dissolving 40 g of glucose in 100-ml purified and distilled water.
The glucose was purchased from the Tianjin Damao Chemical
Reagent Factory, China.

2.2. OCT system

In the experiments, we used a portable time-domain OCT sys-
tem with a wavelength of 1.310 nm, entirely controlled auto-
matically by a computer. The system provided a bandwidth of
about 50 nm and axial resolution of 10—15 um. The trans-
verse resolution of the system was about 25 um, determined
by the focal spot size produced by the probe beam. The signal-
to-noise ratio (SNR) of this system was measured at 100 dB.
A 645-nm visible light source was used to adjust the probe
beam. Scanning in the reference arm ensured effective change
in the sensing/probing depth and point-wise recording of the
interference generated an axial scan, known as an (A-scan)
consisted of 10000 data points. Lateral scanning (B-scan) was
obtained by moving the mirror relative to the tissue sample,
which took about 1 s. Two-dimensional images were averaged
in the lateral (x axis) (over approximately 1 mm, which was
sufficient for speckle noise suppression) direction into a single
curve to obtain an OCT signal that represents a one-dimen-
sional in-depth distribution of light. The scheme of the OCT
system can be found in [55].

2.3. Methods

The permeability rates of glucose in the human normal eso-
phagus and ESCC tissues were calculated by using optical
coherence tomography amplitude (OCTA) method at the dif-
ferent specific depths [56—60]. The OCTA method was used
to calculate the permeability rates P, of 40 % glucose solution
at each different specific depth in the human normal esophagus
and ESCC tissues as:
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Figure 1. Typical two-dimensional OCT image of human ESCC tissues, 20 min after application of the 40 % glucose solution (a) and its correspond-
ing one-dimensional OCT signals (b). The horizontal and vertical axes show the imaging depth and the imaging lateral length, respectively.
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where z is the depth at which measurements were performed
(calculated from the front surface of tissues) and ¢. is the time
of glucose diffusion to this depth. The 7. was calculated from
the time glucose was added to the tissue until glucose-induced
change in the OCT amplitude commenced [10,51]. The two-
dimensional images were averaged in the lateral direction (x axis)
into a single curve to obtain an OCT signal that represented a
one-dimensional in-depth distribution of light in the logarithmic
scale (Fig. 1). The same methods were used to study the analyte
diffusion in aorta, corneal and scleral tissues [9, 50,61, 62], as
well as in cancerous tissues [63].

2.4. Statistic analysis

All the data from all samples were presented as a ‘mean *
standard deviation’ and analysed by a paired-test. All statisti-
cal analyses were performed with the statistics software SPSS
10.0 for Windows.

3. Results and discussions

Sixteen esophageal samples have been monitoring using the
OCT, taken from the surface at different depths of the tissues.
The diffusion process of hyperosmotic agents, monitored for
a number of human tissues by the OCT technique, has been
reported previously [51,61,62]. Figure 2 shows OCT images of
the normal esophagus tissues (Figs 2a—d) and ESCC tissues
(Figs 2e—h) at 0, 20, 40, and 60 min after application of glucose,
respectively. The optical clearing greatly improves OCT imag-
ing of human normal esophageal and ESCC tissues, both in
terms of light penetration depth and image quality (Fig. 2).
Note, however, that the optical clearing gradually improves
with time when glucose diffuses into the intercellular space of
normal esophageal and ESCC tissues. This change is explained
by the fact that the OCAs applied topically diffuse into the
tissues, which results in the matching of the refractive indices
between the OCAs and the environment and in efficient reduc-
tion of light scattering in the tissue [23,30].With the diffusion
of glucose into internal tissues from the surface of tissues,
backscattering decreases by eliminating the refractive index
mismatch at tissue—fluid interfaces, and more photons can
reach deeper tissue layers. One can see from the comparison

of Figs 2a,b,c,d with Figs 2e,f, g, h that scattering in normal
esophagus tissues is stronger than that in ESCC tissues. The
stronger scattering is likely due to larger nuclei, higher nuclear-
to-cytoplasmic ratio in tumour cells and higher regional
tumour cell density of the tumour tissues [15]. These results
indicate that glucose can significantly enhance the OCT signal
not only in normal esophagus tissues but also in ESCC tissues;
therefore, the glucose has a potential to become a useful tool
for enhancing optical contrast and depth visualisation of optical
imaging techniques, including the OCT.

Figure 3a shows the OCT signal as a function of time
during glucose diffusion. To quantify the permeability rate of
glucose, the monitored specific depths were selected at 56,
105, 175, 315 and 462 um from tissue surface. One can see
that before the diffusion front of the glucose solution reaches
the some monitored depth, the OCT signal tends to decrease.
At the same time, the OCT signals gradually increase with
increasing depth along with the glucose diffusion into
the intercellular space. This may be due to the reduction of
scattering through refractive index matching within the tissue,
caused by the local increase in the glucose concentration
[25, 34, 38, 61, 64]. Figure 3b shows the OCT signals change
as a function of time recorded at 56, 105, 175, 315 and 462 um
from the ESCC tissues in the process of 40 % glucose solution
diffusion. We used the same monitoring depth in order to
compare the characteristics of glucose permeability in human
normal esophageal and ESCC tissues. The human esophagus,
as seen from histological sections [65, 66], consists of the fol-
lowing layers (starting from the surface): glandular epithelium,
muscularis mucosae, submucosa and muscularis propria. One
can see from Fig. 3 the time delay of the glucose front reaching
different tissue depths for normal esophagus and ESCC tissues.

The glucose fronts were identified by depth-resolved
monitoring of progression of glucose-induced changes in the
OCTA with time for the normal esophagus and ESCC tissues.
The trends in the OCT signal change at different depths from
the ESCC tissues in the case of 40% glucose solution diffu-
sion are similar to those of the normal esophagus tissues. The
OCT signal also decreases before the emergence of the glucose
front at different monitored depths of the tissue samples, and
then gradually increases with glucose diffusion. However, the
OCT signal change caused by the glucose solution in the normal
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Figure 2. OCT images of the human normal esophagel tissues (a, b,c,d) and the ESCC tissues (e, f, g, h) at 0, 20, 40 and 60 min after application of
the 40 % glucose solution, respectively: (EP) epithelium; (LP) lamina propria; (MM) muscularis mucosa; (SM) submucosa.
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Figure 3. OCT signal as a function of time recorded at different depths
during glucose diffusion in the normal esophagus tissues (a) and
ESCC tissues (b). The arrows indicate the starting point of glucose
diffusion.

esophagus and ESCC tissues are found (see Fig. 3) to be sig-
nificantly different at the same depth. The OCT signal proves
to be higher in the normal esophageal tissues than in the
ESCC tissues.

High in-depth resolution of the OCTA technique allows
one to calculate glucose permeability rates at different depths
of the tissue samples [51]. The permeability rate at each depth
is calculated by dividing the thickness of the selected tissue by
the time it takes the glucose to diffuse at the monitored depth
after the onset of diffusion. Figure 4a presents typical perme-
ability rates P, of glucose measured at different depths in the
normal esophagus tissues by using the OCTA method. One can
see that the glucose permeability rate inside the normal esopha-
gus is nonlinear and increases from (3.30 £0.09)x 10 cm s~!
at the mucous membrane of the normal esophagus tissue to
(1.82£0.05)x107° cm s™" at the submucous layer approximately
742 um away from the epithelial layer. Figure 4b shows the
permeability rates of glucose calculated at different depths of
the ESCC tissues. The permeability rate is found to increase
from (1.57+0.04)x1075 cm s~! at the mucous membrane of
the ESCC tissues to (3.53£0.09)x 107> cm s~! at the submucous
layer approximately 742 um away from the epithelial surface
of the ESCC tissues. These results also indicate that the OCT
can measure not only the analyte diffusion in specified regions
and depths for different types of esophagus tissue but also
distinguish normal and malignant human esophagus tissues.

The results of depth-resolved quantification of 40% glucose
solution diffusion in Fig. 4 demonstrate that the permeability
rates inside normal esophagus and ESCC tissues gradually
increase with increasing depth, but in a nonlinear manner.
This nonlinearity is due to glucose diffusion through at least
two layers: the mucous membrane (low diffusion) and the sub-
mucous layer (faster diffusion). The composition of the layers
and their thickness can also contribute to the observed curve
(Fig. 4), because they may be different at different depths [54].
Comparing Figs 4a and b, we have found that there is a
remarkable difference between normal esophageal and ESCC
tissues: the permeability rate of 40% glucose solution in the
ESCC tissues is higher than that of the normal esophagus
tissues at the same depth. However, the permeability rate for
the ESCC tissues is lower than that of the normal esophagus
tissues. The dissimilarity in the magnitude of the diffusion rate
is thought to be a result of the glucose participation in two
different diffusion processes at different time intervals in two
different tissues of the human esophagus. The experimental
results of the depth-resolved monitoring of glucose diffusion and
the calculation of the glucose permeability rate in the human
normal esophagus and ESCC tissues using OCT technique
not only allow us to understand the mechanism of glucose
diffusion process but also encourage us to believe that OCTA
is an effective method for measuring the permeability rate in
specified regions at different esophagus tissue depths. Limita-
tions of the currently utilised OCT system are due to a high
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Figure 4. Permeability rates recorded at different depths in the normal
esophageal tissue (a) and ESCC tissue (b) during the diffusion of 40%

glucose solution. Average standard deviations for the permeability rates
are shown over the polyline.
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speckle noise and limited resolution. In the future, we will study
ultrahigh-resolution OCT systems which make it possible to
reduce the observed standard deviation of the glucose perme-
ability rate and choose the optimal concentration of glucose
according to different grades of the esophageal cancer using
OCT systems.

4. Conclusions

In this paper we have demonstrated the possibility of depth-
resolved monitoring, differentiation, and quantifying of glucose
diffusion in normal esophagus and ESCC tissues by using
the OCT for functional imaging. Using OCT imaging, we
have examined the effect of optical clearing, which gradually
improves the image quality as the glucose diffuses in the
normal esophagus and ESCC tissues. The results obtained
indicate the suitability of the OCT for functional imaging of
human normal esophagus and ESCC tissues based on depth-
resolved quantification of the permeability of biomolecules
through these tissues. We have found that the glucose perme-
ability is nonlinear through the tissues and increases with
increasing depth in normal esophagus and ESCC tissues,
respectively. The results presented can prove the use of OCT in
functional imaging and diagnosing of the esophageal tissues
as well as in detecting of cancer in esophageal tissues.
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