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The mesothelium is an essential lining for maintaining the normal homeostasis of the closed body cavity
and a central component of pathophysiologic processes. The mesothelium has been known as the end target
for asbestos which induces asbestos-related lung diseases. Malignant mesothelioma (MM) is a rare and
fatal neoplasm predominantly due to asbestos exposure. Adaptation of an advanced and reliable technology
is necessary for early detection of MM because it is difficult to diagnose this disease in its early stages.
Optical coherence tomography (OCT) provides cross-sectional images of micro-tissue structures with a
resolution of 2-10 wm that can image the mesothelium with a thickness of ~100 um and, therefore, enable
investigation of early development of MM. The mesothelium is typically located at the pleura and tunica
vaginalis of the scrotum. In this study, we developed animal window models in the above two anatomical
sites to visualize mesothelial layers within the mesothelium. OCT images at the two locations were also

acquired.
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I. INTRODUCTION

Mesothelial proliferation, subsequent fibrosis, and mesothelioma
are widely accepted complications of asbestos-related
mesothelial injury [1]. The main target of asbestos fiber after
exposure is the mesothelium, an essential lining for main-
taining the normal homeostasis of the closed body cavity and
a central component of pathophysiologic processes. The
mesothelium is normally located at the pleura, pericardium,
peritoneum, and tunica vaginalis (TV) of the scrotum (Fig. 1).

Malignant mesothelioma (MM) is a rare and fatal neoplasm
which is predominantly caused by exposure to asbestos
[2]. The age-adjusted mortality rate of MM has globally
increased by 5.4% each year [3]. With regard to anatomical
sites, the pleura accounts for 41.3% of all mesothelioma
deaths and the peritoneum and pericardium for 4.5% and
0.3% of deaths, respectively [3]. Patients with MM have a
median survival of less than 18 months [4, 5]. MM is
difficult to diagnose in its early stages which is the best
stage to eradicate it; thus, a new concept of early diagnostic
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FIG. 1. The mesothelium is normally located at the pleura,
pericardium, peritoneum, and tunica vaginalis of scrotum.

tools is required to achieve early diagnosis. Computed
tomography (CT) and positron emission tomography-computed
tomography (PET-CT) are generally used to detect asbestos-
related diseases including MM. The diagnostic yield of CT
and PET-CT, however, is not high because of limited
resolution [6-10]. Moreover, it is not clear how asbestos
causes mesothelioma and what are the diagnostic differences
between mesothelioma and tuberculosis. The lack of knowledge
requires basic studies using emerging imaging modalities
and well-established animal models.

Recently, optical coherence tomography (OCT) has been
developed which is an imaging modality with non-invasive,
high-speed, high-resolution capabilities [11]. Even if OCT
has a limited imaging depth, it provides real-time cross-sectional
images with a micrometer scale. Several OCT studies
related to pulmonology have been published [12]. The Brenner
group demonstrated the first in vivo thoracoscopic imaging
of pleural cancer using a three dimensional OCT system
utilizing an improved forward-scanning rigid GRIN lens
rod probe [13]. In vivo three dimensional imaging of the
rabbit chest wall and lung can differentiate normal tissue
and tumors on the chest. In their study, thoracoscopic surgery
was performed on rabbits and the rod OCT probe was
inserted into its pleural cavity. In order to image pleurae
including lung parenchyma, however, we made a thoracic
window [14]. It enabled us to utilize a bench-top OCT
scanner with larger scanning area and better image quality
than probe-based scanners. OCT endoscopic probes usually
have a small field of view and a large f-number due to
size limitation.

The thoracic window may provide direct visualization of
both pleura but is difficult to develop and maintain because
the thoracic window may cause severe complications such
as pneumothorax. An alternative window for mesothelial
visualization is in need more than ever. Besides pleural
mesothelium, there is another kind of mesothelium in the
scrotum that could be a potential window model accessed
more easily than the pleura by OCT. Scrotal mesothelium
called tunica vaginalis is also composed of visceral and
parietal mesothelial layers and has anatomical similarity to
the pleural mesothelium. Therefore, OCT may have a potential

role in imaging mesothelial layers of the TV. However
there has been no study on mesothelium of the TV using
OCT. In this study, we investigated the feasibility of OCT
for imaging pleural layers through a thoracic window and
compared the result to OCT imaging of the mesothelial
layers in the TV.

II. METHODS

2.1. Thoracic Window Preparation

All experiments were performed in accordance with the
Guide for the Care and Use of Laboratory Animals (DHEW
publication NIH 85-23, revised 2010, Office of Science
and Health Reports, DRR/NIH, Bethesda, MD). The study
was approved by the animal care and use committee of the
College of Medicine at Kosin University. Male New Zealand
white rabbits weighing 3.0 to 3.5 kg were used in this
study. The initial intramuscular anesthesia was performed
with ketamine 5-mg/kg and xylazine 0.8-mg/kg. We maintained
the anesthetic depth by injection of 10-mg/h ketamine and
3-mg/h xylazine. Oxygen saturation was monitored with a
pulse oximeter in the ear. The rabbits were fixed on the
operation table in a lateral position for preparation and image
acquisition. The operating field was clipped and shaved.
The skin was surgically opened with a 5-cm-long incision,
and the upper intercostal muscle layers were resected between
the third and fourth rib. The lower layers of muscle tissue
were blunt dissected using small forceps, while all muscle
fibers overlying the parietal pleura were removed in a
region of approximately 10x5 mm’. Resection of the lower
muscle fibers had to be carried out very carefully to avoid
injury of the pleura and lung tissue, pneumothorax, or
mechanical stress during preparation.

2.2. Tunica Vaginalis Window Preparation

The rabbits were fixed on the operation table in a supine
position for preparation and image acquisition. The operating
field was clipped and shaved. The skin was surgically
opened with a 2-cm-long incision and the upper scrotal
fascia was removed. The lower layers of scrotal fasciae
were blunt dissected using small forceps until the parietal
tunica vaginalis was seen.

2.3. OCT System

A spectral-domain OCT system was developed based on
the Michelson interferometer as shown in Fig. 2. A low
coherence light source (BroadLighter D855, Superlum, Ireland)
with a center wavelength of 850 nm and a FWHM of 100
nm was connected to the interferometer. The interference pattern
was measured by a 1x4096 line scan camera (Sprint
spL4096-140km, Basler, PA, USA) with a line rate of 140
kHz. A two-axis scanner was designed and manufactured
using two galvanometers (6220H, Cambridge Technology,
MA, USA). The field of view was 10x10 mm. In order to
characterize the OCT system, we measured the point spread
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FIG. 2. Schematic diagram of the developed optical coherence
tomography system. LSC: line scan camera, FL: focusing
lens, DG: diffraction grating, CM: collimating lens, LCL: low
coherence light, DAQ: data acquisition system.

function and it showed a spatial depth resolution of 3 um
in air, a roll-off of 12 dB/mm, and a signal-to-noise ratio
of 103 dB. The lateral resolution was 13 um. The frame
rate was 70 frames per second with the image size of
1024x2048 pixels, which could minimize motion artifacts
(70 times faster than rabbit’s respiration rate).

2.4. Histology

The rabbits were euthanized using CO, gas. Lung tissue
(including pleura, alveoli, intercostal muscle, fascia, skin)
and scrotal tissue (including tunica vaginalis, seminiferous
tubules, muscle, fascia, skin) were cut into 6x6 cm’ pieces,
fixed by 10% neutral buffered formalin (NBF), and embedded
in paraffin. Serial sections (4 um thick) were stained with
hematoxylin and eosin (H&E) and examined by microscopy.

IIIl. RESULTS AND DISCUSSION

Figure 3(a) shows the thoracic window. Histology of the
parietal layer (PL) and visceral layer (VL) with alveoli is
shown in Figs. 3(b) and 3(c), respectively. OCT could
visualize in vivo the PL, VL, pleural cavity between the
PL and VL, and alveolar structure in real-time (Figs. 3(d)
and 3(e)). The sliding movement of parietal and visceral
pleurac according to respiration was also monitored by
real-time OCT through the thoracic window.

Figure 3(f) is a photo of the TV window. Histology of
the PL and VL in the TV is shown in Figs. 3(g) and 3(h).
We could observe both the parietal mesothelium and visceral
mesothelium of the tunica vaginalis using OCT (Figs. 3(i)
and 3(j)). We conducted three-dimensional OCT imaging
and visualized the detailed structures in the scrotum and
testis using OCT (Fig. 4). A total of 512 cross-sectional
OCT images were volume-rendered (the number of voxels
was 1024x2048x512 and the size of each voxel was 5x3%x5
um3) and en face images were reconstructed as shown in
Fig. 4(a). It shows multiple seminiferous tubules and testicular
septa with the PL and VL.

MM is an incurable cancer with an increasing incidence
worldwide. Recent studies have focused on molecular
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(d)

FIG. 3. Two window models developed in this study. (a)
Thoracic window model, (b) Histology of parietal pleura, (c)
Histology of visceral pleura and lung parenchyma, (d) OCT
image of parietal and visceral pleurae and pleural cavity in
between, (¢) OCT image of visceral pleura and lung
parenchyma, (f) Tunica vaginalis (TV) window model, (g-h)
Histology of TV with parietal and visceral layers, (i) OCT
image of parietal and visceral layers of TV (Saline was
injected between two layers to discriminate them easily), (j)
OCT image of visceral layer of TV. PL: parietal layer, VL:
visceral layer.

approaches for early detection of MM [15, 16]. However,
sensitivity and specificity criteria of biomarker usage need
to be improved. In order to develop strategic MM early
detection methods, application of new technology is required.
Basic research with OCT and animal window models
could provide effective early detection methods. Although
the pleura is the main site of mesothelioma incidence, to
better understand mesothelioma other sites including the
mesothelium with easy accessibility should be beneficial in
regard to early diagnosis and monitoring of disease progression.
An alternative mesothelium with the potential for studying
mesothelial disease is located in the TV, but this area has
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(b)

FIG. 4. Three dimensional OCT imaged the detailed structure
in rabbit scrotum through the developed tunica vaginalis
window. (a) En face OCT image, (b) Cross-sectional image
along the red line on (a), (c) Cross-sectional image along the
green line on (a). TS: Testicular Septa, PL: parietal layer, VL:
visceral layer, ST: seminiferous tubule. Scale bar: 1 mm.

received little attention by researchers thus far. However, it
is clinically a well-known site for tuberculosis and MM
[17, 18]. Moreover, the TV provides easy accessibility and
its anatomical structure is similar to the pleura. Therefore,
the TV model can potentially give us the advantage of
further studies such as the development of tumors or tuberculosis
in the mesothelium. The thoracic and TV windows could let
us visualize mesothelial layers synergistically and showed the
potential for OCT to be an early diagnostic tool for
mesothelial disease within the mesothelium. In this study,
OCT could more easily visualize mesothelial layers in the
TV than those of the pleura. In a previous study, a rabbit
pleural tumor model was successfully developed [19]. Thus,
in the near future, a rabbit TV tumor model will be a
promising model of mesothelioma. OCT will be a potential
tool for in vivo monitoring of tumorigenesis in the TV
with time intervals.

The structural changes of the mesothelium according to
asbestos exposure include diffuse pleural thickening (DPT),
pleural plaques, and MM [20]. Among the pleural changes,
DPT and pleural plaques could be the end products from
either tuberculosis or asbestos. The differential diagnosis of
DPT and pleural plaques from a diagnostic view has become

important. In addition, an asbestos compensation law has
also been established [21]. Therefore, the TV window model
with an advanced diagnostic tool to differentiate MM from
tuberculosis needs to be further investigated.

Currently, it is not clear how asbestos causes mesothelioma
and what are the diagnostic differences between mesothelioma
and tuberculosis. The lack of knowledge requires basic
studies using emerging imaging modalities such as OCT
and well-established animal models. OCT showed a fast
imaging speed (70 fps) and a high spatial resolution (3
pm) which were enough to minimize motional artifacts
and measure the thickness of pleura. However, OCT has a
limit in imaging depth. Therefore, clinical study can be
tried with multimodal imaging modalities such as high
resolution CT and photoacoustic tomography after the
basic studies on the onset mechanism and progression of
malignant mesothelioma are conducted.

IV. CONCLUSION

The two window models for visualizing the mesothelium
using OCT were feasible. Compared with the thoracic window,
the tunica vaginalis model provided better accessibility and
reliability than the thoracic window model. The house-made
optical coherence tomography system was utilized to
image mesothelial layers in the pleura and tunica vaginalis
in vivo using two window models. The three-dimensional
micro-structure of the tunica vaginalis and testis was also
imaged. The images confirmed that mesothelial layers in
the tunica vaginalis were similar to those in the pleura.
The tunica vaginalis window model may benefit the
development of a diagnostic tool to differentiate between
mesothelioma and tuberculosis.
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