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Abstract. Hamster cheek pouches were exposed to 2-chloroethyl
ethyl sulfide �CEES, half-mustard gas �HMG�� at a concentration of
0.4, 2.0, or 5.0 mg/ml for 1 or 5 min. Twenty-four hours post–HMG
exposure, tissue damage was assessed by both stereomicrography and
optical coherence tomography �OCT�. Damage that was not visible
on gross visual examination was apparent in the OCT images. Tissue
changes were found to be dependent on both HMG concentration
and exposure time. The submucosal and muscle layers of the cheek
pouch tissue showed the greatest amount of structural alteration. Rou-
tine light microscope histology was performed to confirm the OCT
observations. © 2010 Society of Photo-Optical Instrumentation Engineers.
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Introduction

irst used in World War I, vesicants �“blister agents”� are the
hemical warfare agents most commonly used against soldiers
n combat.1–3 The majority of the vesicants used as chemical
arfare agents are alkylating compounds known as
ustards.3–6 They are easy to manufacture, store, and dis-

erse. These lipophilic agents are difficult to protect against,
s they readily penetrate epithelial surfaces such as skin and
ucosa. Exposure causes cellular damage and/or cell death at

he site of contact and at distant sites reached by the circula-
ory system, which they pass through before being eliminated
n the subject’s urine. Use of the vesicant with the greatest

ilitary importance, di�2-chloroethyl� sulfide �sulfur mustard
r mustard gas�, has been documented as recently as 1988.
ollowing vesicant exposure, thorough and frequent patient
xamination is necessary to allow evaluation of injury pro-
ression or to monitor therapy response.

Of the major organs most affected by exposure to
esicants—the skin, eyes, and respiratory tract—the respira-
ory tract is the one that sustains the greatest, longest lasting
amage.7,8 However, the effects of vesicant exposure may not
mmediately be evident. Upper respiratory tract exposure to
erosolized mustard gas is usually followed by a latent or
linically asymptomatic period lasting from 0 to 24 h refer-
ing to Ref. 3, although in some instances, damage may lead
o immediate bronchospasm.9 Irritation, hoarseness, coughing,
racheobronchitis, airway obstruction, and in severe cases,
emorrhagic pulmonary edema are “acute” complications that
anifest themselves over time, ranging from hours to as much
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as eight days post-exposure.3,6 While the eye and skin can be
monitored noninvasively by gross visual observation, most of
the respiratory tract can be observed only by bronchoscopy.
Noninvasive monitoring of the progression of injury or of the
response to therapy is precluded using existing techniques.
The need for noninvasive detection and monitoring of vesi-
cant effects in the airway is further underlined by the fact that
exposure to vesicants typically occurs on the battlefield,
where bronchoscopy is not possible, yet accurate diagnosis of
treatment needs, especially for immediate triage, is crucial.

Optical coherence tomography �OCT� is a noninvasive im-
aging technology that provides information about surface and
subsurface tissue structure at discrete spatial locations in
highly scattering biological tissues such as those found in the
mouth and airway.10–12 The high spatial resolution
�2 to 10 �m� of OCT permits real-time near-histologic level
“optical biopsy.”10,13–15 Using rapid-acquisition, high-
resolution flexible fiber-optic probes, noninvasive OCT imag-
ing of the upper airway �nose, mouth, and trachea� is possible.
It is currently under investigation for a host of oral diagnostic
applications, ranging from oral cancer to periodontal disease
and decay. Thus, repeated noninjurious examination, monitor-
ing, and evaluation of tissue status and treatment response in
a patient is feasible. Upper airway OCT imaging may also
provide information indicative of lower airway injury, avoid-
ing invasive bronchoscopy procedures. These capabilities
could lead to improved patient care and recovery.

Because of the toxicity of mustard gas, its common re-
search analog, 2-chloroethyl ethyl sulfide �CEES, half-
mustard gas �HMG�, and half-sulfur mustard�, is often used
for laboratory tests. HMG is a monofunctional derivative of
sulfur mustard that is less toxic,16 but produces similar blis-
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ering lesions on the epithelial surface and has been shown to
roduce mustard gas–like response in rat lung.17,18 HMG is
lso less environmentally persistent than mustard gas due to
ts being readily degraded upon contact with large volumes of
ater.19 Thus, it can be handled using normal laboratory pre-

autions.
The hamster cheek pouch �HCP� provides a good model

or human oral mucosa. It has been the standard animal model
sed for this purpose for over 40 years.20 In this study, topical
xposure of the HCP to HMG was used to mimic exposure of
he human oral cavity to chemical warfare agents.

The aim of this study was to investigate the use of nonin-
asive optical coherence tomography imaging techniques to
etect changes in the hamster oral mucosa following half-
ustard gas exposure. Our long-term goal is to develop a tool

or monitoring the status of the entire airway based on nonin-
asive imaging of the more readily accessible upper airway.

Materials and Methods
.1 Vesicant
-chloroethyl ethyl sulfide �CAS 693-07-2� was purchased
rom Sigma Chemical �Cat. No. 242640, St. Louis, Missouri�.
ust prior to application, the commercial solution �5 mg /ml�
as diluted to the desired exposure concentration of 0.4, 2, or
mg /ml in normal saline.

.2 Animal/Tissue Handling
ineteen male Golden Syrian hamsters �100+ g� were pur-

hased from Harlan-Sprague Dawley Laboratories �Madison,
isconsin� and divided into six groups: two animals at each

xposure time for the low and mid-HMG concentrations, and
ve at 1-min and six at 5-min exposure time for the highest
oncentration. More animals were included in the higher ex-
osure groups because of the heightened risk of animal death
uring the study. The animals were anesthetized using ket-
mine �200 mg /kg� and xylazine �10 mg /kg�. One cheek
ouch for each animal was everted over a cylindrical form
nd cleansed of debris using normal saline, and two small
utures of 7-0 Prolene monofilament �#8701 Ethicon, Inc.,
iscataway, New Jersey� were placed at the base of the area to
e treated. Each cheek pouch was treated topically with one
f three concentrations of HMG—0.4, 2, or 5 mg /ml—for
ither 1 or 5 min. Application was accomplished by placing a
cm2 gauze pad �Nu Gauze sponges, Johnson & Johnson
edical, Inc., Arlington, Texas� saturated with 0.5 ml of
MG solution on the HCP surface to mimic aerosol deposi-

ion in the oral cavity. Following HMG exposure, the area was
insed with 100 ml of warm normal saline. Buprenorphine
0.5 mg /kg� was administered, and the animals were hy-
rated by subcutaneous injection of normal saline prior to
ecovery in an incubator. Once fully ambulatory, the hamsters
ere returned to their cages with free access to water but not

ood, to prevent mechanical damage to the cheek pouch tis-
ue.

Twenty-four hours after HMG exposure, the animals were
acrificed by intracardiac injection of Eutha-6 �pentobarbital
odium, Western Medical Supply Co., Inc., Arcadia, Califor-
ia�. The HMG-treated tissue was excised, pinned to cork,
ournal of Biomedical Optics 016017-
and fixed in 10% buffered formalin. An untreated area of the
same cheek pouch was similarly fixed to serve as an internal
control.

All experiments were carried out in accordance with the
Institutional Animal Care and Use Committee at the Univer-
sity of California, Irvine, and were consistent with federal
guidelines. Animals were treated in accordance with ARC
guidelines at UCI �IACUC approval 2004-2547�.

2.3 Imaging and Histology
Gross visual inspection of the fixed tissues was performed
using an Olympus SZH stereomicroscope �Olympus America,
Center Valley, Pennsylvania� at 10� prior to OCT imaging.
Images were captured using a MIcroFire digital camera
�Olympus America�.

OCT imaging was performed on both HMG exposed and
nonexposed areas using a frequency domain OCT system that
has been previously described.10 Four-mm-long, 2-D scan
lines laterally centered in the application area were obtained
at approximately 3 mm and 7 mm above the suture place-
ment points on the HMG-treated samples. The position of the
acquired images, indicated by the system locator beam, was
marked with pins to allow relocation for comparison to histo-
logical sections. Randomly selected control areas from each
cheek pouch were also scanned and marked.

After imaging, the cheek pouch tissue was processed for
routine light microscope histology using an ATP-1 tissue pro-
cessor �Triangle Biomedical Sciences, Durham, North Caro-
lina�, serially sectioned at 6 microns and H&E stained. OCT
and histological images were matched to allow comparison of
the structural features visualized by both techniques. Accurate
co-localization of images was confirmed using anatomical
landmarks such as blood vessels. Only where OCT images
and histological sections could be positively matched was
data analysis performed. Tissue measurements were per-
formed under blinded conditions.

2.4 Data Analysis
Mean tissue thickness�scanning electron microscopy was
determined from the OCT images using IP Lab software
�Scanalytics, Inc., Fairfax, Virginia�. Individual layers of the
HCP tissue were also identified on the OCT images and their
thickness similarly measured. Student t-tests were performed
to determine whether the differences observed in the tissues
subsequent to the various HMG treatments were statistically
significant.

3 Results
3.1 Effects of HMG Visible to the Naked Eye
Twenty-four hours post–HMG exposure, the excised cheek
pouch tissue was examined using a stereomicroscope �Fig. 1�.
The lowest HMG concentration �0.4 mg /ml� evoked no vis-
ible response in the cheek pouch tissues. Slight blistering and
increased membrane cloudiness were induced by 1- and
5-min exposure to 2 mg /ml of HMG. Gross examination of
the cheek pouch tissue showed extensive visible response
�blistering, membrane opacity, broken vessels� after 1-min
and 5-min application durations at the highest HMG concen-
tration �5-mg /ml�.
January/February 2010 � Vol. 15�1�2
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.2 Effects of HMG Observed Using OCT and
Histology

ata from in vivo OCT imaging paralleled that obtained from
istological slides of the same tissues viewed by conventional
ight microscopy �Fig. 1�. Table 1 gives the mean total tissue
hickness �� SEM� as measured on the OCT images. Based
n the measurements made in Table 1, Fig. 2 shows that both
MG concentration and duration of exposure are important

actors in inducing tissue response. Although there is a large
mount of overlap in the degree of tissue response to the
arious treatments, the trends are clearly evident.

Examination of the characteristics of the individual tissue
ayers in the OCT images showed that the effects of HMG
xposure were not uniformly distributed throughout the mu-
osa. Fairly modest, uneven increases in muscle fiber layer
hickness were evident with 0.4 mg /ml HMG, with approxi-

ately 20% increases in tissue thickness at the shortest expo-
ure time. Moderate structural damage was observed in the
uscle fiber layer after exposure to 2.0 mg /ml HMG. Con-

iderable irregular thickening and severe disruption of the
uscle fiber layer resulted from 5.0 mg /ml HMG exposure.
ypically, tissue thickness increased by �30% after HMG
xposure at this level. HMG effects were localized primarily
n the submucosa and muscle fiber layer of the mucosa �Fig.

Untreated
control

0.4 mg/ml
HMG;
5 min exposure

2.0 mg/ml
HMG;
5 min exposure

5.0 mg/ml
HMG;
5 min exposure

2

ig. 1 Stereomicrographs, OCT images, and corresponding histology
lack dotted line=OCT imaging line. Arrows indicate visible blister
ouble-ended arrow=maximum tissue depth of the mucosa. Total
oncentration; surface epithelial layers are not visible in the OCT im
—Submucosa: dense fibrous connective tissue. 4—Longitudinal stria
ournal of Biomedical Optics 016017-
3�. More severe forms of damage caused a split within the
muscle itself, with adhesion of the surface muscle layer to the
overlying epithelial tissues and anchoring of the deeper
muscle layers to the underlying structures. Exposure times of

1

1
2

2

3

3

12
3

4

G treated hamster cheek pouch. Stereo micrographs �left column�:
T images �center column� and histological sections �right column�:

thickness exceeds capturable OCT image size at the highest HMG
—Keratinized surface layer. 2—Flat stratified squamous epithelium.
scle. Calibration bars=1 mm.

Table 1 Effects of HMG concentration and exposure duration on
total tissue thickness.

HMG exposure
Images

analyzed

Mean tissue
thickness

��m�±SEM

P value
�compared
to control�

None �control� 10 265.8±14.6

0.4 mg/ml; 1 min 4 318.8±13.0 0.08

0.4 mg/ml; 5 min 4 360±44.4 0.02

2.0 mg/ml; 1 min 4 335.3±43.1 0.07

2.0 mg/ml; 5 min 4 382.2±33.7 0.003

5.0 mg/ml; 1 min 10 348.9±31.8 0.03

5.0 mg/ml; 5 min 12 394.9±31.7 0.007
1

2

3

4

4

of HM
ing. OC
tissue
age. 1
ted mu
January/February 2010 � Vol. 15�1�3



1
a
O
s

4
C
l
o
l
d
o

F
t
5

F
t
t
m

Hammer-Wilson et al.: Detection of vesicant-induced upper airway mucosa damage in the hamster cheek pouch model…

J

min and 5 min appeared to produce similar degrees of dam-
ge for a given HMG concentration when grossly examined.
CT images, however, reveal that there can be extensive sub-

urface damage that is not apparent to the naked eye.

Discussion
hemical warfare agents in general, and vesicants in particu-

ar, remain a concern of soldiers in combat. Of the major
rgans most commonly affected, the respiratory system is the
east accessible, making it the most difficult in which to assess
amage and to monitor treatment response. The purpose of
ur study was to determine whether noninvasive OCT imag-
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ig. 3 Tissue response by layer type. Thickness of each tissue layer of
he hamster cheek pouch as measured on the OCT images following
he application of HMG under various conditions. Values are
ean±SEM.
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ing techniques are capable of detecting changes in the upper
airway using HMG exposure concentrations that correlate
with those found to produce damage in the lungs.

Previously, most studies on the respiratory effects of mus-
tard gas exposure have focused on the lower airway in
rodents.17,21–24 Two groups of researchers have conducted
studies to determine how much HMG directly introduced into
the lungs of rats will produce measurable damage. Anderson
et al.22 studied the pathological changes seen in the lung fol-
lowing exposure to HMG. McClintock et al.17,18 explored the
use of antioxidants as an antidote for injury induced by HMG.
The HMG doses used in those studies ranged from a low of
0.35 mg/animal22 to a maximum of approximately
4 mg/animal.17 Based on data from inhalation studies in
humans25 and rats,26 as well as deposition estimates from
“The new ICRP respiratory tract and systemic models,”27 it is
reasonable to assume that approximately 3 to 5 times as much
HMG is retained in the oral cavity as reaches the lungs. Thus,
in order for the directly applied doses to have reached the
lungs as a result of inhalation, the amounts retained in the
animals’ oral cavities in the McClintock et al. and Anderson et
al. studies17,22 would have been expected to be between 1 mg
and 20 mg/animal. The lesser of these amounts is well above
the lowest exposure concentration of 0.2 mg/animal used in
our study. Even the highest amount used in our work,
2.5 mg/animal, falls in the lower portion of the range of con-
centrations directly applied by McClintock et al.17 to induce
measurable changes in the lungs. This demonstrates not only
that OCT imaging is capable of detecting HMG exposure in
oral mucosa, but also that it can do so at or even below levels
expected to result in respiratory damage. Since the focus of
this study was to testing the feasibility of using the OCT
technique as a diagnostic tool and not to determine its opti-
mum detection capability, establishing the lowest level of
HMG exposure detectible was not undertaken.

Other studies in the rodent lung have shown that
biochemical17,18,28 and ultrastructural changes17,29 can be de-
tected as early as 4 and 6 h post–HMG exposure, respectively.
In this first study, we chose to examine the single post-
exposure time-point of 24 h because it is the generally ac-
cepted maximum length of time needed for symptoms to be-
gin to become manifest.3,6 Therefore, we cannot presently say
exactly when after HMG exposure OCT imaging can detect
changes in the mucosa. Another series of experiments will be
focused on determining the earliest time-point at which HMG
exposure can be reliably detected using OCT imaging.

This study shows that noninvasive OCT imaging can pro-
vide an accurate indication of damage to the upper airway
after HMG exposure. Moreover, relatively minor changes not
visible to the naked eye can be detected, and the level of
tissue damage detected by imaging is commensurate with
HMG exposure dose. Exposure to higher HMG concentra-
tions for extended durations produced an increased reaction as
manifested by overall tissue thickness. Moreover, it appears
that a graduated tissue response to increasing dose and expo-
sure duration was far more apparent in the deeper tissue layers
�especially muscle and connective tissue� than in the superfi-
cial layers. In the epithelium, response to exposure was fairly
similar for all doses. While the approach described in this
paper served reasonably well to identify trends, the results of
January/February 2010 � Vol. 15�1�4
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his paper demonstrate that future imaging studies might ben-
fit from the use of optical mapping techniques for more ac-
urately documenting vesicant effects in specific tissue layers.
hus, OCT techniques may provide a means of detecting
MG-induced tissue damage and of monitoring the effective-
ess of any attempted therapeutic interventions. This diagnos-
ic capability would be of great benefit to both medical per-
onnel and patients in managing instances of sulfur mustard,
r other vesicant, exposure.

Conclusion
oninvasive OCT can be used to visualize vesicant-induced
amage in oral mucosa at or below exposure concentrations
hat have been shown to induce damage in the lower airway.
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