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Abstract. Near-infrared �NIR� light penetrates relatively deep into
skin, but its usefulness for biomedical imaging is constrained by high
scattering of living tissue. Previous studies have suggested that treat-
ment with hyperosmotic “clearing” agents might change the optical
properties of tissue, resulting in improved photon transport and re-
duced scatter. Since this would have a profound impact on image-
guided surgery, we seek to quantify the magnitude of the optical clear-
ing effect in living subjects. A custom NIR imaging system is used to
perform sentinel lymph node mapping and superficial perforator an-
giography in vivo on 35-kg pigs in the presence or absence of glyc-
erol or polypropylene glycol:polyethylene glycol �PPG:PEG� pretreat-
ment of skin. Ex-vivo, NIR fluorescent standards are placed at a fixed
distance beneath sections of excised porcine skin, either preserved in
saline or stored dry, then treated or not treated with glycerol. Fluores-
cence intensity through the skin is quantified and analyzed statisti-
cally. Surprisingly, the expected increase in intensity is not measurable
either in vivo or ex vivo, unless the skin is previously dried. Histologi-
cal evaluation shows a morphological difference only in stratum cor-
neum, with this difference being negligible in living tissue. In conclu-
sion, topically applied hyperosmotic agents are ineffective for image-
guided surgery of living subjects. © 2009 Society of Photo-Optical Instrumentation
Engineers. �DOI: 10.1117/1.3103317�

Keywords: optical clearing; hyperosmotic agents; near-infrared fluorescence;
image-guided surgery.
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Introduction
hoton absorption and scatter in tissue limit the effectiveness
f many optical techniques in biomedical imaging. Although
ear-infrared �NIR� wavelengths between 700 and 900 nm
mprove the signal-to-background ratio �SBR� by lowering
bsorption, scatter, and tissue autofluorescence �reviewed in
ef. 1�, image-guided surgery, in particular, would benefit

rom improved photon transport.
In recent years, the optical clearing effects of hyperosmotic

gents have generated great interest. Previous studies have
hown that biological objects such as skin,2 muscle,3 gastric
ucosa,4 and dura mater5 can be “cleared” with the applica-

ion of hyperosmotic agents. Vargas et al.6 suggested that hy-
erosmotic agents improve image contrast and depth capabil-
ty, including scatter reduction, in two ways: 1. simple
efractive index matching between hyperosmotic agents and
issue components, and 2. dehydration creating a refractive
ndex matching environment with densely packed intracellular
omponents. On the contrary, Yeh et al.7 suggested that hy-
erosmotic agents induce structural modification or dissocia-
ion of collagen as their primary mechanism of action, a claim
upported by studies showing a correlation between optical

ddress all correspondence to: John V. Frangioni, M.D., Ph.D., BIDMC, Room
L-B05, 330 Brookline Avenue, Boston, MA 02215. Tel: 617–667–0692; FAX:
17–667–0981; E-mail: jfrangio@bidmc.harvard.edu.
ournal of Biomedical Optics 024019-
clearing and the agent’s collagen solubility,8 and studies
showing a lack of correlation with either osmolality or refrac-
tive index.9

These three possible mechanisms of action are based on
the premise that hyperosmotic agents can permeate far enough
into tissue to alter optical properties. In fact, in most pub-
lished studies, immersion or dermal side application was used
to expose objects to hyperosmotic agents by avoiding the bio-
logical barrier of the stratum corneum �SC�, the outermost
layer of the skin. In studies on visceral organs, which have no
SC, the direct application of hyperosmotic agents was sug-
gested to cause inflammation, which in turn alters optical
properties.5,10 Although rehydration with isotonic saline may
morphologically reverse undesirable irritation caused by di-
rect application of active osmotic agents,7,10,11 long-term func-
tional reversibility has not been studied.

Thus, although optical clearing has been studied in several
model systems, no definitive mechanism of action has been
defined, and most model systems are not relevant to clinical
translation of the technology. Our laboratory has previously
applied NIR fluorescence imaging to skin sentinel lymph node
�SLN� mapping12 and superficial perforator angiography,13

which targets superficial structures. Hyperosmotic agents
could potentially enhance the imaging of these structures. In

1083-3668/2009/14�2�/024019/9/$25.00 © 2009 SPIE
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his study, we have utilized optical clearing agents in these
ame large animal model systems of image-guided surgery,
nd have tried to understand the results by systematic repro-
uction of previously reported studies.

Materials and Methods
.1 Near-Infrared Fluorescence Imaging System
he NIR fluorescence imaging system has been described in
etail previously.12 Briefly, it is composed of two wavelength-
solated excitation sources, one generating 0.5 mW /cm2 of
00 to 650-nm white light, and the other generating
mW /cm2 of 725 to 775-nm NIR excitation light, all over a

5-cm-diameter field of view �FOV�. Emitted photons are
ollected by custom optics that separate the white light and
IR fluorescence ��795 nm� channels. Through computer-

ontrolled image acquisition via LabVIEW software �Lab-
IEW, National Instruments, Austin, Texas�, anatomic �white

ight� and functional �NIR fluorescence light� images can be
isplayed separately and merged. NIR fluorescence images
ere acquired on a 12-bit Orca-AG camera �Hamamatsu,
ridgewater, New Jersey�. Color video images were acquired
n an Imitech IMC-80F �Seoul, Korea� camera. All images
ere refreshed up to 15 times per second. The entire appara-

us is suspended on an articulated arm over the surgical field
t a working distance 18 in., thus permitting noninvasive and
onintrusive imaging.

.2 Animals
nimals were used in accordance with an approved institu-

ional protocol. Female Yorkshire pigs �E. M. Parsons and
ons, Hadley, Massachusetts� weighing 35 kg �age 11 weeks�
ere induced with 4.4-mg /kg intramuscular Telazol �Fort
odge Labs, Fort Dodge, Iowa�, intubated, and maintained
ith 1.5 to 2% isoflurane �Baxter Healthcare Corporation,
eerfield, Illinois�. It should be noted that each animal had
nly one procedure or experiment; multiple studies were not
erformed on a single animal.

.3 Perforator Vessel Near-Infrared Fluorescence
Angiography

he imaging system was positioned above the ventral surface
f n=3 animals. 10 ml of a 0.25-mg /ml �2.5 mg total;
.092 �mol /kg� solution of indocyanine green �ICG, Sigma-
ldrich, Saint Louis, Missouri� in saline was injected via a

entral venous catheter as a rapid bolus. Skin perforator ves-
els were imaged preinjection and for 1-min postinjection at a
rame rate of 500 msec and a camera exposure time of
50 msec. 100% glycerol was topically applied on a 15
15-cm area that covered the entire FOV. The glycerol was

llowed to soak into the skin for 30 min. Once the fluores-
ence intensity in the tissue dropped to the preinjection level,
nother ICG injection was given, and the perforator vessels
ere imaged in the same manner described before. The ani-
als were anesthetized and secured for the entire procedure to

nsure a consistent sampling region between measurements.
or quantitation, two images corresponding to identical vas-
ular phases were chosen. The fluorescence intensity was
uantified over two straight lines drawn over the same part of
ournal of Biomedical Optics 024019-
each image. The same procedure was then performed using
50% glycerol in water and polypropylene glycol:polyethylene
glycol �PPG:PEG�.14

2.4 Near-Infrared Fluorescence Sentinel Lymph Node
Mapping

ICG was preadsorbed to Cohn Fraction V bovine serum albu-
min �BSA, Sigma-Aldrich� at a 1:1 molar ratio,15 and the
complex �ICG:BSA� was diluted to a final concentration of
10 �M in saline. 22 groin SLN mappings were performed on
n=16 animals by subcutaneously injecting 200 �L of
ICG:BSA. The procedure was performed bilaterally in six ani-
mals. SLNs were successfully identified within 1 min in all
animals. 100% glycerol, 50% glycerol in water, and PPG:PEG
were topically applied 10 min after the fluorophore injection
on 15�15-cm areas, which covered the entire FOV. Images
were obtained preinjection and 2- and 5-min postinjection,
then every 5 min for 60 min after injection. In treated groups,
the images were also acquired immediately following the ap-
plication. Fluorescence-guided SLN resection was performed
after the experiment to confirm the depth of the SLN from the
skin surface. For quantitation, a circular region of interest
�ROI� was drawn over the SLN and nearby background �BG�
tissue. The contrast-to-background ratio �CBR� was calculated
as CBR= �SLN intensity-BG intensity� /BG intensity. The
percent �%� change of CBR with optimal exposure time was
compared in treated and nontreated groups, with CBR set to
100% at the time of glycerol application �T=10 min�. The
animals were anesthetized and secured for the entire proce-
dure to ensure a consistent sampling region between measure-
ments.

2.5 Preparation and Handling of Porcine Skin
for Ex-Vivo Quantitation

In 22 pigs, porcine skin was harvested from the lower part of
the abdomen 4 to 8 h prior to the experiment. Subcutaneous
fat was surgically removed and the skin was cut into two 9
�9-cm pieces. One piece was stored in saline at 4 °C. The
other was exposed to air at both dermal and epidermal sides
for between 4 and 8 h prior to the experiment. Four skin
samples each from hydrated and nonhydrated harvested skin
were trimmed into 2�1.5-cm sections, and the thickness of
each sample measured with precision calipers three times: at
the sample preparation, before each measurement, and after
measurement. The thicknesses of the hydrated samples were
divided into three groups including 0.5, 1.0, and 1.5 mm.
Eight samples were harvested from one animal. If samples
deviated by more than 0.1 mm in either direction, then the
samples were excluded. All nonhydrated skin samples �n
=40� were 0.2 mm thick and were acquired from 10 animals.
Hydrated skin samples with thicknesses of 0.5 mm �n=20�,
1.0 mm �n=30�, and 1.5 mm �n=32� originated from 5, 7,
and 6 animals, respectively. The standard deviation of 0.2,
0.5, 1.0, and 1.5-mm-thick samples at the time of sample
preparation was 0.038, 0.059, 0.053, and 0.058, respectively.
60 samples were treated with glycerol, while 62 with no treat-
ment served as controls. The glycerol-treated group consisted
of 20 nonhydrated and 40 hydrated samples, while the control
group included 20 nonhydrated and 42 hydrated samples.
March/April 2009 � Vol. 14�2�2



2

N
g
o
p
l
N
r
s
a
c
2
p
s
p
w
g
1
w
r

2

A
w
c
r
O
=
2
r
c
r
p

T

G

H

D

T

Matsui, Lomnes, and Frangioni: Optical clearing of the skin for near-infrared fluorescence image-guided surgery

J

.6 Preparation of Near-Infrared Fluorescent Targets
and Image Acquisition

IR standards were prepared by mixing ICG:BSA with 25%
elatin at a ratio of 1:4 to produce a final ICG concentration
f 10 �M. 10 �L of each NIR fluorescent standard was pi-
etted into equally spaced chambers in a plastic tray and al-
owed to harden. Excitation fluence rate was measured, and a
IR fluorescence image of the standards within the linear

ange of the camera was acquired. Skin samples were then
utured to wires placed at a distance of either 3 or 5 mm
bove the NIR standards with an air gap to recapitulate the
onditions of the study by He and Wang, epidermal side up.16

9 of the treated and 31 of the nontreated samples were
laced 3 mm over a NIR standard, while the other half of the
amples, including 31 of the nonhydrated and hydrated, were
laced 5 mm over a NIR standard �Table 1�. Baseline images
ere acquired, followed immediately by application of 100%
lycerol to half the samples. Samples were imaged every
0 min for 60 min after glycerol application. Skin samples
ere removed from the device, and the NIR standards were

eimaged.

.7 Quantitation of Fluorescence Emission Through
Skin

ll acquired images of NIR fluorescence emission were
ithin the linear range of the 12-bit camera. Images were

orrected for variations in excitation fluence rate and evapo-
ation of water over the course of the experiment as follows.
btained fluorescence intensity through each skin sample �n
122� was divided by the corresponding fluence rate �range
.6–5.8 mW /cm2, mean 4.2 mW /cm2�. Due to water evapo-
ation in the NIR fluorescent standards, the change of fluores-
ence intensity in NIR standards pre- and postexperiment
anged between 94 and 245% �mean 145%�. Since room tem-
erature �25 to 28 °C�, air flow velocity ��0 m /s�, and hu-

able 1 Sample number in ex-vivo evaluation.

Glycerol
treatment Hydrati

+ − +

lycerol treatment + NA NA 42

− NA NA 40

ydration + 40 42 NA

− 20 20 NA

istance �mm� 3 29 31 40

5 31 31 42

hickness �mm� 0.2 20 20 0

0.5 10 10 20

1.0 14 16 30

1.5 16 16 32
ournal of Biomedical Optics 024019-
midity �50 to 60 %� were stable over the course of the experi-
ment, evaporation rate �Wq� was considered constant.17 The
dye concentration at time x �min� �Cx� is relative to NIR
standard volume �V�:

Cx = 1/�V0 − Wq*x� . �1�

Since Wq in our experimental conditions was estimated to be
�0.05 mg /min, the inverse proportional Eq. �1� could be ap-
proximated by a linear change as a function of x as x changed
from 0 to 60 min.18 Thus, estimated fluorescence intensity
�E� at any time t was expressed as a function of the raw
intensities of each NIR standard measured without skin pre-
�I0� and post- �I60� experiment: E�t�= �I60− I0� /60*t+ I0,
where t is the time �min� from the start of the experiment. The
fluorescence intensity of NIR standards measured through
skin sample �C� was then corrected as follows: C�t�
=A�t�*�I0 /E�t�� /F, where A�t� is the fluorescence intensity of
the NIR standards imaged through skin, and F is the fluence
rate measured at the individual chamber in each experiment
using an Orion laser power/energy monitor and calibrated
model PD300-3W photodiode �Ophir Optronics, North An-
dover, Massachusetts�. Percentage change from baseline �PC�
was defined as follows: PC= �C�t�
−Cpretreatment� /C

pretreatment
* 100�%�.

2.8 Statistical Analysis and Histological Staining
Corrected intensity and percentage change from baseline were
statistically analyzed at all data points in four categories: dis-
tance between sample and NIR standard, hydration, thickness
of the sample, and glycerol treatment. A Mann-Whitney test
was performed to evaluate differences in distance, hydration,
and glycerol treatment with two-sided 95% confidence inter-
vals. A Kruskal-Wallis test was used to investigate the impact
of skin thickness. Multivariate analysis was subsequently per-

Distance
�mm�

Thickness
�mm�

3 5 0.2 0.5 1.0 1.5

31 31 20 10 16 16

29 31 20 10 14 16

40 42 0 20 30 32

20 20 40 0 0 0

NA NA 20 10 14 16

NA NA 20 10 16 16

20 20 NA NA NA NA

10 10 NA NA NA NA

14 16 NA NA NA NA

16 16 NA NA NA NA
on

−

20

20

NA

NA

20

20

20

0

0

0
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ormed to assess the difference by condition within each
roup, including distance between sample and NIR standard,
ydration, and thickness of the sample. Samples were divided
y each condition and the impact of glycerol on corrected
ntensity; the percent change from baseline was compared be-
ween treated and nontreated samples. A Mann-Whitney test
as used for statistical evaluation with two-sided 95% confi-
ence intervals. All statistical evaluations were made using
rism Version 4.0 �GraphPad Software, La Jolla, California�
kin samples were histologically evaluated with hematoxylin
nd eosin �HE� staining after the experiment to determine if
lycerol had any impact on sample morphology.

Results
.1 Magnitude of the Optical Clearing Effect In Vivo
he perforator arteries and draining veins �perforator vessels�
ere within a few millimeters of the surface of the skin, and

hus provided an ideal model system for assessing the magni-
ude of the optical clearing effect. Based on previously pub-
ished studies, we expected a dramatic effect of glycerol on
erforator vessel intensity and/or deblurring. However, as
hown in Fig. 1�a�, there was no qualitative difference in per-
orator vessel imaging using the intravenously administered
IR fluorophore ICG, even after a 30-min pretreatment with
00% glycerol, nor was there a noteworthy difference in per-
orator vessel intensity �Fig. 1�b�� with such treatment. The
ame results were obtained using 50% glycerol and
PG:PEG-treated animals �Fig. 1�c��.

Surprised by this result, we next measured the optical
learing effect during SLN mapping. As shown in Fig. 2�a�,
lthough the SLN could be identified using NIR fluorescence
n all animals, application of 100% glycerol to the skin sur-
ace over the course of an hour resulted in no substantial
mprovement in image quality �n=16�. The percent change of
BR of the SLN showed no significant difference in animals

hat were treated or not treated with 100% glycerol �p
0.3263�, 50% glycerol �p=0.1333�, and PPG:PEG �p
0.1191� �Fig. 2�b��. Of note, the mean and standard devia-

ion of the measured depth from the skin surface to the iden-
ified SLNs was 5.2�0.075 mm.

.2 Ex-Vivo Evaluation of the Optical Clearing Effect
o understand the in-vivo results, and to reconcile previously
ublished studies on optical clearing, we systematically evalu-
ted the effect of skin thickness, skin hydration, distance from
he skin to a fluorescent target, and glycerol treatment on NIR
uorescent target intensity. A typical experiment is shown in
ig. 3. It should be noted that all measured values were within

he linear range of the 12-bit camera. However, to see all
argets well in Fig. 3, contrast was enhanced such that the
rightest standards appear saturated.

Quantitation of results measured for the effect of distance
etween skin and NIR fluorescent target, hydration, skin
hickness at the time of pretreatment, and glycerol treatment
at T=0, 30, and 60-min postapplication� are shown in Fig.
�a�. For all variables tested, hydration status of the skin and
kin thickness consistently resulted in a statistical improve-
ent in intensity. Distance failed to show a significant impact

n corrected fluorescence. None of these three demonstrated
tatistical differences in terms of percentage change from
ournal of Biomedical Optics 024019-
baseline �Table 2�. Glycerol treatment did not show statistical
improvement in either corrected intensity or percentage
change from baseline over time �Table 3�. When samples
were stratified based on glycerol treatment �Figs. 4�b� and
4�c��, glycerol showed a statistically significant improvement
in nonhydrated specimens in terms of percentage change from
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Fig. 1 The impact of optical clearing on perforator vessel NIR fluores-
cence angiography. �a� Intravenous injection of 0.092 �mol/kg of
ICG either pretreatment �top row� or 30-min post- treatment �bottom
row� of porcine skin with 100% glycerol. Shown are color video �left
column� and NIR fluorescence emission �right column�. NIR camera
exposure time was 150 msec and normalization was identical in both
sets of images. N=nipple. �b� Quantitation of fluorescence intensity,
preglycerol application �black curve� and postglycerol application
�gray curve�, using lines �1 and 2� drawn across different vascular
regions. The 12-bit intensity at each point �line plots� is shown at the
bottom. �c� Quantitation of 12-bit fluorescence intensity, preapplica-
tion �black curve� and postapplication �gray curve� of PPG:PEG �left�
and 50% glycerol �right�.
March/April 2009 � Vol. 14�2�4
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aseline �p=0.0006� as well as corrected intensity �p
0.0030�.

On the other hand, in the hydrated specimen, corrected
ntensity appeared to be better without glycerol treatment �p
0.0011�. No statistically significant difference was seen in
ydrated group in terms of percentage change from baseline
Fig. 4�b�, Table 4�. Subgroup analysis of thickness revealed
hat glycerol treatment only had a significant impact on skin
hat was 0.2 mm thick, the thinnest samples of skin both in
erms of intensity and change from baseline �p=0.0030 and

= - 10 min

= - 5 min

= 0 min

= 30 min

= 60 min

NIR Fluorescence

SLN

Color Video
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N 200

4095

2000

1000

3000

0

(a)

Glycerol

Application

Impact on % Change of CBR
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25
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Control
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PPG:PEG

Time (min)

(b)

ig. 2 Sentinel lymph node �SLN� mapping of the groin with and
ithout glycerol treatment. �a� ICG:BSA was injected at T=−10 min

o identify the SLN. At T=0, 100% glycerol was applied topically, and
IR fluorescence emission followed over the next 50 min. NIR cam-
ra exposure time was 500 msec and normalization was identical in
ll images. N=nipple. �b� Percent change of the CBR measured at the
LN over time in nontreated animals �n=10� and animals treated with
00% glycerol �n=4�, 50% glycerol �n=4�, and PPG:PEG �n=4�.
oint and error bar represent mean and SEM. The Mann-Whitney test
howed no statistical significance between nontreated and treated
roups.
ournal of Biomedical Optics 024019-
0.0006, respectively� �Fig. 4�c��. Surprisingly, glycerol treat-
ment showed an adverse effect in terms of intensity in the
other samples with p values of 0.0030, 0.0020, and 0.0019 for
0.5, 1.0, and 1.5-mm-thick samples. There was no statistical
difference in change from baseline in those samples. Accord-
ing to the distance between skin and NIR fluorescent target,
we found glycerol treatment improved the intensity in the
distance of the 3-mm group �p=0.0070�, while no improve-
ment was detected in the distance of the 5-mm group �p
=0.0830�. It should be mentioned that the change from base-
line of the glycerol-treated group was statistically higher than
that of the nontreated group in both the distances over time
�p=0.006 and 0.0041 for 3 and 5 mm distance� �Table 4�.

3.3 Histological Analysis of Ex-Vivo Skin
Samples

A distinctive morphological difference was observed in the
SC of glycerol-treated skin samples. In hydrated skin, glyc-
erol treatment resulted in smoothing of the SC, although no
notable consistent changes were noted in the dermis or other
layers of the epidermis �Fig. 5�. In nonhydrated skin, glycerol
treatment appeared to reduce the air gaps within the SC, and
may have helped re-expand an otherwise collapsed epidermis
�Fig. 5�.

NIR Standards Pre-Treatment 0 min

10 min 20 min 30 min

40 min 50 min 60 min

Hydrated Non-hydrated

Glycerol (-)

Glycerol (+)

Skin to Target Distance (mm): 5 3 5 3

NIR Fluorescence

Fig. 3 Experimental setup for ex-vivo quantitation of the optical clear-
ing effect in glycerol-treated porcine skin. The experimental setup de-
scribed in detail in Sec. 2 is shown at top. Also shown are images of
the NIR fluorescent targets before application of skin samples �NIR
standards�, then over time. All NIR fluorescence images were ac-
quired with a 60-msec exposure time and were flat field corrected.
March/April 2009 � Vol. 14�2�5
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ig. 4 Statistical evaluation of optical clearing in ex-vivo specimens. �a� The impact of skin to target distance, sample hydration, skin thickness, and
lycerol treatment on the corrected intensity of NIR fluorescent targets imaged through porcine skin. Asterisks indicate statistical significance. Three
ox plots shown in the top row represent pretreatment status. �b� Multivariate analysis by hydration status of samples. Corrected intensity and
ercentage change from baseline of NIR fluorescent targets imaged through hydrated �top row� or nonhydrated �bottom row� skin, with or without

reatment with 100% glycerol. Point and error bar indicates mean and SEM. Asterisks indicate statistical significance. �c� Multivariate analysis by
istance between sample and NIR standard �top row� and thickness of the sample �bottom row�. Corrected intensity and percentage change from
aseline of NIR fluorescent targets imaged with or without treatment with 100% glycerol were shown. Point and error bar indicates mean and SEM.
sterisks indicate statistical significance. Note that the corrected intensity of nontreated groups was higher than treated groups when the sample

hickness was more than 0.5 mm �bottom, left�.
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Discussion
n this study, we evaluated the potential clinical benefits of
ptical clearing by hyperosmotic agents during NIR
uorescence-guided surgery. We mainly focused on 100%
lycerol as the clearing agent, since glycerol is an extremely
ommon ingredient in moisturizing skin products, thus, its
afety is well established for topical application to the skin.
lso, glycerol was the most frequently used agent in previous

tudies of the optical clearing effect. Unexpectedly, our results
n vivo showed no qualitative or quantitative advantage of
lycerol treatment. To eliminate the possibility that the glyc-
rol concentration was suboptimal for porcine skin, we re-
eated all of the in-vivo experiments using 50% glycerol in
ater, and obtained identical results. To explore whether these

esults were unique to glycerol, we repeated all of the in-vivo
xperiments using topical application of a mixture of
PG:PEG.14 Once again, there was no qualitative or quantita-

ive effect of the agent.
However, subsequent ex-vivo experiments revealed an ad-

antage for nonhydrated and thin samples, the changes of
hich were only statistically significant in corrected intensity.
he ex-vivo optical clearing effect of glycerol has two pos-
ible mechanisms. One is an optical effect due to refractive
ndex matching, which would appear immediately after the
pplication. The second is mechanical alteration of the skin,

able 2 Impact of distance, hydration, and thickness ex-vivo.
*Significant �glycerol treated�nontreated�.

roup

p value

Corrected intensity Change from baseline �%�

istance 0.0101 to 0.1040 0.3669 to 0.7920

ydration �0.0001* 0.0800 to 0.9900

hickness �0.0001* 0.0805 to 0.7713

able 3 Statistical evaluation of optical clearing effects of glycerol
x-vivo.

ime �min�

p value

Corrected intensity Change from baseline �%�

retreatment 0.7626 —

0.9694 0.1190

0 0.9286 0.1960

0 0.9002 0.1676

0 0.8921 0.2087

0 0.8799 0.0786

0 0.9816 0.1178

0 0.8921 0.1568
ournal of Biomedical Optics 024019-
which could continue to change over time. Corrected intensity
primarily reflected the refractive index effect, while change
from baseline represented mechanical changes. Our results
suggest that both effects can occur ex vivo. When samples
were stratified in more detail, we found that glycerol did have
a significant optical clearing effect on both corrected intensity
and change from baseline in limited situations, such as non-
hydrated, thin skin samples �i.e., 0.2-mm-thick samples�, and
close distance �i.e., 3 mm� to the targeted object. Indeed, the
histological effect of glycerol was only seen at the SC, and
possibly the outermost epidermis. A significant improvement
in fluorescence imaging generally requires enhancement of
both the penetration of excitation light into tissue, and the

Table 4 Multivariate analysis of clearing impact of the glycerol ex-
vivo. *Significant �glycerol treated�nontreated�. **Significant �glyc-
erol treated�nontreated�.

Group Subgroup

p value

Corrected intensity Change from baseline �%�

Distance 3 mm 0.0070* 0.0060*

Distance 5 mm 0.0830 0.0040*

Hydration − 0.0030* 0.0006*

Hydration + 0.0011** 0.8048

Thickness 0.2 mm 0.0030* 0.0006*

Thickness 0.5 mm 0.0030** 0.8048

Thickness 1.0 mm 0.0002** 0.5350

Thickness 1.5 mm 0.0019** 1.0000

50 �m

50 �m 50 �m

Not Treated Treated

Hydrated

Non-hydrated

SC SC

SC SC

50 �m

Not Treated Treated

Fig. 5 Ex-vivo histological analysis of skin samples. HE staining of
hydrated �top row� and nonhydrated �bottom row� skin samples either
not treated �left column� or treated �right column� with 100% glycerol.
SC=stratum corneum.
March/April 2009 � Vol. 14�2�7
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scape of emitted light from tissue. The lack of effect of op-
ical clearing agents in vivo is likely explained by relative
ontribution of SC to optical path length. As shown in Fig. 5,
he thickness of the SC was �2–10 �m in nonhydrated skin
nd �4–20 �m in hydrated skin. This is equivalent to
1 to 5% of the path length in 0.2-mm-thick samples �i.e.,

onhydrated samples�, and 0.8 to 4%, 0.4 to 2%, and 0.2 to
.3% of the path length in 0.5, 1.0 and 1.5-mm-thick samples
i.e., hydrated samples�, respectively. A previous study, in
act, verified that the SC layer has no significant effect on the
efractive index of skin.19 Furthermore, particles that contrib-
te most to light scatter in living tissue are subsurface, cellu-
ar components. Mourant et al.20 found that nuclei are respon-
ible for 40% of scattering in whole cells, while Beauvoit,
itai, and Chance21 suggested that mitochondria were the pre-
ominant source of light scattering in the liver. In our ex-vivo
xperiments, the optical clearing effect was shown statisti-
ally to be limited to nonhydrated skin samples, and were
ost pronounced in the 0.2-mm-thick samples, which is con-

istent with a localized effect.
Recently, several studies showed the potential benefit of

sing hyperosmotic agents in phototherapy. Vargas, Barton,
nd Welch22 demonstrated that pretreatment of the skin with
0% glycerol reduced the radiant exposure of the laser re-
uired for vessel photocoagulation. Also, Khan et al.14 re-
orted that less skin damage from laser exposure was found
oth clinically and histologically by topical application of
PG:PEG. In their study, they used a YAG laser to excise skin
amples with and without pretreatment of PPG:PEG, and re-
orted a decrease in basal cell vacuolization and separation at
he dermoepidermal junction �DEJ� in pretreated skin. They
lso concluded that erythema and blisters were less frequently
ound in PPG:PEG pretreated areas after laser treatment for
attoo removal. We investigated the optical clearing effect of
PG:PEG in NIR fluorescence angiography in vivo using the
ame treatment with PPG:PEG, and saw no enhancement with
PG:PEG �Fig. 1�c��. A possible explanation is that skin dam-
ge at the DEJ may be diminished by hyperosmotic agents
cting on the SC, which in turn reduces scatter in the epider-
is. In other words, the impact on the SC is significant at

east in terms of delivery of light to the DEJ. Targeting the
uperficial layer of the skin with phototherapy may indeed be
ore effective and safer with pretreatment using hyperos-
otic agents; however, this effect does not translate into a

enefit for NIR fluorescence image-guided surgery, even
hen relatively superficial targets, such as perforator vessels,

re imaged, because the effect was not considered significant
nough to enhance the return of emitted light.

Topically applied hyperosmotic agents have been used as
ptical clearing materials in previous studies utilizing both
ptical coherence tomography �OCT�2,23–25 and low-level
mitted light �bioluminescence� imaging.16 Although it is pos-
ible that OCT may be more sensitive to alterations of light
enetration induced by glycerol than NIR imaging, it is also
ossible that dehydration from air exposure during the proce-
ure is creating a situation analogous to our nonhydrated ex-
ivo samples, and that glycerol is acting to change the hydra-
ion status of the tissue.2,4,6,26 The previously reported
ioluminescence experiments utilized an extremely weak light
ource, which required exposure times as long as 60 sec for
ournal of Biomedical Optics 024019-
quantitation,16 and skin to target air gap distances of 3 and
5 mm. More importantly, the description of this study sug-
gests that the skin samples were nonhydrated prior to, and
during, imaging.

To enhance the transepidermal delivery of hyperosmotic
agents, removal of the SC using sandpaper27 or tape
stripping28 has been attempted. Though this procedure un-
doubtedly causes inflammation, it could still be used in
research-based or limited clinical applications, such as photo-
therapy, where the benefit may outweigh the adverse effects
on the skin. Other previously published studies that employed
dermal side or subcutaneous application suggested that the
potential optical clearing effect of hyperosmotic agents could
be dramatic if the barrier function of the SC were
eliminated.6,11,26 Similarly, application of hyperosmotic agents
on digestive tract mucosa, which lack an SC entirely, may
produce improved imaging depth and contrast for
diagnosis.29,30 However, the optical clearing effects of such
agents on the digestive tract were only studied ex vivo using
OCT, therefore safety and utility must be established in vivo
before conclusions can be drawn.

In summary, hyperosmotic agents such as glycerol and
PPG:PEG may produce a significant optical clearing effect
under highly manipulated model systems, but during NIR
fluorescence image-guided surgery of well-vascularized, well-
hydrated tissue, there appears to be no qualitative or quanti-
tative effect of these agents.
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