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Dynamic optical clearing effect of tissue impregnated
with hyperosmotic agents and studied with
optical coherence tomography
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Abstract. The depth of light penetration into highly scattering tissues
can be improved by the application of biocompatible and osmotically
active chemical agents. We compare the dynamics of optical clearing
of tissue by the topical application of glycerol and dimethyl sulfoxide
(DMSO) using optical coherence tomography (OCT). It is demon-
strated experimentally that both agents can largely improve the OCT
imaging depth for porcine stomach tissue. During a period of approxi-
mately 20 to 30 min after the application of glycerol image contrast is
also enhanced. This enhancement disappears over time. Such en-
hancement of image contrast is not observed with DMSO. Glycerol
causes a higher degree of dehydration of the tissue than DMSO does.
We suggest that these phenomena are caused by a two-stage diffusion
of the chemicals. The first stage of diffusion is from the top tissue to
the intercellular space, and the second is into the cell matrix. During
the first stage, the imaging contrast could be improved by dehydra-
tion. © 2004 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1629682]
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1 Introduction
For biomedical applications, optical techniques that are base
on the intrinsic optical properties of biological tissues, such as
light scattering, absorption, polarization, and fluorescence
have many advantages over conventional X-ray computed to
mography, magnetic resonance imaging~MRI!, and ultra-
sound imaging techniques in terms of safety, cost, contras
and resolution features. However, one of the limitations of
current optical techniques is that the depth of light penetration
is limited in biological tissues because of their highly scatter-
ing nature. Biological tissues are optically inhomogeneous
and absorbing media. Multiple scattering and absorption ar
responsible for broadening and eventual decay of a light beam
as it travels through a tissue.1 The penetration depth of light is
dependent on the absorption and scattering properties of th
tissue. Because of the low absorption, the best penetration
achieved by light with a wavelength ranging from approxi-
mately 700 to 1400 nm.2 When imaging with near-infrared
light, the dominant process that limits the imaging depth and
contrast is multiple scattering rather than absorption.3,4 As a
consequence, in order to enhance the depth of light penetr
tion, multiple scattering in tissue must be reduced.

A plausible method for reducing light scattering in tissue
and thereby enhancing the penetration of light is the topica
application of hyperosmotic and biocompatible chemical
agents that would induce optical clearing in the tissue, a con
cept pioneered by Tuchin.5,6 A series of studies have shown
that osmotically active chemical agents are effective in chang
ing the optical properties ofin vitro and in vivo tissues.5–11

Hyperosmotic chemical agents such as glycerol, dimethyl sul
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foxide ~DMSO!, propylene glycol, mannitol, glucose, or dex
trose, cause turbid tissues—for example skin, sclera,
aorta—to become optically transparent because of the
ation of a refractive index that matches the environm
within the tissue. It is suggested that these agents would
duce light scattering through refractive index matching in tw
ways. The first is simply by matching the refractive index
the chemical agent to the main constituents and compon
of a tissue.6–9 The second is by dehydration that is due to t
osmotic characteristics of these agents, which results in w
loss from the interstitial space, causing the scattering com
nents to be tightly packed.8,12 As a consequence, the conce
tration of glycosamino proteins within tissue is increased a
gives rise to an increased refractive index for the backgro
medium.

To induce optical clearing of a tissue, chemical age
should be able to pass through both the superficial block
tissues and the membrane of cells within the tissue by di
sion. At the same time, water diffuses out from the tiss
drawn by the high osmolarity of the chemical solutions o
side the tissue.10 The dynamics of this mass transport proce
is a very complicated phenomenon that depends on the
motic and diffusion characteristics of the agent applied to
tissue. However, the effects of the dynamics of diffusion a
dehydration on the refractive index matching process still
main unclear.

In an attempt to better understand the influence of the
fusion characteristics of a chemical agent on the tiss
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Dynamic optical clearing effect of tissue . . .
Fig. 1 Schematic of the OCT system. CL, collimating lens; FC, fiber
coupler; PC, polarization controller; OL, objective lens; and D, detec-
tor.
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clearing process, we investigated experimentally the dynami
optical clearing effect of glycerol and DMSO, using optical
coherence tomography~OCT!. Glycerol and DMSO were
chosen, not only because they are two common agents that a
used currently for optical clearing of tissue, but also becaus
they possess different diffusion characteristics within tissue
with DMSO having a much faster diffusion rate than
glycerol.13,14

It is shown that both agents can greatly improve the depth
of OCT imaging of tissue. However, during a period of ap-
proximately 20 to 30 min after the topical application of glyc-
erol, we observed that image contrast was also enhanced. Th
enhancement disappeared with the passage of time. Such im
age contrast enhancement was not observed when DMSO w
administered. The difference in the time courses of the two
chemicals suggests that the tissue clearing occurs at a subc
lular level by permeation of cell membranes rather than at a
cellular level.

2 Materials and Methods
Figure 1 is a schematic of the OCT system used in this study
in which a broadband light source with the central wavelength
at 1300 nm and a bandwidth of 52 nm is employed with an
output power of 1.5 mW. The light source yields a 14-mm
axial resolution in free space, or approximately 10mm in the
tissue if the mean refractive index of bulk tissue is assumed t
be 1.38; this determines the imaging axial resolution of the
system. Imaging was performed by directing low-coherence
light at the sample and detecting the reflections from variou
internal structures by the use of an optical fiber integrated
scanning system. Polarization controllers are used in bot
arms in order to obtain the maximum interference fringe vis-
ibility. The system employs a balanced detector to minimize
the photon excess noise arising from the light source. Th
transverse resolution was measured at 16mm, limited by the
numerical aperture of the lens used to deliver the light onto
the sample, and the optical frequency of incident light, as in
conventional microscopy. The signal-to-noise ratio~SNR! of
the system was measured at 97 dB by the use of a 4-O
neutral-density filter. For the scanning speed of the referenc
arm at 65 mm/s, the modulation was centered on a Dopple
shift frequency of 100 kHz. At this speed, a typical OCT
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image of2563120 pixel size required about 4 s. A visible
light source was used to guide the probe beam, as show
Fig. 1.

Glycerol and DMSO were purchased from Sigma Co. L
The concentration of the glycerol and DMSO solutions us
in this study was reduced 50% by mixing the agents w
saline solution. Glycerol, having the molecular formu
HOCH2CHOHCH2OH and a refractive index of 1.47, has
wide variety of uses in the manufacture of numerous dom
tic, food, and pharmaceutical products.14 It is also a natural
constituent of the human body that is created by the oxida
of stored body fat. DMSO, also having a refractive index
1.47, is a by-product of the wood industry and has been in
as a commercial solvent since 1953.15 This chemical has also
been used as a drug for a variety of ailments, including pa
inflammation, scleroderma, interstitial cystitis, and arthrit
elevated intercranial pressure.15

Fresh porcine stomach tissue was used as the tissue sa
in the experiments. Stomach tissue was chosen for meas
ments because of the highly scattering nature of the gas
tissues. It was reported that achieving a depth of light pene
tion of more than 2 mm is problematic for gastrointestin
tract tissue. With an OCT technique, the imaging depth
mains less than 0.5 mm for human stomach tissue.12 The por-
cine tissue specimens from the stomach were imaged w
OCT within 5 to 7 h of removal. A metal needle was inserte
into the tissue approximately 1 mm beneath the surface.
signals reflected back from the needle surface were use
suggest the improvement in the back-reflected light sig
caused by the chemical clearing. Imaging was performed w
a bench-top OCT system at room temperature. The positio
the probe beam on the sample was monitored using a visi
light guiding beam.
First, the specimens were irrigated with 0.9% saline to p
vent dehydration and an OCT image was taken for later co
parisons. Immediately after the first image was taken,
DMSO or glycerol solution~about 0.5 ml! was applied topi-
cally to the tissue surface and the tissue was allowed to ab
the chemical. A set of OCT images was then taken at the s
site at intervals of 0, 10, 20, 30, 40, and 50 min after t
topical application of an agent. Coregistration of the imag
obtained using OCT before and after the topical application
the DMSO or glycerol solution provided the basis for com
parison. In some experiments, the OCT system was use
the single-point A-scan manner to obtain M-mode OCT i
ages in order to investigate the dynamic clearing effect of
chemical agents on tissue within a time scale. To determ
the quantity of water lost in tissue, the dynamic dehydrat
rate of the tissue was also obtained by measuring the dista
between the tissue surface and a needle embedded withi
tissue after the topical application of an agent. The final va
was obtained from the average of three independent meas
ments.

3 Results
Figure 2 shows dynamic OCT structural images of porc
stomach after topical application of a 50% glycerol solutio
recorded at the intervals of 0, 10, 20, 30, 40, and 50 min. W
the current OCT system working at a wavelength of 1300 n
the OCT image of the porcine stomach without the admin
of Biomedical Optics d January/February 2004 d Vol. 9 No. 1 201



He and Wang
Fig. 2 Dynamic OCT images obtained at (a) 0, (b) 10, (c) 20, (d) 30, (e) 40, and (f) 50 min after the topical application of a 50% glycerol solution
to porcine stomach tissue. All units are in millimeters, and the vertical axis presents the imaging depth. MM, muscularis mucusae; SM, submucosa.
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tration of glycerol has a visualization depth of approximately
1.0 mm, as shown in Fig. 2~a!. It can be clearly seen from Fig.
2 that there is a significant improvement in the imaging depth
after the topical application of glycerol. The penetration depth
has increased to about 2.0 mm 50 min after application o
glycerol, as shown in Fig. 2~f!. Tissue shrinkage also occurs
after administration of the agent@Figs. 2~b!–2~f!#. The needle
embedded in the tissue becomes brighter and brighter wit
202 Journal of Biomedical Optics d January/February 2004 d Vol. 9 No
time @Figs. 2~b! to 2~f!#. It should be pointed out that th
image contrast in Figs. 2~c!–2~d! is also greatly improved.
Such features as the lamina propria~LP! and the muscularis
mucusae~MM ! are clearly seen in Figs. 2~c! and 2~d!. The
neck, base, and MM layers of the tissue could be differe
ated 20 to 30 min after application of glycerol. This is co
sistent with results from our previous experiments.12 The re-
flection from the needle’s surface is also sharp within t
Fig. 3 Dynamic OCT images obtained at (a) 0, (b) 10, (c) 20, (d) 30, (e) 40, and (f) 50 min after the topical application of a 50% DMSO solution
to porcine stomach tissue. All units are in millimeters, and the vertical axis presents the imaging depth.
. 1
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Fig. 4 OCT in-depth back-reflectance profiles measured at (a) 0, (b)
10, (c) 30, and (d) 50 min after topical application of a glycerol solu-
tion to porcine stomach tissue.
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period. But it is interesting to see that with the passage o
time, the improvement in image contrast gradually disappears
as shown in Figs. 2~e! and 2~f!.

Figure 3 contains dynamic OCT structure images of por-
cine stomach after topical application of a 50% DMSO solu-
tion, again recorded at intervals of 0, 10, 20, 30, 40, and 50
min. As with glycerol, a significant improvement in the imag-
ing depth can be seen in Figs. 3~b! to 3~f!, compared with Fig.
3~a!, after the application of DMSO. The penetration depth
has increased to about 2.0 mm after 50 min, as shown in Fig
3~f!. However, an enhancement of image contrast wa
scarcely seen at time in these experiments. Shrinkage that
due to the dehydration of the tissue is not clear, as seen from
Figs. 3~b! to 3~f!. The reflection signal from the needle’s sur-
face has approximately the same level from Figs. 3~b! to 3~f!.

To further illustrate the different dynamics induced by the
two agents, back-reflectance signals, along with penetratio
depth obtained with glycerol and DMSO administration are
quantitatively plotted in Fig. 4 and Fig. 5, respectively. The
signals were obtained at intervals of 0, 10, 30, and 50 min a
the same spatial point, but averaged over ten repeated scans
minimize the random noise. It can be seen from Fig. 4~a! that
Journal
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after application of glycerol, the strength of the reflectan
signal is gradually reduced, starting from the superficial la
ers, while the signals coming from the needle’s surface
gradually increase, from about 32, 40, and 45 dB, to 50 dB
shown in Figs. 4~a!—4~d!. This suggests that the reduction
the scattering property of the tissue is a function of tim
However, for DMSO, as shown in Fig. 5, the reflectance s
nal from the needle’s surface was increased from about 2
50 dB immediately after the application of the agent@see also
Figs. 5~b! and 5~a! for comparison#. After about 1 min, the
signals from the tissue surface, the deeper layer of tissue,
the needle’s surface remain at almost the same level@see also
Figs. 5~b!–5~d!#.

Figure 6 shows the M-mode OCT images obtained fro
the repeated A-scans of the porcine stomach with the app
tion of ~a! glycerol and~b! DMSO. Because the system cu
rently used requires manual relocalization of the tissue surf
after topical application of an agent, the registration of OC
signal starts about 0.5 min after the application. From
images obtained with glycerol, it can be clearly seen that
penetration depth increases gradually with an increase in t

Fig. 5 OCT in-depth back-reflectance profiles measured at (a) 0, (b)
10, (c) 30, and (d) 50 min after topical application of a DMSO solu-
tion to porcine stomach tissue.
Fig. 6 A comparison of the time course of repeated A-scans of porcine stomach tissue with the application of (a) glycerol and (b) DMSO. The
horizontal and vertical axes present the time (in minutes) and the imaging depth (in millimeters), respectively.
of Biomedical Optics d January/February 2004 d Vol. 9 No. 1 203
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Fig. 7 The dynamic dehydration effects of glycerol and DMSO. The
data represent the average 6S.D. from three independent experi-
ments.
.
d

r

is
n
i-

I
t

.

k

r

-
t

-
-

hy,
O
ey
the

the

ior

in

f
ore
a

ter-
lular
cell
lies
ple,
at-
ch-
in-
er
als
ion
-
ass

.
ill
to
ast
om-
nar-
act.
te
e
the
de-

e

However, in Fig. 6~b!, a significant improvement in depth
appears immediately after the application of DMSO. This in-
dicates that DMSO could clear tissue within a very short time
There is a slope in the surface of the tissue. The downwar
trend of the tissue’s surface is attributed to the dehydration
induced by the chemical agents.

Figure 7 shows the dynamics of dehydration effects afte
application of the glycerol and DMSO solutions. It can be
seen that glycerol causes a greater water loss in stomach t
sue than DMSO does. Between 0 and 30 min, dehydratio
induced by glycerol increases with time and reaches a max
mum of approximately 12% at about 32 min. After this point,
the curve goes down to 8% as the time increases to 50 min.
seems that rehydration occurs. Water reenters the tissue
make it swollen. The application of DMSO causes only a
small percentage~about 1%! of dehydration and the rehydra-
tion effect was not observed during the period investigated
These results were consistent with the continuous A-scan ex
periments shown in Fig. 6.

4 Discussion
Soft biological tissue is extraordinarily complex. It is com-
posed of tightly packed groups of cells entrapped in a networ
of fibers through which tissue fluid percolates. Viewed on a
microscope scale, the constituents of tissue have no clea
boundaries. They appear to merge into a continuous structu
that is distinguished optically only by spatial variations in the
refractive index16 that cause the light scattering in biological
tissue. To theoretically describe the optical scattering in tis
sues, attempts have been made using a particle model wi
some success.17–19 Based on this model, biological tissue is
treated as consisting of discrete scattering centers with differ
ent sizes randomly distributed in the background media. Ac
cording to the Rayleigh-Gans approximation, the reduced
scattering,ms8 , of turbid media is related to the reduced cross-
section,ss8 , and the total number of scattering particles per
unit of volume, i.e., number density,r:

ms85(
i 51

n
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n
3w i
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3 ssi8 ,
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whereui52(2pain0 /l)sin(u/2), mi5nsi /n0 with nsi andn0
being the refractive indices of thei ’ th scattering centers and
background medium,w i the volume fraction of thei ’ th par-
ticles, andai the radius of thei ’ th scatter. It can be seen tha
the reduced scattering coefficient of the scattering medium
dependent on both the refractive index ratio,mi , and the size
of the scattering centers.

It is known that the change in the refractive index is line
in concentrations of solvents when chemicals are dissolv
This is the principle of differential refractometry,20 a very
common detection technique used in liquid chromatograp
particularly with aqueous solutions. Both glycerol and DMS
have the higher refractive index of 1.47. Thus, when th
diffuse into tissue fluid, they could cause an increase in
refractive index of the fluid(n0), leading to a decrease inmi .
Therefore, the reduced scattering coefficientms8 decreases,
leading to an increase in light penetration, as shown in
present experimental results.

Based on the particle model, Schmitt and Kumar17 reported
that the spectrum of index variation exhibits a power behav
for spatial frequencies from 0.5 to 5mm21. In other words,
they found evidence for a broad distribution of scatterers
tissue cells with sizes ranging from 0.2 to 2mm. Studies by
Beauvoit et al.21 and Mourant et al.22 revealed that the size o
scattering centers varies in radius from less than 0.2 to m
than 1mm. Thus the particles inside tissues with sizes on
microscopic scale are mainly responsible for the light scat
ing. Thus the sizes of scattering centers are at the subcel
level rather than at a cellular level because the tissue
usually has a diameter of tens of micrometers. This imp
that the subcellular components and structures—for exam
cell nuclei and mitochondria—mainly contribute to the sc
tering properties of tissues. Thus for refractive index mat
ing, the chemical agents should diffuse not only into the
terstitial fluids of the tissue but also into the cells. In oth
words, to achieve refractive index matching, the chemic
should have a two-stage diffusion. The first stage is diffus
into the interstitial fluids, followed by diffusion into intracel
lular compartments which means that the chemicals must p
through the cell membrane before entering the cell matrix

After glycerol is applied to the surface of a tissue, it w
reach the first diffusion stage. The glycerol would diffuse in
the intercellular space of the stomach tissue relatively f
because the epithelial layers of the internal organs are c
posed of loosely packed cells, and glands and ducts with
row lumens are rich in the mucosa of the gastrointestinal tr
However, it should be understood that this diffusion ra
would be still slower than the migration of water out of th
tissue because of the high osmolarity of the solution and
large molecular size of this agent. This causes the tissue
hydration observed in Figs. 2~a!–2~d!.

After glycerol is diffused into the tissue, it will not only
draw intercellular fluids out of tissue but will also draw th
. 1
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Dynamic optical clearing effect of tissue . . .
interstitial water further from the cells and fibers. This would
microscopically decrease the local volume fraction of the
scattering centers, the subcellular structure within the cells
and therefore increase the back-reflective light signal. On th
other hand, this diffusion increases the refractive index of the
ground substances. Consequently, such dehydration would i
crease the local reflectance signals, leading to an increase
both imaging contrast and depth because OCT actually probe
the refractive index difference between macroscopic struc
tures at least in the current study. The concurrent enhance
ment of imaging depth and contrast is evident from Figs. 2~c!
and 2~d!.

Glycerol has been found to enter and exit cells by passiv
diffusion.23 Therefore with the passage of time, glycerol will
diffuse further into the cells, i.e., the second diffusion stage
mentioned earlier. This causes a full refractive index matching
with the subcellular structure. After glycerol enters the cells, it
could draw water back into the cells as a result of its affinity
for water, leading to tissue rehydration, as observed in Fig
6~a! and Fig. 7. During this period, the volume of the scatter-
ing centers in cells could be enlarged by the rehydration, an
an increase in the local reflectance signals would not occu
However, light scattering still remains small because of the
refractive index-matching environment created between th
chemical agents and the scattering centers within the tissu
This explains the OCT images of Figs. 2~e! and 2~f!, where
there is an improvement in the imaging depth, but the imaging
contrast is gradually reduced.

However, for DMSO, the first-stage diffusion is much
faster because of the chemical’s strong penetration ability
Employing @35S# DMSO, Kolb et al.13 evaluated the absorp-
tion and distribution of DMSO in small animals and human.
They reported13 that 10 min after cutaneous application in the
rat, radioactivity was measured in the blood. In humans, ra
dioactivity appeared in the blood 5 min after cutaneous appli
cation. One hour after application of DMSO to the skin, ra-
dioactivity could be detected in the bones. DMSO has also
been found to be one of the most effective agents across ce
membranes.15,24These findings indicate that the second diffu-
sion stage of DMSO also happens within a very short time
The fast diffusion rate of DMSO could decrease the osmolar
ity of the solution rapidly, even if the original one is high.
Therefore the application of DMSO will cause less dehydra-
tion of the tissue than glycerol does. This is confirmed by the
experimental results shown in Fig. 6~b! and Fig. 7. This also
indicates that a slight decrease in volume in the scatterin
centers would occur and the back-reflective light signal would
not increase once the agent has diffused into tissue. Cons
quently, no image contrast enhancement was observed wi
the OCT measurements, as shown in Fig. 3. In other words
DMSO causes a rapid full refractive index matching with the
subcellular scattering centers of turbid tissue, leading to a
improvement in imaging depth, but not in contrast.

The experimental results of the tissue-clearing dynamics o
glycerol and DMSO not only allow us to understand the
mechanism of this process, but also provide information im-
portant in the selection of chemicals for different applications.
The current results indicate that DMSO may be more suitabl
for applications where deep penetration of light energy and
fast processes are desired—for example, photodynam
therapy—while glycerol may be more suitable for OCT im-
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aging applications where both improved penetration de
and image contrast are required.

5 Conclusion
We have investigated the tissue-clearing effect of two osm
cally active agents, glycerol and DMSO, using OCT. It w
found that glycerol could enhance both OCT imaging de
and contrast during a specific period. It is assumed that th
phenomena are caused by a two-stage diffusion of the ch
cals. The first-stage diffusion is from the top tissue to t
intercellular space, and the second is further diffusion into
cell matrix. During the first stage, the image contrast could
improved by localized dehydration together with the enhan
ment of imaging depth as a result of refractive inde
matching with the environment created by tissue dehydra
induced by the agent. After the first stage, the image cont
is gradually reduced while the improvement in light penet
tion is maintained as a result of the refractive index-match
created between the chemical agent and the scattering ce
within the tissue. It was also found that DMSO has the abi
to rapidly improve the penetration depth of light, but does n
enhance image contrast. This is attributed to the fast diffus
characteristics of DMSO into tissue.
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