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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

E-mail: r.k. @cranfield.ac.uk . . . .
mafl: r-wang@craniield.act 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.
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1 Introduction foxide (DMSO), propylene glycol, mannitol, glucose, or dex-

For biomedical applications, optical techniques that are based(f0S€; cause turbid tissues—for example skin, sclera, and
on the intrinsic optical properties of biological tissues, such as @0rta—to become optically transparent because of the cre-
light scattering, absorption, polarization, and fluorescence, ation of a refractive index that matches the environment
have many advantages over conventional X-ray computed to-Within the tissue. It is suggested that these agents would re-
mography, magnetic resonance imagifigRl), and ultra- duce light scattering through refractive index matching in two
sound imaging techniques in terms of safety, cost, contrast, Ways. The first is simply by matching the refractive index of
and resolution features. However, one of the limitations of the chemical agent to the main constituents and components
current optical techniques is that the depth of light penetration Of a tissu€.® The second is by dehydration that is due to the
is limited in biological tissues because of their highly scatter- 0smotic characteristics of these agents, which results in water
ing nature. Biological tissues are optically inhomogeneous l0ss from the interstitial space, causing the scattering compo-
and absorbing media. Multiple scattering and absorption are Nents to be tightly packetf:? As a consequence, the concen-
responsible for broadening and eventual decay of a light beamtration of glycosamino proteins within tissue is increased and
as it travels through a tissdélhe penetration depth of lightis  gives rise to an increased refractive index for the background
dependent on the absorption and scattering properties of themedium.
tissue. Because of the low absorption, the best penetration is To induce optical clearing of a tissue, chemical agents
achieved by light with a wavelength ranging from approxi- should be able to pass through both the superficial block of
mately 700 to 1400 nrh.When imaging with near-infrared  tissues and the membrane of cells within the tissue by diffu-
light, the dominant process that limits the imaging depth and sion. At the same time, water diffuses out from the tissue,
contrast is multiple scattering rather than absorptibAs a drawn by the high osmolarity of the chemical solutions out-
consequence, in order to enhance the depth of light penetra-side the tissué® The dynamics of this mass transport process
tion, multiple scattering in tissue must be reduced. is a very complicated phenomenon that depends on the os-
A plausible method for reducing light scattering in tissue motic and diffusion characteristics of the agent applied to the
and thereby enhancing the penetration of light is the topical tissue. However, the effects of the dynamics of diffusion and
application of hyperosmotic and biocompatible chemical dehydration on the refractive index matching process still re-
agents that would induce optical clearing in the tissue, a con- main unclear.
cept pioneered by Tuchitf A series of studies have shown In an attempt to better understand the influence of the dif-
that osmotically active chemical agents are effective in chang- fusion characteristics of a chemical agent on the tissue-
ing the optical properties ah vitro andin vivo tissues**
Hyperosmotic chemical agents such as glycerol, dimethyl sul- 1083-3668/2004/$15.00 © 2004 SPIE
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Reference image of256X 120 pixel size required about 4 s. A visible-
Mirror . . .
' light source was used to guide the probe beam, as shown in
i Fig. 1.

Glycerol and DMSO were purchased from Sigma Co. Ltd.
The concentration of the glycerol and DMSO solutions used
) in this study was reduced 50% by mixing the agents with
5 saline solution. Glycerol, having the molecular formula
i HOCH,CHOHCH,OH and a refractive index of 1.47, has a
—— _i! wide variety of uses in the manufacture of numerous domes-
Computer Translation tic, food, and pharmaceutical produéfsit is also a natural
Stage constituent of the human body that is created by the oxidation

of stored body fat. DMSO, also having a refractive index of
Fig. 1 Schematic of the OCT system. CL, collimating lens; FC, fiber 1.47, is a by-product of the wood industry and has been in use
coupler; PC, polarization controller; OL, objective lens; and D, detec- as a commercial solvent since 1953 his chemical has also
or. been used as a drug for a variety of ailments, including pain,
inflammation, scleroderma, interstitial cystitis, and arthritis-
elevated intercranial pressufre.

clearing process, we investigated experimentally the dynamic . Fresh por.cine stomach tissu.e was used as the tissue sample
optical clearing effect of glycerol and DMSO, using optical in the experiments. Sto”_‘aCh tissue was chosen for measure-
coherence tomographyOCT). Glycerol and DMSO were ments because of the highly S(_:att_erlng nature qf the gastric
chosen, not only because they are two common agents that ard/SSU€s. It was reported that achieving a depth of light penetra-
used currently for optical clearing of tissue, but also because 10N Of more than 2 mm is problematic for gastrointestinal

they possess different diffusion characteristics within tissue, tract tissue. With an OCT technique, the imgging depth re-
with DMSO having a much faster diffusion rate than Mains less than 0.5 mm for human stomach tis8ee por-

glycerol13:14 cine tissue specimens from the stomach were imaged with
It is shown that both agents can greatly improve the depth OCT within 5 © 7 h ofremoval. A metal needle was inserted

of OCT imaging of tissue. However, during a period of ap- into the tissue approximately 1 mm beneath the surface. The

proximately 20 to 30 min after the topical application of glyc- signals reflected back from the needle surface were used to

erol, we observed that image contrast was also enhanced. Thi$U99est the improvement in the back-reflected light signal

enhancement disappeared with the passage of time. Such imcaused by the chemical clearing. Imaging was performed with
bench-top OCT system at room temperature. The position of

age contrast enhancement was not observed when DMSO wag' ; . L
administered. The difference in the time courses of the two the propg beam on the sample was monitored using a visible-
chemicals suggests that the tissue clearing occurs at a subcell-Ight guiding beam.

lular level by permeation of cell membranes rather than at a First, the spepimens were irrigated with 0.9% saline to pre-
cellular level vent dehydration and an OCT image was taken for later com-

parisons. Immediately after the first image was taken, the
DMSO or glycerol solutionabout 0.5 mi was applied topi-

. cally to the tissue surface and the tissue was allowed to absorb
2 Materials and Methods the chemical. A set of OCT images was then taken at the same
Figure 1 is a schematic of the OCT system used in this study, site at intervals of 0, 10, 20, 30, 40, and 50 min after the
in which a broadband light source with the central wavelength topical application of an agent. Coregistration of the images
at 1300 nm and a bandwidth of 52 nm is employed with an obtained using OCT before and after the topical application of
output power of 1.5 mW. The light source yields a dd+ the DMSO or glycerol solution provided the basis for com-
axial resolution in free space, or approximately 4 in the parison. In some experiments, the OCT system was used in
tissue if the mean refractive index of bulk tissue is assumed to the single-point A-scan manner to obtain M-mode OCT im-
be 1.38; this determines the imaging axial resolution of the ages in order to investigate the dynamic clearing effect of the
system. Imaging was performed by directing low-coherence chemical agents on tissue within a time scale. To determine
light at the sample and detecting the reflections from various the quantity of water lost in tissue, the dynamic dehydration
internal structures by the use of an optical fiber integrated rate of the tissue was also obtained by measuring the distance
scanning system. Polarization controllers are used in both between the tissue surface and a needle embedded within the
arms in order to obtain the maximum interference fringe vis- tissue after the topical application of an agent. The final value
ibility. The system employs a balanced detector to minimize was obtained from the average of three independent measure-
the photon excess noise arising from the light source. The ments.
transverse resolution was measured ajd, 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 3 Results
conventional microscopy. The signal-to-noise rd@NR) of Figure 2 shows dynamic OCT structural images of porcine
the system was measured at 97 dB by the use of a 4-ODstomach after topical application of a 50% glycerol solution,
neutral-density filter. For the scanning speed of the referencerecorded at the intervals of 0, 10, 20, 30, 40, and 50 min. With
arm at 65 mm/s, the modulation was centered on a Doppler the current OCT system working at a wavelength of 1300 nm,
shift frequency of 100 kHz. At this speed, a typical OCT the OCT image of the porcine stomach without the adminis-

Light Source

Balanced
Detector
D1

Amplifier
Filters
Demodulatian|
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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.

tration of glycerol has a visualization depth of approximately time [Figs. 2b) to 2(f)]. It should be pointed out that the
1.0 mm, as shown in Fig.(8. It can be clearly seen from Fig. image contrast in Figs.(®-2(d) is also greatly improved.

2 that there is a significant improvement in the imaging depth Such features as the lamina proptiZ?) and the muscularis
after the topical application of glycerol. The penetration depth mucusagMM) are clearly seen in Figs.(® and 2Zd). The
has increased to about 2.0 mm 50 min after application of neck, base, and MM layers of the tissue could be differenti-
glycerol, as shown in Fig.(®). Tissue shrinkage also occurs ated 20 to 30 min after application of glycerol. This is con-
after administration of the ageffigs. 2b)—2(f)]. The needle sistent with results from our previous experimelt3he re-
embedded in the tissue becomes brighter and brighter withflection from the needle’s surface is also sharp within this

05 1 15 . : . )
(@) ®

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.
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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.

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.

period. But it is interesting to see that with the passage of
time, the improvement in image contrast gradually disappears, after application of glycerol, the strength of the reflectance
as shown in Figs. @) and Zf). signal is gradually reduced, starting from the superficial lay-
Figure 3 contains dynamic OCT structure images of por- ers, while the signals coming from the needle’s surface are
cine stomach after topical application of a 50% DMSO solu- gradually increase, from about 32, 40, and 45 dB, to 50 dB, as
tion, again recorded at intervals of 0, 10, 20, 30, 40, and 50 shown in Figs. &a)—4(d). This suggests that the reduction in
min. As with glycerol, a significant improvement in the imag- the scattering property of the tissue is a function of time.
ing depth can be seen in FiggbBto 3(f), compared with Fig. However, for DMSO, as shown in Fig. 5, the reflectance sig-
3(a), after the application of DMSO. The penetration depth nal from the needle’s surface was increased from about 28 to
has increased to about 2.0 mm after 50 min, as shown in Fig.50 dB immediately after the application of the agksse also
3(f). However, an enhancement of image contrast was Figs. §b) and 3a) for comparisoh After about 1 min, the
scarcely seen at time in these experiments. Shrinkage that issignals from the tissue surface, the deeper layer of tissue, and
due to the dehydration of the tissue is not clear, as seen fromthe needle’s surface remain at almost the same [eesl also
Figs. 3b) to 3(f). The reflection signal from the needle’s sur- Figs. §b)—5(d)].
face has approximately the same level from Figb) 8 3(f). Figure 6 shows the M-mode OCT images obtained from
To further illustrate the different dynamics induced by the the repeated A-scans of the porcine stomach with the applica-
two agents, back-reflectance signals, along with penetrationtion of (a) glycerol and(b) DMSO. Because the system cur-
depth obtained with glycerol and DMSO administration are rently used requires manual relocalization of the tissue surface
quantitatively plotted in Fig. 4 and Fig. 5, respectively. The after topical application of an agent, the registration of OCT
signals were obtained at intervals of 0, 10, 30, and 50 min at signal starts about 0.5 min after the application. From the
the same spatial point, but averaged over ten repeated scans tomages obtained with glycerol, it can be clearly seen that the
minimize the random noise. It can be seen from Fig) that penetration depth increases gradually with an increase in time.

5 10 15 20 25 30 35 40 45 S0 5 10 15 20 25 30 35 40 45 S0
(@) (b)

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.
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ticles, anda; the radius of the’th scatter. It can be seen that
the reduced scattering coefficient of the scattering medium is
dependent on both the refractive index ratig, and the size
Time (min) of the scattering centers.
Fig. 7 The dynamic dehydration effects of glycerol and DMSO. The . Itis known. that the change in the refrathe index I.s linear
data represent the average =S.D. from three independent experi- In _cor_lcentratlo_ns_ of SOIVe_ntS Wh_en chemicals are dissolved.
ments. This is the principle of differential refractometf,a very
common detection technique used in liquid chromatography,
particularly with agueous solutions. Both glycerol and DMSO
However, in Fig. €b), a significant improvement in depth have the higher refractive index of 1.47. Thus, when they
appears immediately after the application of DMSO. This in- diffuse into tissue fluid, they could cause an increase in the
dicates that DMSO could clear tissue within a very short time. refractive index of the fluign,), leading to a decrease in; .
There is a slope in the surface of the tissue. The downward Therefore, the reduced scattering coefficiguft decreases,
trend of the tissue’s surface is attributed to the dehydration |eading to an increase in light penetration, as shown in the
induced by the chemical agents. present experimental results.

Figure 7 shows the dynamics of dehydration effects after  Based on the particle model, Schmitt and Kuhhaeported
application of the glycerol and DMSO solutions. It can be that the spectrum of index variation exhibits a power behavior
seen that glycerol causes a greater water loss in stomach tisfor spatial frequencies from 0.5 to ﬁ,m—l, In other words,
sue than DMSO does. Between 0 and 30 min, dehydration they found evidence for a broad distribution of scatterers in
induced by glycerol increases with time and reaches a maxi- tissue cells with sizes ranging from 0.2 toun. Studies by
mum of approximately 12% at about 32 min. After this point, Beauvoit et aP* and Mourant et a? revealed that the size of
the curve goes down to 8% as the time increases to 50 min. Itscattering centers varies in radius from less than 0.2 to more
seems that rehydration occurs. Water reenters the tissue tahan 1um. Thus the particles inside tissues with sizes on a
make it swollen. The application of DMSO causes only a microscopic scale are mainly responsible for the light scatter-
small percentagéabout 1% of dehydration and the rehydra- ing. Thus the sizes of scattering centers are at the subcellular

tion effect was not observed during the period investigated. |evel rather than at a cellular level because the tissue cell
These results were consistent with the continuous A-scan ex-usually has a diameter of tens of micrometers. This implies

periments shown in Fig. 6. that the subcellular components and structures—for example,
cell nuclei and mitochondria—mainly contribute to the scat-
4 Discussion tering properties of tissues. Thus for refractive index match-

Soft biological tissue is extraordinarily complex. It is com- Ng, the chemical agents should diffuse not only into the in-
posed of tightly packed groups of cells entrapped in a network terstitial fluids of the tissue but also into the cells. In other
of fibers through which tissue fluid percolates. Viewed on a WOrds, to achieve refractive index matching, the chemicals
microscope scale, the constituents of tissue have no clearShould have a two-stage diffusion. The first stage is diffusion
boundaries. They appear to merge into a continuous structureiNto the interstitial fluids, followed by diffusion into intracel-
that is distinguished optically only by spatial variations in the 'Ular compartments which means that the chemicals must pass
refractive inde® that cause the light scattering in biological —through the cell membrane before entering the cell matrix.
tissue. To theoretically describe the optical scattering in tis-  After glycerol is applied to the surface of a tissue, it will
sues, attempts have been made using a particle model withreach the first diffusion stage. The glycerol would diffuse into
some succes<1® Based on this model, biological tissue is the intercellular space of the stomach tissue relatively fast
treated as consisting of discrete scattering centers with differ- P&cause the epithelial layers of the internal organs are com-
ent sizes randomly distributed in the background media. Ac- PoSed of loosely packed cells, and glands and ducts with nar-
cording to the Rayleigh-Gans approximation, the reduced "OW lumens are rich in the mucosa of the gastrointestinal tract.

scatteringu. , of turbid media is related to the reduced cross- HOWeVer, it should be understood that this diffusion rate

section,o,, and the total number of scattering particles per V.VOUId be still slower thqn the migration of water out of the
; : . tissue because of the high osmolarity of the solution and the
unit of volume, i.e., number density; . . . )
large molecular size of this agent. This causes the tissue de-
n N4 hydration observed in Figs(®-2(d).
Mrzz p-O"-=E @i ol After glycerol is diffused into the tissue, it will not only
= R VPR draw intercellular fluids out of tissue but will also draw the

204 Journal of Biomedical Optics * January/February 2004 * Vol. 9 No. 1



Dynamic optical clearing effect of tissue . . .

interstitial water further from the cells and fibers. This would aging applications where both improved penetration depth
microscopically decrease the local volume fraction of the and image contrast are required.

scattering centers, the subcellular structure within the cells,

and therefore increase the back-reflective light signal. On the5 Conclusion

other hand, this diffusion increases the refractive index of the i . . . )
ground substances. Consequently, such dehydration would in-We have investigated the tissue-clearing effect of two osmoti-

crease the local reflectance signals, leading to an increase ircally active agents, glycerol and DMSO, using OCT. It was

both imaging contrast and depth because OCT actually probeg®und that glycerol could enhance both OCT imaging depth
the refractive index difference between macroscopic struc- and contrast during a specific period. It is assumed that these

tures at least in the current study. The concurrent enhance-Phénomena are caused by a two-stage diffusion of the chemi-

ment of imaging depth and contrast is evident from Figs) 2 cals. The first-stage diffusion is from the top tissue to the
and Zd) intercellular space, and the second is further diffusion into the

Glycerol has been found to enter and exit cells by passive pell matrix. During the first stage, the image contrast could be

diffusion?® Therefore with the passage of time, glycerol will improved _by Iopalized dehydration together with th_e en_hance-
diffuse further into the cells, i.e., the second diffusion stage menthlof 'm?]g'ﬂg depth as a resul:j gf refract(ljveh |(rj1de?<-
mentioned earlier. This causes a full refractive index matching _mg\tc IgngItth the entvi\c;:lm(;?t (f:_re?tej[ y EES‘%Q eny rattlont
with the subcellular structure. After glycerol enters the cells, it n ucz ”y edage(rj\ : h'Ierth e tirst stage, i € 'F]ah?e contras
could draw water back into the cells as a result of its affinity IS gradually reduced while the improvement in fignt penetra-
for water, leading to tissue rehydration, as observed in Fig. tion is maintained as a result of the refractive index-matching
6(a) and Ilzig 7. During this period, the vblume of the scatter- created between the chemical agent and the scattering centers
ing centers in cells could be enlarged by the rehydration, and within the tissue. It was also found that DMSO has the ability

an increase in the local reflectance signals would not occur. to rapldlyllmprove the penetration dgpth of light, but dogzs not
However, light scattering still remains small because of the enhance image contrast. This is attributed to the fast diffusion

refractive index-matching environment created between the characteristics of DMSO into tissue.

chemical agents and the scattering centers within the tissue.

This explains the OCT images of FigsieRand 2f), where Acknowledgments
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