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Optical coherence and Doppler tomography for monitoring tissue changes
induced by laser thermal therapy—An  in vivo feasibility study
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A high-speed optical coherence and Doppler tomography system suitable for real-time monitoring
of the microstructural and microvascular tissue changes induced by laser thermal therapy is
described. The performance of the system is demonstrated experiméntaliyo by noting the
morphological change, manifest as an increase in the optical extinction coefficient, and the reduction
in the blood flow during and after laser thermal therapy in an animal model20@3 American
Institute of Physics.[DOI: 10.1063/1.1519680

I. INTRODUCTION focal point with a confocal parameter of about 4p@n.
Ontical coherence tomoarank@CT! and its Doppler? Three_—d|men3|ona_(3D) imaging is accompllsheq b)_/ two
P grapt9CT) bP Epotonzed translation stages forandy-axes scanning in the

extension are relatively new imaging techniques develope . ; .
for noninvasive biomedical applications. OCT detects back§ample arm, and .by a rapid scanning optical de?lﬁ&OD_
e for z-axis ranging in the reference arm. The field of view

scattered photons from subsurface microstructures up to : 4 .

mm deep in tissue, and performs depth discrimination b)Pf anx-z image is 3.60 mm0.6_2 mm, af‘d thg/—aX|s n-
low-coherence interferometry with the resolution rangingcrem.e nt between t'he adjacent image slices isufil The
from 2 to 15 um.*° Similar in principle to Doppler ultra- amplitude of the interference pattern corresponds to the
sound, Doppler OCT, or optical Doppler tomogragyDT) d_epth-resolved reflect|V|ty_|n the sample, and its logarithm is
can detect moving particles using the Doppler effect, whichdISIOIayed as a structural image, analogouBmode ultra-

is useful in measuring blood flow in tissue. Because the op-Sourld display. The phase difference batween consecutive

tical wavelength is one to two orders of magnitude smallelz'axis scans Is related o the Doppler frequency shift caused
than the acoustic wavelength, ODT can detect much slowel?y. moving particles, such as red blOOd. cells. The Doppler
blood flow velocity(~0.05 mm/s than Doppler ultrasound, shift is color coded to form a blood flow image analogous to

and is thus capable of imaging capillary flomvivo. Previ- color-Doppler ultrasound. Unlike ultrasound, which requires

ously, we developed a digital signal processing technique fo coupling agent such as gel or water-bath, OCT/ODT imag-

ODT that can measure blood flow velocities over a IargeIng is noncontact. Both the structural and flow imageshe

range (—7 to +7 mm/s at 75° Doppler angleand reject x=z plan_e are digitized into 609()X312(Z) pixels_ which
tissue motion artifactd.In this article, we present the feasi- are acquired, processed, and displayed at imaging speed of

bility study of using our OCT/ODT system to monitor the one frame per secand. The image quality can be improved by
veraging multiple subsequemaxis scans, to increase the

microstructural and microvascular changes induced by lasét . ST . :
thermal therapy in an animal model. S|gna_1ll—tc.)—np|se ratio in the _structural image and the velocity
sensitivity in the color flow image, albeit at the expense of a

Il APPARATUS reduced frame rate.

A schematic of the OCT/ODT system is shown in Fig. 1.
Its detailed operation has been described previdiBhefly,
a continuous-wave broadband infrared source emits approxi- Malignant human melanoma ce(l&TCC HTB-67) were
mately 5 mW centered at 1300 nm wavelength with 62 nmimplanted intradermally into the hind leg skin of severe com-
bandwidth. The emission is passed through a Michelson fibesined immunodeficiencySCID) mice, which resulted in
interferometer, which produces an interference pattern with 8olid tumors of 5—7 mm in diameter aftet6 weeks. Prior to
coherence length of-14 um in air. This corresponds to an OCT/ODT imaging, the animal was anesthetized and placed
axial spatial resolutiorin the z direction of 10 um in bio-  into a mouse restrainer as shown in Fi¢A2 The hind legs
logical tissue(assuming a refractive index of ).4.ateral  were shaved and secured with surgical tape. The tumors were
spatial resolution is determined by the spot size of the lighirradiated with 760 nm light at 3 W/cfrfor 3 min, with a
beam incident on the sample, which is about/ @ at the  spot size of 7 mm diam. OCT/ODT imaging was performed
immediately before, immediately after, and at 3, 6, and 24 h

aAuthor to whom correspondence should be addressed: electronic maiPOSt laser treatment: Interrogating a FOta| volume of 3.6
vitkin@uhnres.utoronto.ca X 0.6X0.4 mnt, 40 slices of OCT/ODT images were taken

Ill. ANIMAL FEASIBILITY EXPERIMENT
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Doppler angle between the direction of blood flow and the
incident light. The Doppler angle can be estimated by com-
paring the position of the blood vessel across multiple ODT
images taken at different-axis positions. However, since
capillaries(diameter~10—-20um) are quite tortuous, we as-
sumed a Doppler angle of 75° for all blood vessels in this
feasibility study. This assumption gives a measured blood
flow velocity range of—1.0 to +3.6 mm/s in these blood

I l —Ooe vessels. Another measure of blood perfusion is the amount of
-| PMD I-——-.I 18Q l;jCOMPI

moving blood in the imaged volume. This is obtained by
calculating the area occupied by blood vessels in each image,
FIG. 1. Schematic of the OCT/ODT system: LS, light source; PC, polariza-and accumulated across all images in the volume. For the
tion controller; OC, optical circulator; 3dB, fiber optic coupler; PM, phase h in Eig. 2. th . blood . .
modulator; RSOD, rapid scanning optical delay f@xis scan; SD-1 and 2, tumor shown in Fig. 2, t e moving 00. occupies approxi-
scan drivers fox andy axes; PMD, phase modulator driver; BPD, balanced mately 0.2% of the total tissue volume lmaged.
photodetector; | and Q, in-phase a_nd quadrature demodulator; and COMP, Figure 3 shows the OCT and ODT images of the tumor
computer(see Ref. 6 for more detalls immediately after the 3 min laser irradiation and at 3, 6, and
) ) o 24 h post-treatment. As shown in FigA3, it is clear that the
at each time point. Although small positioning error could |ayered morphology of the overlaying skin above the tumor
occur for the 3, 6, and 24 h post-treatment scans, atteMpigscame much less visible immediately after treatment, as
were made to image the same volume. The tumor was r&ompared with Fig. @). Apart from the morphological
sected and stained with heamatoxylin and eosin 24 h afte(fhange the penetration depth of the OCT imaging was
treatment, for subsequent histological evaluation and OCTéreatIy reduced. This can be quantified by fitting the loga-

ODT comparison. rithm of the interference amplitude as a function of the depth
into tissue, which is approximately the optical attenuation
IV. RESULTS coefficient of the tissue at 1300 nm. For this calculation, 50

Preliminary results show that tissue changes induced b§xial scans of the OCT signal profiles were averaged along
laser thermal therapy can be detected by OCT/ODT withouthe x direction, normalized to the maximum of each profile,
motion artifacts. One of the 40 OCT images obtained befor@nd the results are shown in Fig. 4. The linear fit was carried
laser therapy is shown in Fig.(R), illustrating the micro- out using only the first half of the signal profil@here the
structure of the implanted tumor and the overlying skin. Al-normalized OCT signak0.5), since at deeper depths single
though not clearly visible in the structural image, three bloodbackscattering events no longer dominate, and the attenua-
vessels of diameters ranging from 10 to 2@ are visible in  tion is no longer described by the simple decaying
the ODT image, as shown in Fig(@. The Doppler fre- exponential. The calculated tissue optical attenuation coef-
quency shifts present in these vessels range from ab600 ficient for the pretreatment time point is 8a5 cmi * (SD),

Hz (flowing away from the skin surfagéo +2 kHz (flowing  significantly different from that of the immediately post-
towards the skin surfageThe actual blood flow velocity, treatment time point, which is 26010 cmi 1. The smaller
can be calculated from error in the post-treatment case is indicative of the less struc-
o tured, more homogeneous tissue morphology resulting from
V=—"—fp, the laser irradiation, as seen in comparing the structural OCT
2ncog ) images of Fig. 3 with that of Fig.(B). At 3 h post-treatment,
where\, is the central light wavelengttfy is the Doppler  the animal was reanesthetized and imaged again; in this case,
frequency shif{obtained from the measured phase ghifis ~ the calculated tissue optical extinction coefficient was 150
the average refractive index of tiss¢e1.4), and 6 is the =10 cm L. This trend of reduced penetration of OCT signal

Imaging Treatment
beam beam

Mouse
" “restrainer

0 dB I 60 dB -2k Hz 3 2k Hy

FIG. 2. (A) Animal experiment setup with the mouse restraif@y.Typical OCT structural image of the mouse hind leg region with the implanted melanoma
and overlaying skirinotice the layered morphology(C) Corresponding ODT color flow image of the same region, where three small blood wssei®,

b3) situated between the tumor and skin can be found. Inset: zoom-in(Wi@yof the three blood vessels. This set of images was obtained prior to laser
thermal therapy. Image dimension: 3.6 mr) (ateral< 0.6 mm (z) depth.
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FIG. 3. OCT/ODT images obtained at various time points postlaser thermal therapy. Immediately post{Berapyafter onset of treatment lagethe

treated region showed reduction in the OCT signal, as displayéd )inCorresponding ODT image ifB) showed no sign of blood vessels, indicating
complete vascular shutdown. Similar results were obtainedea8 th time point, as shown i(C) and (D). The reduction in OCT signal was persistent, as
shown in(E) at the 6 h andF) at the 24 h time point. The Doppler images for the 6 and 24 h time points are not shown here; similar to the earlier
post-treatment scans, no blood vessels were found. Image dimension: 3.6 mm Quélthm depth.

was also observed at the 6 and 24 h post-treatment timment is adequate; an@) to prevent damage to surrounding
points. normal tissue. Imaging methods like ultrasonography, com-

Accompanying the changes in morphology and opticalputed tomography(CT), and magnetic resonance imaging
extinction, blood flow in the treated region was significantly (MRI) have been attempted but have limitatifriEhe main
reduced. Figures (B) and 3D) show the corresponding difficulty with ultrasound monitoring is the uncertainty of
Doppler flow images immediately post-laser thermal therapywhether the observed changes are reversible or irreversible.
and at 3 h after. No blood vessels were found in these imagesT and MRI cannot presently monitor tissue changes in real
for the entire scanned volume when all image slices wergme and are expensive. On the other hand, all three type of
analyzed. changesmorphological, optical extinction, and blood flpw
V. DISCUSSIONS ob;erved Wlth OC.T./ODT. in our feasibility study seemed to

be irreversiblgadditional imagings were conducted at 6 and

Real-time monitoring of the tissue changes is importan24 h post-treatment, with similar trenddhe change in the
for laser thermal therapy for two reasoii$} to ensure treat-  tissue optical extinction coefficients induced by the laser
thermal therapy is likely due to an increase in the scattering
Ho=200em’ coefficient] as at 1300 nm the optical attenuation is domi-
s M= 150cm nated by scattering instead of absorption. Our preliminary
results are similar to previous OCT experiments on thermally
damaged skin tissu8.1t is possible to obtain even higher
Pre treatment contrast between laser-treated and untreated tissue by em-
see fayer structure in OCT image) ploying polarization-sensitive OCT in certain tissues, espe-
cially those with birefringence such as the skin.

Laser thermal therapy induced changes in perfusion have
been reported previously using Doppler ultrasodnand
two-dimensional ODT? In comparison with ultrasound, the
advantage of our OCT/ODT method is the improved spatial

0 100 200 300 400 500 600 and velocity resolution, thus allowing the detection of vas-
Depth (um) cular shutdown in blood vessels 10-100 times smaller. The
N ired OCT siamdbaarithm of the backscatteri main disadvantage is the reduced imaging depth, which
phoion. intg:gfelrzn(?e fﬁ\ézrea?n?ensjtassf;ﬁngt?czln ;]d(;ptheintgctiszcuae.eSrQ% could be °‘_’er°°m9 by using interstitial OCT/ODT probes. In
lines indicate the OCT signal at three time poirfsetreatment, 3 min  fact, such interstitial OCT/ODT probes may also be used as
post-treatment, ah3 h post-treatment Dashed lines are linear fits to the fluence probes for real-time monitoring and feedback control
signal, indicating the resulting average optical attenuation coefficients. Theyt 1he |aser thermal therapy. Further investigations with a
peaks and valleys of the pretreatment curve correspond to the structurﬁg‘rger number of animals, a variety of irradiation conditions,

layer morphology seen in the OCT image of FigAZ these are reduced g )
following laser treatmentOCT images of Fig. B and optothermal denaturation models are required to extend
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