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Microvascular Photodynamic Effects Determined
In Vivo Using Optical Doppler Tomography

Attila Major, S. Kimel, Steven Mee, Thomas E. Milner, Derek J. Smithies, Shyam M. Srinivas,
Zhongping Chen, and J. Stuart Nelson

Abstract—Vascular responses were monitored to understand surrounding-host-tissue is optimal, the tumor area is exposed
the role of the microvasculature in tumor destruction as a result to an appropriate light dose, in the therapeutic spectral

of photodynamic therapy (PDT). Rats received an intravenous ,,: _
dose of 2 mg/kg Benzoporphyrin Derivative (BPD), at 20 min, window between 630-800 nm, at a selected wavelength

4 h, or 7 h before laser irradiation. With Photofrin (10 mg/kg), COi”Cidi“Q With an absgiption peak of the photosensitizer.
drug-light intervals were 20 min or 8 h. Jejunal blood vessels Photoexcitation of sensitizer molecules, followed by energy
were exposed to 12 J/cihat 690 nm (with BPD) or at 630 nm transfer to tissue oxygen, leads to generation of short-
(with Photofrin). Optical Doppler tomography (ODT) was used to  |ived, reactive oxygen species (ROS) that cause oxidative
evaluate PDT-induced changes in vessel diameter and blood ﬂOW'damage to intracellular target molecules. Depending on the

At the shortest drug-light time interval (20 min), BPD-mediated " - . .
PDT caused transient constriction of arteries, accompanied by photosensitizer and the relevant drug-light time interval, the

decreased blood flow, followed by vasodilation until baseline was €nsuing cytotoxicity elicits tumor regression, either directly
reached or overshoot occurred. Veins became occluded with no by tumor cell inactivation [11], [12] and/or indirectly by
restoration of the vessel lumen. At longer drug-light intervals, damaging endothelial cells, leading to destruction of the

vasoconstriction diminished and venodilation was observed. With e\ asculature nourishing the tumor [13]. In particular,
Photofrin, vasoconstriction and venodilation increased with the

drug-light interval. Application of a higher light dose (48 Jicm?) If the targeted area is exposed to light shortly after drug

resulted in irreversible hemostasis. ODT can be used to study administration, when drug concentration in blood is high, a

changes in lumen diameter and blood flow, which are important strong vascular response is expected.

diagnostic parameters of PDT. In systemic PDT, the vascular pathway is widely considered
Index Terms—Blood flow imaging, mechanistic photochemo- to be the prominent mechanism for tumor destruction, as

therapy, optical coherence tomography, rat jejunal mesentery, shown by histology [14], blood flow measurement [15]-[19],

transient vascular effects, vasoconstriction, venodilation. sandwich observation chambers [13] and fluorescence kinetics
[20]. Stasis of tumor blood flow shortly after initiation of PDT
I. INTRODUCTION has been inferred from measuring tissue oxygen depletion

HOTODYNAMIC therapy (PDT) is an experimentalduring laser irradiation [21]. Histopathological studies show
modality for treatment of cancer [1], [2] and disease@at thrombus formation and hemostasis are common occur-

related to vascular integrity [3]-[10]. In PDT, a photosenr—ences following PDT in experimental animals and humans

sitizing drug is usually administered systemically, and ovéjrfl]' These observano_ns suggest_that tumor necrosis re_sults
time becomes preferentially retained in tumor tissue. Wh@ﬁlmanly from destruction of the microvasculature nourishing

the ratio of photosensitizer accumulation in cancerous verstng .tumor tissue. Thus, the enQothellqm/vasculature represents
an important target, and monitoring intratumoral blood flow
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Due to past technical limitations, transient changesivo After preselected time intervaldAt) PDT was performed
were difficult to observe so that the mechanism(s) underlyiryp the exposed mesentery. With BPD, radiation at 690 nm
vascular effects have remained incompletely understood [2&jas provided by a diode laser (Lawrence Livermore Labora-
Vascular events in PDT occur on a time scale of minutésries, Livermore, CA), equipped with a microlens-terminated
and biophysical events that trigger early changes cannot rheltimode optical fiber, at a uniform power density of 100
identified by histologic observations after the fixation promW/cn¥, 2 cm diameter spot, 120 s treatment duration, giving
cesses. These events involve PDT-mediated perturbationsadfght doseD = 12 J/cn¥. With Photofrin, radiation at 630
both endothelial and hematological factor release cascadesnm from an Innova model 90 argon—ion and a model 599 dye
vivo quantitative observation of both vessel size and intrallaser system (Coherent, Palo Alto, CA) was delivered at a
minal blood flow may lead to new insights into the cause afiform power density of 100 mW/ci2 cm diameter spot,
vascular damage by PDT [15]-[19]. Presently, optical Doppl&20 or 480 s treatment duration, corresponding to a light dose
tomography (ODT) is not able to reveal directly functionaD = 12 J/cn? or D = 48 J/cnt.
information regarding the cellular and biochemical changesThe first group of animals received BPD (2 mg/kg body
that occur during PDT. weight) by tail vein injection, at specified time intervals

We have used ODT for simultaneous determination of vesgel¢ = 20 min (n = 3), 4 h(n = 3) or 7 h (n = 3)) prior to
diameters, with micrometer scale resolution, and blood flolaser irradiation( D = 12 J/cn?). The second group received
velocity profiles, on the order of 10@m/s, observed acutely i.v. doses of Photofrin (10 mg/kg body weight), a¢ = 20
during a 1-h observation period following laser irradiation imin (n = 2) or A¢ = 8 h (n = 2) prior to laser irradiation
PDT. (D = 12 Jlcn?); in addition, one animal received a higher

light dose(D = 48 J/cn?) at At = 20 min (n = 1). Animals
Il. MATERIALS AND METHODS in the control group(n = 3) received an i.v. bolus of 1 ml

Benzoporphyrin derivative monoacid ring A (BPD) was obphysiological saline and, @kt = 20 min, were irradiated with
tained from QLT (Vancouver, Canada). The liposomal powdé80 nm radiation(D = 12 J/cn?).
was reconstituted with sterile water to a concentration of 2 ODT is a recently developed technique that combines opti-
mg/ml. Photofrifd in the form of porfimer sodium powder, cal low coherence tomography with Doppler velocimetry for
also obtained from QLT, was dissolved in 5% dextrose tothe purpose of real-time imaging, with high spatial resolution,
concentration of 2.5 mg/ml. of structure as well as flow velocity in biological specimens.

The rodent jejunal mesentery was selected for study ODT instrumentation has been described in detail previously
PDT-induced vascular effects. This animal model enablf&7]-[30]. Briefly, a He—Ne aiming lasef\ = 632.8 nm,
investigation of an adjacent artery and vein pair, havinlyuW, spot-size 10g:m?) and a broad-band superluminescent
diameters in the range of 100-3@®n, with opposing blood diode (SLD) source\; = 850 nm, bandwidthAX = 25
flow directions. The model provides information on anatomicaim, 1 mW) were coupled into a fiber-optic Michelson inter-
features and blood flow velocities to an accuracy that can orirometer and split by as2x 2 fiber coupler into reference
be measured with ODT. and sample beams (Fig. 1). The optical path lengths of light

A total of 17 mature Sprague-Dawley female rats (250-3%0 the reference and sample beams were modulated (at a
g) were housed in a pathogen free animal facility and givenfrequency f = 1.6 kHz) with two piezoelectric cylinders
commercial base diet and water ad libitum. The experimentiound which the optical fibers were wrapped. To provide a
protocol was approved by the Institutional Animal Care ane:locity component of blood constituents along the incident
Use Committee at the University of California, Irvine. Animaldight propagation direction, the sample beam was incident on
were anesthetized with an intramuscular injection of ketamitlee mesentery at about 15rom the tissue-surface normal.
(87 mg/kg) and xylazine (13 mg/kg). The animal was placddght backscattered from the mesentery and collected by
in the supine position on a temperature-controlled heating pét sample fiber was recombined and mixed with the retro-
and a midline laparotomy incision of 2 cm (xyphoid to pubiceflected reference beam in thex2 coupler. Interference
symphysis) was made. A segment of jejunum was mobilizédnges were observed only when the path length difference
outside the abdomen to expose the mesenteric blood vesgelsveen the sample and reference beams was within the source
and minimize effect of respiratory movement on recorded dataherence length. The sample beam was positioned outside the
First, exploratory ODT scans were performed to identify artery—vein pair, and prior to scanning the He—Ne laser was
suitable vessel pair, which was marked by dissecting awhiocked. The optical energy delivered to the sample by the
mesenteric fat on either side of the vessels. The expodge—Ne aiming beam<(1 J/cn?) was thus maintained below
tissue was periodically irrigated with isotonic saline to prevettireshold to prevent induction of any PDT-mediated artifacts
desiccation. When laser irradiation was performed after longdat might occur, specifically when using Photofrin. Because
time intervals (At = 4,7,8 h) the abdominal walls were the optical dose due to the He—Ne laser was below threshold,
sutured and later reopened for PDT and subsequent ODT mea-control group of animals was studied to investigate vascular
surements. Also, at the longer intervals, physiological saliedfects resulting from exposure to the aiming beam alone. The
(10 ml) was injected subcutaneously in order to compensa@mple beam was translated laterally, parallel to the tissue
for fluid loss. After the last ODT measurement, animals wesarface (at a speed e$700 um/s) within thezx, »z plane over
given intracardiac injections of Euthanasia-6 (Western Medicaldistance of 1200-1500m, and displaced at incremental
Supply, Arcadia, CA). depthsz (~10 m), to form a raster scan covering about 100
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Fig. 1. Schematic of ODT instrumentation.

increments. The longitudinal spatial resolution (perpendiculbiood flow velocity image correspond to RBC's having higher
to the tissue surface) of ODT is determined by the cohereneelocities. Simultaneous measurements of interference fringe

length (I.) of the source intensity and Doppler frequency shift allowed construction
41n 2 )2 of cross-sectional structural and blood flow velocity images,
le=—" (1) respectively.

where n is the refractive index of the tissue (taken to be 'he Spatial resolution of ODT [1§m, see (1)] is an

n = 1.4), so that (forA = 0.85 pm and A\ = 0.025 pm) order of magnitude better than what can be achieved with
I. = 18 um. Lateral spatial resolution of ODT instrumentatior/ltrasound tomography [31]. Vessels positioned within hun-
was limited by the numerical aperture (0.20) of the focussiﬁHEds of micrometers beneath the tissue surface with diameters
lens in the sample arm and was approximatelyrd. The &> sn’:all_ as 1|0/“,n can lbe_ |m_agec()j W'thSOD/T' S|m|la2rly,
longitudinal and lateral spatial resolution of the ODT system}ge relative velocity resolution in ODT [13pm/s, see (2)]

thought to be independent of image depth and lateral scann\ﬁgbetter than in_ultrasound becayse .Of th? d!fference n
speed. the respective wavelengths. A detailed investigation of ODT

The time required to record a single pixel in structural an\éEIOC'ty resolution limitations has been conducted using Monte

o IR . . arlo simulations of light propagation in tissue [32]. For
Doppler velocity images was = 12.5 ms, which determined ultrasound\ _depends on the wave frequency and mean
the minimal relative velocity resolutiofAV) as given by acoustic €D q y

velocity of sound through soft tissue (taken to be 1540 m/s).
Af = 2cost \yr (2) For 10-MHz ultrasoundaconsiic = [1540 (M/s)107 Hz] =
A ) 154 ym compared toA,pic = 0.85 pm. Assuming equal
~ Here AJ denotes the resolvable Doppler shift (Hz) whicheasurement timér) to record a single pixel in acoustic
is inversely proportional to the pixel acquisition timgandf 544 optical Doppler imaging systems, the ratio of velocity

is the angle between the red blood cell (RBC) flow velocifsolytions is given by [see (2), which is valid for both ODT
and the incident beam. Fakf = 80 Hz andf = 75°, we gng ultrasound]

obtain AV = 130 pm/s. ] ]
The instrument employed in this study limited the datalVYacoustic/ AVoptic = Aacoustic/ Aoptic = [154/0.85] = 180

collection for a com_plete scan to about once every 5_ _miﬁ*his two-order of magnitude improvement NV, together
Interference fringe intensity was measured with a silicQRith the tenfold improvement in ODT spatial resolution, allow
photodiode and digitized with a 16-bit A/D converter. Theneasurement of volumetric blood flow rates on the order of
acquired data were transferred to a computer work station fg5_100 pl/s.

further processing. The interference fringes at each pixel werea cystom software utility was written and incorporated into
transformed using a short-time fast Fourier transform spectige commercial computer software package AVS (Application
gram. Unshifted interference fringe intensity (i.e.,fatE 1.6 vjsualization System, Waltham MA) [33] to analyze and
kHz) of backscattered light from static structures was used dsplay recorded data. This software enabled us to compute
form a structural image. Because of RBC's moving parallghe area of the lumen in either structural or Doppler images
to the tissue surface in a direction having a component aloggd to determine the mean flow velocity (average over each
the incident sample beam, in the structural image of a vessgikel element within the lumen).

light backscattered from flowing blood was Doppler-shifted The light-exposed segments of the mesenteric vessels were
out of the detection window and appeared dark. The floaged and blood flow measured immediately post-irradiation
image was obtained from light backscattered from moving = 0) and at 6 or 7 time points, later. Technical limitations
constituents (e.g., RBC’s). The Doppler shift of that light wai data acquisition prevented image formation at the identical
determined by computing the deviation of the first momenmime pointst for each animal.

of the interference fringe intensity frequency spectrum from

the phase modulation frequency (1.6 kHz) established by the IIl. RESULTS

piezoelectric modulators. Gray-scale values were assigned térigs. 2 and 3 present typical structural tomographic images
each pixel in the blood flow velocity images according tof a vessel pair in the rat jejunal mesentery, at three selected
magnitude of the computed Doppler shift. Lighter shades in tpest-irradiation time points following BPD-mediated PDT
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Fig. 2. Structural images of rodent mesentery artery (right) and vein
(left) following BPD-mediated PDT{A¢ = 20 min), at three time points
post-irradiation. (A)(¢ = 0 min), (B) (¢ = 16 min), and (C)(t = 61 min).
Note complete occlusion of vein i&'. Corresponding blood velocity images (b)
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Fig. 4. BPD-mediated vascular changes due to PDT performed after three
drug-light time intervalsAt¢ as a function of post-irradiation time. (a)
Relative artery lumen diameters. (b) Relative vein lumen diameters. (c)
Relative mean arterial flowe: At = 20 min. [: At = 4 h. O At = 7

h (D = 12 Jicn?).

venous lumen diametet,(t)/d,(0) versus observation time.
Fig. 4(c) depicts the percent changes in the arterial volumetric
blood flow rate,F,(¢)/F,(0), whereF,(¢) was derived from

the product of the arterial lumen cross-sectional area and
Fig. 3. Structural images of rodent mesentery artery (right) and vetle mean arterial velocity at the specific time potntPost-
ggzt)-i];?;lgglt?fn.P(%E?flnbm;?rﬁtig)FE?EAfi ;iﬁ)’hé’ngt (g‘)r(ete:“g’f n‘f]’i‘:)”.ts irradiation effects in the arteries depended dramaticalljen
Corresponding blood velocity images of arterial blood flow are designatéPr At = 20 min, d,(t) decreased by 80% (at= 15 min)
(A"), (B), and (C). In ODT, venous blood flow is poorly defined and notfollowed by rebound, with vasodilative overshoot fior 40

shown here. (1 mm= 20 m.) min. As for the vein, after an initial delagt > 12 min) d,,

and Photofrin-mediated PDT, respectively. Arterfdl,) and decreased monotonically, res_ul'ging in compl_ete occ_lu_sic_)n. For
venous lumen diameterg, ) range from 100-30@m. ODT At = 4 and 7 h, vasoconstriction progressively diminished,
structural and blood flow velocity images of arterioles in th@hereas the veins showed venodilation.

scannedr, » cross-sectional plane are also shown in Figs. 2 Results with Photofrin for shortA¢ = 20 min) and long
and 3. At the artery center, a lighter shade indicates maximi&t = 8 h) drug-light time intervals are given in Fig. 5.
flow velocity, which decreases radially toward the vessel waf\t At = 8 h, d, decreased rapidly and to a greater degree
Dark regions near the vessel center are due to blood pulsatii@n atA¢ = 20 min, but returned to baseline at- 40 min.
Given the constraints of the phase modulation scheme in fiecontrast, forAt = 20 min F,(¢) remained low. Fig. 6
ODT instrumentation, measurements of low venous blood flog¢gmpares results with Photofrin @t = 20 min for “low”
velocities were unreliable. The complete data, generated frémd “high” fluence values. AD = 48 J/cn?, arteries and
custom AVS software utilities, are presented in Figs. 4-6. veins collapsed irreversibly.

Fig. 4 summarizes results obtained with BPD. Fig. 4(a) Curves recorded for the sardet in Figs. 4 and 5 represent
depicts percent changes @f(¢), relative to the valuel,(0), an individual test animal, as do the curves recorded for 12 and
at six post-irradiation time points, for shoft\t = 20 min), 48 J/cn? (Fig. 6). Measurements were repeated with several
intermediatg{ At = 4 h), and long(At¢ = 7 h) drug-light time rats on different days, but the data do not warrant performing
intervals. Similarly, Fig. 4(b) indicates percent changes in then error analysis. While we are confident of the qualitative
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Fig. 5. Photofr_in-mt_adiated vascular changes due to .PDT. p_erfor_med afﬁé. 6. Photofrin-mediated vascular changeg\at= 20 min for two light
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Another mechanism, however, must be invoked to explain
nature of the results, they are quantitatively accurate only e rapid and complete recovery, accompanied by overshoot,
within £10%. In control animals, no significant changes igf arterial diameter and blood flow velocity shortly after PDT.
da(t), dy(t), and F,(t) were observed (results not shown). The measurements in the present study are in agreement

V. DISCUSSION with observations by Fingaet al. [15] on vessel Qiameter.
' Gilissen et al. [25] studied isolated rat aortasx vivo and

Using the noncontact ODT method, vessel diameter afslind that the endothelium derived relaxing factor (EDRF)
blood flow velocity were imaged quantitativeiyp vivo at was impaired by PDT. The endothelium is sensitive to ROS
discrete time points following laser irradiation which initiatechnd, therefore, plays a key role in primary events of PDT.
BPD- and Photofrin-mediated PDT. Use of ODT providegecently, Furchgott [34] identified nitric oxide (NO) as EDRF.
quantitative structural features with high resolution, which hasO is a potent vasodilator and inhibitor of platelet aggregation,
the potential for elucidating the mechanism(s) relevant to PDWhich is continuously released by the vascular endothelium

Several authors have shown that vascular damage associaiadl diffuses into the plasma and the subendothelium. In vas-
with PDT is a prerequisite for tumor regression. Our observaular smooth muscle, NO locally stimulates the production of
tions are consistent with studies describing PDT effects on vasgclic guanine monophosphate (cGMP), which induces smooth
culature, based on different techniques [13]-[20]. Using intrawuscle cell relaxation. The NO-cGMP-dependent mechanism
ital microscopy on rats treated 24 h after Photofrin injectiomakes NO a potent physiological vasodilator and important
Fingar et al. [15] observed transient constriction of 20-30in the maintenance of vascular perfusion [28], [29], [35].
pm diameter arterioles during PDT, though at a higher liglBeccombe and Schaff [36] demonstrated that after cardiac
dose than used in the present study. They hypothesized tlsahemia and reperfusion, ischemia-induced ROS impaired the
effects on microvasculature such as thrombus formation argteptor-dependent complex specific to the NO synthase in
vasoconstriction leading to blood flow stasis are induced lendothelium. PDT also involves generation of ROS causing
prostaglandins and also by thromboxangwich is secreted endothelial cell injury, which may exert similar local effects
from platelets through the action of ROS on the membranesarf the deactivation of the NO signal transduction pathway.
leukocytes, platelets and endothelial cells. The significance Aiternative mechanisms depending on impairment of systemic
the thromboxane mechanism was illustrated by the diminisheasostimulators, such as norepinephrine and acetylcholine, in
vasoconstriction observed in thrombocytopenic rats [16]. the splanchnic vasculature may be excluded because vessel
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diameter and blood flow at locations adjacent to the irra local engorgement of blood. The more rigid artery was
diated region, both proximal and distal, were not affectetess affected [Fig. 4(a)] than the distensible vein [Fig. 4(b)],
It may be concluded that diminished NO release results which exhibited venodilation during the 60-min post-PDT
unopposed thromboxane-induced local vasoconstriction asloservation time.

thrombus formation. In contrast, the slow-acting Photofrin & = 20 min, had

This in turn may explain our observations: at the lowenot yet accumulated in the endothelium to a sufficient extent
light dose(D = 12 J/cn?) there was, presumably, no lossand inhibition of NO synthase was only partial. Photoexcita-
of endothelial cells. When PDT irradiation was discontinuedion at At = 8 h caused more pronounced vasoconstriction
the local impairment of NO production ceased and regeneraf&th. 5(a)], whereas venodilation after long drug-light interval
NO was again able to act as a potent vasodilator. Vasodilatiffig. 5(b)] occurred in a similar fashion as discussed above in
induced reperfusion, which supplied the thrombosed region @fnnection with BPD [Fig. 4(b)].
the vessel with coagulation inhibitors and, through increasedWith Photofrin at the higher light doseD = 48 J/cn¥),
blood flow, diluted the activated clotting factors. In futurghe artery-vein pair displayed complete stasis (Fig. 6). In
studies, vessel harvesting and assaying for NO in the arteriibis case, the endothelial lining and its surrounding tissue
and thrombus in veins will provide valuable experimental datsere not only altered biochemically but also damaged which
to evaluate the NO hypothesis. caused thrombosis and irreversible shut down. Because low

Analysis of post-irradiation effects with BPD (Fig. 4) showdROS levels affect endothelium only transiently, low irradiation
a dramatic influence aht. For At = 20 min, d,(t) decreased doses are inappropriate for clinical applications of PDT.
by 80% followed by rebound with vasodilative overshoot for The data acquisition time of approximately five minutes
t > 40 min. This seems to suggest a biochemically triggerddeeded for scanning a vessel pair) in the present ODT
response rather than damage to endothelial cells of the vesssirumentation, precluded measurement of short-tims) (
wall. According to our hypothesis, BPD adhered to the surfati@nsients in arterial diameter and flow. However, when elu-
of the vascular wall where ROS interacted with the endotheidating PDT effects, vessel changes take place on the order
lium and impaired NO release, which caused vascular smo@thminutes [15], so that faster data acquisition is of secondary
muscle cell contraction. It should be noted that thromboxaiftgportance.

A, formation [16], mediated by ROS, also contributed to Recent advances by other investigators [39] allow for si-
vasoconstriction. The basically intact endothelium continugdultaneous structural and velocity image formation in approx-
to generate NO and eventually abolished the vasoconstrictitgately 20 s; in the near future, we anticipate Doppler images
spasm. Overshoot was probably a result of regenerated M@ be recorded at a 1-Hz frame rate or higher, enabling
together with compensation of PDT-induced oxygen depleti@m-line monitoring. Technical improvements in future ODT
in tissue [21]. Diminished effects att = 4 and 7 h were due instrumentation will allow real-time monitoring of pulsative
to progressive metabolism of BPD. events during PDT in vessels at 1-2 mm tissue depths. We

In interpreting Figs. 4 and 5 we identify “fast” and “slow”expect that blood flow reductions from pre-irradiation levels,
acting photosensitizers, respectively: the BPD half-life ias measured by ODT, can be related to the total levels of
plasma ist;;, = 10-20 min [3], [4] and for Photofrin ROS which depend on the light and drug doses delivered
t1/2 = 5-8 h [37], [38]. Moreover, we distinguish betweerio the vasculature. At low ROS levels, effects on the tumor
PDT protocols involving “short’(At = 20 min) and “long” Vvasculature are relatively minor and reversible; after laser
(At = 7-8 h) drug-light time intervals. In Fig. 4, the fast-irradiation is discontinued, reperfusion leads to a return of
acting BPD, atAt = 20 min, was still confined to the vascularblood flow to pre-irradiation levels. High levels of ROS
compartment and adherent to the endothelium. ROS generag#féctively destroy not only veins but also arteries leading to
by photoexcitation of the sensitizer inhibited NO synthase th@érmanent ischemia; regional blood flow approaches zero and,
causing vasoconstriction in the artery. In contrast to the tra@fter irradiation is discontinued, no recovery of pre-irradiation
sient arterial effects, mediated by the NO-cGMP mechanisfifw velocities is observed. A correlation of tissue necrosis
the veins displayed permanent and complete occlusion. Vefhige to vascular shut-down, as a function of drug and light
possess a thin vessel wall with little smooth muscle, which @oses, can then be carried out. The present study was limited
not able to contract/dilate as dynamically as in arteries. Tk@normal vasculature, but we expect similar PDT effects also
diminished venous lumen diameter and blood flow observé@ occur in tumor vasculature.
is due to thrombus formation at the vessel wall [Fig. 2(c)].
Moreover, since venous blood pressure is low the thrombus is
not as likely to be dislodged as compared to the arteries.

As a possible explanation for vasodilation we suggest thatNoncontact tomographic imaging at discrete locations was
at At = 7 h, BPD had predominantly accumulated in fattyperformed with off-line analysis. The present study represents
tissues such as the mesentery, which act as a reservoir for BRB first comprehensive use of ODT for measuring simulta-
that is being slowly depleted by the venous system. Seveeously microvascular changes and blood flow during PDT.
hours after BPD administration, photoexcitation generatdétle have measured PDT-induced changes in vessel diameter
ROS mainly outside the vascular compartment, particularhnd mean flow velocity. ODT is thus an ideal technique for
around the vein. The ensuing injury, most likely stimulatedlucidating the mechanism(s) of clinical PDT for combating
an acute inflammatory response which was accompanied dancer and vascular disease.

V. CONCLUSION
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