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Introduction: Doppler optical coherence tomography
(DOCT) is an emerging imaging modality that provides
subsurface microstructural and microvascular tissue
images with near histological resolution and sub-mm/
second velocity sensitivity. A key drawback of OCT for
some applications is its shallow (1-3 mm) penetration
depth. This fundamentally limits DOCT imaging to
transparent, near-surface, intravascular, or intracavitary
anatomical sites. Consequently, interstitial Doppler OCT
(IS-DOCT) was developed for minimally-invasive in vivo
imaging of microvasculature and microstructure at
greater depths, providing access to deep-seated solid
organs. Using Dunning prostate cancer in a rat xenograft
model, this study evaluated the feasibility of IS-DOCT
monitoring of microvascular changes deep within a tumor
caused by photodynamic therapy (PDT).

Materials and Methods: The DOCT interstitial probe
was constructed using a 22 G (diameter ~0.7 mm) needle,
with an echogenic surface finish for enhanced ultrasound
visualization. The lens of the probe consisted of a
gradient-index fiber, fusion spliced to an angle-polished
coreless tip to allow side-view scanning. The lens was
then fusion spliced to a single-mode optical fiber that was
attached to the linear scanner via catheters and driven
along the longitudinal axis of the needle to produce a 2D
subsurface DOCT image. The resultant IS-DOCT system
was used to monitor microvascular changes deep within
the tumor mass in response to PDT in the rat xenograft
model of Dunning prostate cancer. Surface PDT was
delivered at 635 nm with 40 mW of power, for a total light
dose of 76 J/em?, using 12.5 mg/kg of Photofrin as the
photosensitizer dose.

Results: IS-DOCT demonstrated its ability to detect
microvasculature in vivo and record PDT-induced
changes. A reduction of detected vascular cross sectional
area during treatment and partial recovery post-treat-
ment were observed.

Conclusions: IS-DOCT is a potentially effective tool for
real-time visualization and monitoring of the progress of
PDT treatments. This capability may play an important
role in elucidating the mechanisms of PDT in tumors,
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pre-treatment planning, feedback control for treatment
optimization, determining treatment endpoints and post-
treatment assessments. Lasers Surg. Med. 38:754-761,
2006. © 2006 Wiley-Liss, Inc.
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INTRODUCTION

Optical coherence tomography (OCT) [1] and its func-
tional extension Doppler optical coherence tomography
(DOCT) [2—4] are emerging tissue assessment tools that
can provide near-histological microstructural and micro-
vascular images, with flow sensitivities approaching a few
micrometers per second [5—7]. DOCT combines the high-
resolution structural imaging capability of OCT with
Doppler detection of microvascular blood flow, and has
demonstrated in vivo functional imaging in organs such as
the retina [7,8], skin [9-12], and gastrointestinal tract
[13,14]. However, many clinical applications require high-
resolution imaging of deeply seated tissues, and these
anatomical sites cannot be reached by conventional OCT
due to its limited penetration depth of 1-3 mm in non-
transparent tissues. Consequently, in vivo imaging of
microvasculature using DOCT has been limited to trans-
parent organs or near-surface applications such as epithe-
lial layers of the GI tract. Needle-based interstitial Doppler
OCT (IS-DOCT) has been described by us previously as a
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useful technique for in vivo assessment of microvasculature
and microstructure at a greater depth, providing potential
accessibility of DOCT to anatomical sites such as the brain,
liver, pancreas, or prostate [15].

Photodynamic therapy (PDT) is an emerging treatment
that causes cellular and/or vascular tissue damage through
photoproducts (most often excited singlet-state oxygen)
generated by light activation of photosensitizers. Tumor
destruction is associated with PDT’s ability to induce
cellular apoptosis [16], activate the host immune system
[17] and/or cause vascular damage [18], depending on the
photosensitizer [19], the drug-light time interval which
control the (micro) localization of the photosensitizer, and
several tissue and host factors. PDT tissue damage is
localized to zones where light, photosensitizer, and oxygen
overlap to create a region with a high concentration of
reactive oxygen species. Destruction of tumor microvascu-
lature is frequently an important mechanism of PDT, in
which damage to the endothelium cells of blood vessels
causes increased vessel permeability, vasoconstriction, and
thrombosis [20], resulting in localized vessel occlusion and
tissue hypoxia [21]. Specifically, PDT of prostate cancer is
in clinical trials using the direct vascular effects of a rapidly
clearing photosensitizer [22]. Therefore, monitoring the
vascular dynamics of PDT in real time could be useful in
providing treatment feedback, potentially for real-time
control, and for assessing and, ultimately, predicting
treatment effectiveness. We hypothesize that IS-DOCT
may be used in this way to monitor and quantify PDT-
induced tumor vascular response deep within tissue for an
accurate assessment of the degree and extent of vascular
shutdown, which may predict the treatment’s therapeutic
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efficacy. As a first step, in this study, we constructed a novel
IS-DOCT probe and used it to investigate the feasibility of
IS-DOCT to monitor the deep tumor vascular response to
PDT in Dunning prostate cancer xenografts.

MATERIALS AND METHODS

IS-DOCT Probe and System

The design and configuration of the time-domain DOCT
system used in this study have been described previously
[6]. Briefly, this system utilizes a near-infrared source at
1.3 um center wavelength, with a coherence length of 10 um
in tissue and a Doppler flow sensitivity of ~0.02 mm/second
at 1 frame per second (fps). Figure 1 shows a schematic of
the system. Tissue reflectivity, color Doppler and velocity
variance are computed and displayed simultaneously.

To date, reported needle probe designs include radial-
sector-scanning by Li et al. [23], ball-lens systems by Yang
et al. [15], Boppart et al. [24] and Shishkov et al. [25], and
gradient-index (GRIN) fibers by Reed et al. [26]. Our IS-
DOCT needle probe (Fig. 2a) uses a 22 G echogenic needle
(0.7 mm outer diameter) that is compatible with interven-
tional radiological guidance, and is actuated by a linear
scanner via flexible catheters. It is designed to be less
invasive than our previously reported needle probe, which
had a diameter of 0.9 mm [15]. The optics in the needle
probe are similar to the design first demonstrated by Reed
et al. [26]. The lens (Fig. 2b) consists of a 140 pm diameter
clad and 100 um diameter core multi-mode GRIN fiber
fusion spliced to an unbuffered tip (8 cm) of a 125 pum
diameter single-mode (SM) fiber. The GRIN fiber is
manually cleaved at ~0.83 pitch (~1.38 mm), then
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Fig. 1. Schematic diagram of the DOCT system. LS, light source; PC, polarization controller;
C, coupler; OC, optical circulator; PM, RF phase modulator; RSOD, rapid scanning optical
delay; SD 1 and 2, scan drivers; BPD, balanced photodetector; PMD, phase modulator driver;
SIN & COS, 0 and 90 degree shifted carrier frequency; I & Q, inphase and quadrature signals;

Comp, computer; NP, needle probe.



756

LIET AL.

Fig. 2. IS-DOCT needle probe, showing the GRIN fiber fusion spliced to the angle-polished
coreless fiber. a: IS-DOCT needle probe; (b) lens components: single mode fiber, GRIN fiber,
and coreless tip; (¢) retracted needle, exposing the lens, and protective tubing.

shortened to ~0.80 pitch (~1.32 mm) by polishing, to focus
light at a distance of ~400 um in air and ~286 pm in tissue
(n =1.4). The polished end of the GRIN fiber is then fusion
spliced to an angle-polished, coreless fiber tip to allow total
internal reflection.

The lens and the unbuffered portion of the SM fiber are
protected in a transparent inner catheter (OD 394 m), with
a maximum air gap of 2 pm between the fiber and the
catheter to limit aberrations. The depth of field was
measured to be 470 um, corresponding to a spot size of
19.8 pm. The buffered portion of the fiber is attached to an
outer catheter (OD 1.4 mm), which is fastened onto a
modified 1 ml syringe piston, while the transparent inner
catheter is inserted into a 22 G (0.7 mm), 8.89 cm long,
echogenic spinal needle (VWR, Mississauga, ON, Canada).
The inner catheter is 2—3 c¢m longer so that, after insertion
into the tissue, the needle can be drawn back while the
optical probe stays stationary (Fig. 2¢). The probe is then
driven axially inside the catheter by a linear scanner, such
that a two dimensional DOCT image is formed in combina-
tion with the coherence depth scanning.

Animal Models

This study used eight male Copenhagen rats (Charles
River Laboratories, Wilmington, MA) housed in standard
conditions under a protocol approved by the institutional
animal care committee at St. Michael’s Hospital, Toronto,
Canada.

Mat-Ly-Lu rat prostate cancer cells were derived from
the subline R3327-AT-1 rat prostate cells and were
maintained as cell cultures in growth media (RPMI 1640
media+L-Glutamine, 10% fetal bovine serum, 1% penicillin
and streptomycin). Five to ten percent of the cells were re-
suspended every other day to prevent overgrowth. Cells
were harvested and prepared at 2x 108 cells/ml for injec-
tion.

One animal was used to test the IS-DOCT ability to detect
vasculature in normal tissue. In seven animals, intrader-

mal bolus injections of 0.1 ml of the injectate were
administered in the hind leg after removal of hair and
sterilization of the skin. The tumor was grown for 10—
14 days or to a diameter of 0.5—1 cm. Four of the tumor-
bearing rats were injected with Photofrin® (Axcan
Pharma, Mont-Saint-Hilaire, QC, Canada), while the other
three were used as light-only controls.

All tumor-bearing animals underwent PDT-prescribed
light exposures and were anaesthetized with isoflurane and
oxygen at a 1:1 ratio through a nose cone. The rats were
kept at body temperature during all experimental proce-
dures. After imaging, the animals were euthanized.

PDT Treatment and DOCT Imaging

Photofrin was injected via the tail vein 20—24 hours
prior to treatments under isofluorane anesthesia. At 20—
24 hours later, the tumor surface was irradiated super-
ficially through the intact skin with a 635 nm diode laser
(University Health Network, Laboratory of Applied Bio-
photonics, Toronto, ON, Canada) at 40 mW. The total
light dose, delivered over 25 minutes via a 100 pm core
(numerical aperture =0.22) optical fiber collimated to a
~10 mm spot size, was ~76 J/cm?.

IS-DOCT was used to collect structural, color Doppler
and velocity variance images before, during and post-PDT
treatment at an imaging rate of 1 fps. The interstitial probe
was inserted under the tumor with the imaging direction
toward the tumor bulk to detect peripheral microvascula-
ture (Fig. 3). PDT treatment was started after small blood
vessels were located using IS-DOCT. Imaging was contin-
uous and divided into three imaging periods: before (¢ = 0—
5 minutes), during (¢ =5-30 minutes), and after (¢ =30—
40 minutes) treatment. The cross-sectional areas of the
blood vessels were measured by pixel counts of the color-
coded regions in the velocity variance images. These were
then averaged for each minute during IS-DOCT treatment
monitoring; we define this value as the vascular index.
The vascular index for each minute of imaging was then
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Fig. 3. Insertion of the needle probe near the base of the tumor, imaging in the direction shown.

normalized to the highest value throughout the treatment.
The changes in detected blood flow could then be quantified
by analyzing the normalized vascular index as a function of
time before, during, and after PDT treatment.

RESULTS

Xenograft tumors were successfully grown in seven rats,
with diameters of 0.5—1 ¢cm and 0.3—0.8 ¢cm high. Neither
treatment nor tumor-induced deaths occurred. Gross PDT
responses, including erythema and edema, were observed
in all four rats treated with Photofrin-PDT.

Initial IS-DOCT imaging of the non-tumor-bearing rat
showed that deeply situated blood vessels could be readily
detected. A typical image is shown in Figure 4, where a
small branch of a deep femoral vessel was clearly visualized
at a distance of >~400 um from the interstitial probe tip.
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Fig. 4. IS-DOCT image of a small branch of a deep femoral
vessel in normal muscle tissue at a distance of ~400 um from
the surface of the interstitial probe. The structural image is
shown in gray-scale, while the velocity variance is shown in a
false-color scale. [Figure can be viewed in color online via
www.interscience.wiley.com.]

In vivo monitoring of PDT using IS-DOCT was performed in
all tumor-bearing rats (n = 4 with Photofrin injection, n =3
as light-only controls). Figure 5 shows an example of the
detected vasculature presented in color Doppler (a) and
velocity variance (b) images. A typical sequence of velocity
variance images obtained in the course of the treatment
(Fig. 6) demonstrated a pair of blood vessels that underwent
complete vascular shutdown, with partial recovery in
the right vessel post-treatment. Figure 7 shows the average
change of normalized vascular index during PDT: signifi-
cant changes in vascular index during and post-PDT were
consistently observed, with an average decrease of 76% by
the end of treatment. Individual rats exhibited decrease in
the vascular index value during treatment; however, there
were large inter-animal differences in the change of the
vascular index. Controls (n = 3, light only) imaged during
exposure to the same light dose (~76 J/cm?) showed only
slight changes in the vascular index during and after light
exposure.

DISCUSSION

PDT is an emerging treatment option for human cancers
and other pathologies. It can be applied alone or in
conjunction with other treatments [27,28]. It has been
shown PDT can damage tumor cells and/or tumor micro-
vasculature, the latter causing reduced blood flow or
permanent vessel occlusion [18,20], which may aid in
tumor eradication through hypoxia and nutrient deficiency
[29]. However, significant vascular damage or irreversible
occlusion during treatment may also diminish PDT
efficacy, since the photodynamic process depends on the
presence of both oxygen and photosensitizer, either of
which may decrease during vascular shutdown [30]. Hence,
measuring the microvascular response to PDT in different
individualized patients may be important for planning and
predicting treatment efficacy.
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Fig. 5. IS-DOCT image showing (a) color Doppler and (b) velocity variance maps of detected
blood vessels in tumor before PDT treatment. [Figure can be viewed in color online via

www.interscience.wiley.com.]

In this study, we have demonstrated that IS-DOCT is
technically feasible (a) to detect tumor microvasculature
and (b) to quantitatively monitor and assess the vascular
changes in response to PDT in deep tissue. It may be
possible to differentiate an artery-vein vascular bundle
through indicated flow directions and flow intensities in
color Doppler images. A slight reduction of vascular index
in the controls (light only, n = 3) was observed, possibly due
to tissue trauma and slight blood pooling in the tumor,
although not sufficient to disrupt the DOCT images.
However, this requires further investigation. The reduc-
tion in vascular index in tumor due to PDT showed similar

Before PDT
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{0 min 10 min

Post PDT

500 pm

Fig. 6. Comparison of IS-DOCT images of a Dunning prostate
tumor before (5 minutes) during (25 minutes), and after
(10 minutes) PDT light exposure for a total imaging time of
40 minutes. Blood flow is color-coded by the detected velocity
variance images. A noticeable reduction in vessel cross

10 min

[ | I
6

Log Reflectance

trends as observed in our previous studies in normal rat
colon and Dunning prostate models [31]. Previously, Wang
et al. [32] demonstrated that changes in tumor oxygenation
correlated to the therapeutic outcome of PDT. IS-DOCT
may complement these correlations through direct mea-
surements of the microvascular response to PDT. Although
changes in the blood flow during PDT light irradiation
was quantified by the DOCT data, questions are raised
about how this data will be used to predict treatment
response and outcome. Rapid vascular responses during
PDT have been noted by other authors, for example by
Wiemen et al. [33] who used laser Doppler velocimetry to

5 min 20 min 25 min

0.3 1.0 " 0.3
Variance

sectional area was seen during treatment and slight vascular
recovery occurred post-treatment. The blood vessel on the left
shutdown first and recovery was not detected. [Figure can be
viewed in color online via www.interscience.wiley.com.]
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Detected vascular index before, during and post PDT in rats without Photofrin (n=3)
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Fig. 7. Normalized average vascular index in tumor (a) without Photofrin and (b) with
Photofrin before, during, and after light treatment, showing minimal response in the light-
only controls and large vascular response in the PDT group, respectively. The error bars

correspond to standard error between animals.

measure Photofrin-PDT induced changes in single arter-
ioles in SMT-F mammary tumors and observed a prompt
blood flow reduction that was photosensitizer and light dose
dependent, at least within certain dose ranges. This
marked change occurred after delivery of only a fraction
of the total light dose, as we have observed also in other
tumor models [31] and the effect is photosensitizer- and
tissue-dependent.

The dynamic changes and observed results emphasized
the fact that PDT is a dynamic and complex process, in
which the tissue response is often variable, so that
accurate, real-time assessment of treatment delivery and
therapeutic response is important but very challenging. In
order to elucidate further the mechanisms of PDT using IS-
DOCT and to use IS-DOCT data as a predictive measure, it
will be important to determine the relationships between
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PDT and the microvascular response as measured by IS-
DOCT. It may be that different IS-DOCT blood flow metrics
will be required for different applications (target tissues,
photosensitizers, and mechanisms of action). With Photo-
frin, for example, there is known to be both a vascular and
direct cell effect in the tumor response [31], while blood flow
measurements would monitor only the former. However,
with vascular-targeted photosensitizers such as TOO-
KAD™ [21], the DOCT changes should be more tightly
predictive of tissue damage and, hence, of outcome.

Future investigations will include larger sample sizes to
evaluate the correlation between vascular shutdown and
PDT parameters. Comparisons of IS-DOCT results to other
measures of microvascular responses also need to be made,
for example, under tumor manipulation of tumor oxygena-
tion during PDT, while 3D volumetric perfusion measure-
ments of the PDT-induced vascular responses may provide
better measurement accuracy.

In conclusion, IS-DOCT may be an effective tool for
high-resolution, real-time visualization, and monitoring of
the tissue microvascular response of PDT. This capability
may play an important role in pre-treatment planning,
feedback control for treatment optimization, determining
treatment endpoints and post-treatment assessment.
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