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ABSTRACT

Photodynamic therapy (PDT) requires oxygen to cause
cellular and vascular tumor damage. Tissue oxygen concen-
tration, in turn, is influenced by blood flow and blood
oxygenation. Real-time clinical measurement of these hemo-
dynamic quantities, however, is rare. This paper reports the
development and application of a probe, combining diffuse
reflectance spectroscopy (DRS) for measurement of tumor
blood oxygenation and diffuse correlation spectroscopy (DCS)
for measurement of fumor blood flow. The instrument was
adapted for clinical use during interstitial prostate PDT. Three
patients with locally recurrent prostate cancer received 2 mg/
kg motexafin lutetium (MLu) 3 h before illumination and
a total light dose of 100 J/cm? at 150 mW/cm. Prostrate blood
oxygen saturation (St0,) decreased only slightly (~3%) after
treatment. On the other hand, prostate blood flow and total
hemoglobin concentration over the course of PDT decreased
by 50% and 15%, respectively, suggesting MLu-mediated
PDT has an anti-vascular effect. While it is certainly impos-
sible to draw definite conclusions from measurements of only
three patients, the observed differences in tumor blood flow
and blood oxygenation responses during PDT can, in prin-
ciple, be used to choose among tissue oxygen consumption
models and therefore emphasize the potential clinical value for
simultaneous monitoring of both parameters.

INTRODUCTION

Photodynamic therapy (PDT) (1,2} is an evolving cancer treatment
that uses light to activate a photosensitizing drug. In the presence
of tissue oxygen, activated photosensitizer initiates a cascade of
chemical reactions producing necrosis and apoptosis of tumor cells
and vascular damage. Tissue oxygen concentration, in turn, is
influenced by blood flow and blood oxygenation. Several tech-
niques have been applied for measuring tissue oxygenation and
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blood flow. Polarographic electrodes and O, microelectrodes
facilitate invasive measurements of tissue partial oxygen pressure
(pO2) (3-6). However, the invasive nature and poor spatial
resolution of both techniques limits their application. BOLD-
contrast magnetic resonance imaging (MRI) has been applied in
PDT for monitoring hemoglobin saturation levels in animal models
(7). However, its clinical use in a procedure like PDT is limited
by high cost and poor mobility. Laser Doppler (8,9) and optical
coherence tomography (OCT) (10,11) can non-invasively monitor
blood flow, but most of these systems measure only the tissue
surface (penetration depth < 1 mm). Power Doppler ultrasound
can non-invasively follow tumor perfusion after PDT (12), but
does not readily permit continuous measurement during PDT.

Near-infrared spectroscopy (NIRS) permits noninvasive mea-
surements of total hemoglobin concentration and blood oxygen
saturation at distances of up to several centimeters below the tissue
surface (13-15). Similarly, near-infrared diffuse correlation
spectroscopy (DCS) is an emerging technique for measurement
of microvascular blood flow within deep tissues (16). We have
developed a multi-modality near-infrared diffuse optical instrument
combining diffuse reflectance spectroscopy (DRS) for measure-
ment of tissue blood oxygenation, with DCS for measurement of
tissue blood flow. This instrumentation is portable, inexpensive,
and fast. It has been used to study tissue response in a variety of
physiological contexts, for example functional imaging and
spectroscopy of brain (17-20), tumor physiology (21,22),
photodynamic therapy in animals (23), and exercising muscles
(24). Measurements of blood flow by DCS have been validated
against color power Doppler Ultrasound in tumors (23) and laser
Doppler in brain (17,18). DRS for tissue blood oxygenation
measurement has also been validated in phantoms and different
tissues in vivo (25-28). Presently it is difficult to carry out
concurrent measurements with other technologies in such a small
target volume (prostate) without influencing the interstitial PDT
treatment.

In this study, we explore the feasibility for adapting this diffuse
optical instrument to monitor tissue blood flow and oxygenation
continuously during interstitial prostate PDT. Prostate adenocarci-
noma is the most common malignancy in men (29). A Phase I trial
of interstitial PDT is underway at the University of Pennsylvania,
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Figure 1. Custom-made template for one quadrant (Fig. la) and cross-
sectional view (Fig. 1b) of the fiber positions for all quadrants in the gland
of a typical patient. The 732 nm treatment light was administered through
the cylindrical diffusing fibers inside the catheters (solid-circles). The
distribution of the treatment light during the PDT was monitored by an
isotropic-detector fiber (cross-circles) placed in the center of source fibers
(cross-circles). Four quadrants of the prostate (Q1 to Q4) were illuminated
sequentially in sessions until the entire gland was treated. Our fiber-optic
probe was placed before treatment through the catheter in the center of the
quadrants (double-circle) and stayed in place throughout PDT. The darkly
shaded area demonstrates approximately the bulk tissue area monitored
continuously by the fiber-optic probe. The fiber-optic probe (Fig. 1c) for the
use of interstitial prostate PDT had one source and five detector fibers (only
one source fiber and two detector fibers are shown for clarity). The source-
detector separations range from 0.5 to 1.5 cm. In order to couple the light
out of the fiber into the tissues and vice versa, the fiber tip was cut and
polished to form a 45° with the fiber central axis. Total internal reflection
occurs at this boundary, and more than 80% power of incident light can be
delivered to the tissue.

using the photosensitizer motexafin lutetium (MLu) (30,31) in men
with locally recurrent prostate cancer (32,33). To adapt the optical
system for use in this clinical trial, a fiber-optic probe containing
source and detector fibers was constructed. This probe was placed
inside an 18-gauge catheter that had already been inserted into
the patient’s prostate gland. Using this probe, we successfully

monitored tumor hemodynamic responses during interstitial PDT.
To our knowledge this class of clinical measurement during
interstitial PDT has not previously been reported.

MATERIALS AND METHODS

Protocol. The clinical study was approved by the Institutional Review
Board (IRB) at the University of Pennsylvania. Each patient signed the
informed consent document. Motexafin lutetium (MLu, Pharmacyclics,
Inc., Sunnyvale, CA) was administered at a dose of 2 mg/kg intravenously
3 h prior to light administration (31-33). The patients were anesthetized in
the operating room and an endorectal ultrasound probe was introduced. A
standard brachytherapy transperineal implant template was attached to the
ultrasound unit, and plastic brachytherapy 18-gauge catheters (Flexineedle,
Best Medical International Inc., VA) were guided into the prostate through
the perineal template. The cylindrical diffusing fibers (line sources) were
then introduced through the catheters (solid-circles in Fig. 1b), and 732 nm
light was administered at an intensity of 150 mW/cm (j.e. 150 mW is
emitted cylindrically from each cm of source fiber). The patients received
a total light dose (fluence) of 100 J/cm?. The light distribution and total light
dose were monitored by the isotropic-detector fibers (cross-circles in Fig.
1b). Interstitial PDT was designed to comprehensively treat the entire
prostate gland. Depending on the gland volume of each individual,
illuminations from three or four quadrants of the prostate were carried out
sequentially until the entire gland was treated with the correct dose. Light
emitted into one quadrant often propagated to nearby quadrants. Figure 1
shows an implant template for one quadrant (Fig. 1a) and cross-sectional
view of the fiber positions for all quadrants in the gland (Fig. 1b). Our fiber-
optic probe was placed through the 18-gauge catheter in the center of the
gland (double-circle in Fig. 1b) before treatment; it remained in place
throughout PDT treatment. Tissue hemodynamics were continuously
monitored for several minutes between quadrant illuminations. Immediately
after the treatment, the fiber-optic probe was withdrawn from the prostate
and placed within another catheter, which subsequently was immersed in
several liquid phantoms (Intralipid + India ink) with known optical
properties for calibration measurements.

Novel fiber-optic probe. Our previous instruments were poorly suited for
interstitial measurements such as prostate PDT. In order to use the existing
PDT treatment catheters and minimize treatment perturbations, a thin
transparent fiber-bundled probe was developed. The probe could be readily
placed into an 18-gauge catheter. One source and five detector fibers were
bundled inside a transparent Teflon tube (FiberOptics, Inc., CA) with
diameter less than 1 mm. Only three fibers are shown in Fig. 1c for clarity.
The source fiber (shared by both DRS and DCS) was multimode with
diameter d = 200 pm. Three multimode fibers (d = 100 um) were used to
detect light for DRS measurements. Two single-mode fibers (d = 7 pm)
were employed for DCS measurements. In order to couple light into the
tissue and vice versa, the fiber tip was cut and polished to form a 45° with
the fiber central axis. Incident light experienced total internal reflection at
the fiber-air boundary and entered the tissue at right angles to the fiber
central axis. More than 80% of the incident light was delivered into the
tissue using this side-illuminating fiber. The source and detector fibers
protruded different depths into the tissue, enabling simultaneous measure-
ment in different locations. Detector fibers for DRS were located 5, 10, and
15 mm away from the source fiber; separations for DCS were 10 and 15
mm. From simulation results using three-point Green’s functions in infinite
media, we find that the maximum light penetration depth for the separation
of 10-15 mm is approximately 4-5 mm (this estimate is for paths wherein
the probability that a photon leaves the source, arrives at the detector and
passes through selected tissue volume is greater than 50%). For simplicity,
the simulated tissue was assumed homogeneous (, = 0.2 cm ™} ) = 13
cm™), and the influence of the thin fiber-optic probe on light transport was
neglected. The cross-sectional view of the maximum sample area is shown
as a darkly shaded area in Fig. 1b.

Hybrid diffuse optical instrument. Details of this instrument are described
elsewhere (17,18,24). Briefly, light from amplitude-modulated (70 MHz)
lasers operating at 690, 785, and 830 nm were fiber-coupled onto the tissue
surface. Photons transmitted into the tissue were detected in reflection.
These wavelength-dependent data were used to determine the oxyhemo-
globin and deoxyhemoglobin concentrations by near-infrared (NIR)
spectroscopic analysis. A narrowband cw laser (800 nm), four photon-
counting, fast avalanche photodiodes, and a four-channel autocorrelator



board facilitated measurements of blood flow; temporal autocorrelation
functions of the reflected light were used to derive flow information (34).

DRS for tissue blood oxygenation. Prostate tissue was approximated as
an infinite homogeneous medium, and an infinite analytical solution to the
photon diffusion equation for this geometry was used to fit for the bulk
tissue properties (absorption coefficient, y, and reduced scattering
coefficient, 1) (34). The analysis minimized > = ¥ |®n(t)/Ppy rer —
d)c(t)/(l)uefHZ. Here ®,,(1) and @(t) are the measured and calculated light
fluence rates at time (1), respectively, @y, s and ®; ¢ are the measured
and calculated light fluence rates from our calibration phantom with known
optical properties. The sum is over the large-separation source-detector
pairs (i.e. 10 mm and 15 mm). This choice of source-detector separation
insured the same tissues were sampled as in the DCS measurements. This
method worked well for amplitude signals in phantoms and in vivo tissues,
but the phase signals were noisier than amplitude signals; we therefore
dropped phase from our analysis. This analysis, therefore, required some
independent knowledge about the reduced scattering coefficient. Our model
assumed a baseline reduced scattering coefficient, p; = 13 cm™ (32).
The wavelength-dependent |, was then decomposed into oxy-hemoglobin
concentration (Cipo,) and deoxy-hemoglobin concentration (Cigp) (24).
Combinations of these parameters yielded total hemoglobin concentration
(THC = Cyp, + Capo,) and blood oxygen saturation (StO, = [Crpo,/(Chp +
Civo,)] X 100).

DCS for relative blood flow. Speckle fluctuations of the diffuse light
(35,36) are sensitive to the motions of tissue scatterers such as red blood
cells. The quantity containing this information is the electric field (E(r, t)).
The electric field temporal autocorrelation function, Gy(r, 1) = (E(r, )E*(r,
t 4 1)), or its Fourier Transform is explicitly related to the motion of the
scatterers (e.g., red blood cells). Here the angle brackets ( ) denote averages
over time and t is called the correlation delay time. From the (normalized)
intensity autocorrelation function measured by DCS, we calculate the
normalized electric field temporal autocorrelation function g;(r, ) = G(r, t)/
(E(r, t) E*(r, 1)); G/(r, 1) satisfies the correlation diffusion equation in highly
scattering media (16,37). The exact form of the correlation diffusion equation
depends on the nature and heterogeneity of the particle motion. For the case
of diffusive motion, (Arz(r)) = 6Dgt, where Dg is an effective diffusion
coefficient of the moving scatterers (18,34). In this case the normalized
correlation function g;(r, T) will decay at early time approximately expo-
nentially in 7. Its decay depends on a parameter o (proportional to the tissue
blood volume fraction), and on the mean-square displacement of the blood
cells. Relative changes of oDy are correlated with relative changes in tissue
blood flow (16-19,22). The bulk flow responses derived in this paper utilized
averaged data from source-detector separations of 10 and 15 mm.

In the calculation of blood oxygenation and flow, it is possible that
uncertainty of the assumed baseline value of the scattering coefficient pi;
may introduce systematic effects (38). These potential sources of error were
investigated by varying the assumed value of y; and then computing the
relative changes of oxygenation and flow. We found empirically that
a 100% change in baseline p; introduced less than a 5% error in the
calculated relative change of total hemoglobin concentration (‘'THC) and
oxygen saturation (r$t0,). The error induced in the calculated rBF was less
than 1%. On the other hand, if p; changed during treatment then the effect
on rBF, rTHC and rSt0, would be larger (i.e. ~15% in rBF, ~5% in rTHC,
and ~1% in rStO, for 25% change in p; during treatment).

Suppression of treatment light. PDT treatment excitation light at 732 nm
can interfere with our optical measurements. In order to monitor hemo-
dynamic changes during illumination, two sets of optical filters were placed
in front of the detectors to attenuate this excitation light: a narrow-band
notch filter (732 + 5 nm, Kaiser Optical Systems, Inc., Michigan) for DRS,
and a narrow-band pass filter (800 = 10 nm, Chroma Technology, Corp.,
VT) for DCS. The light transmission through the filters was less than 0.01%
at 732 nm, and was more than 80% at our probe wavelengths. The filters
were tested by comparing the detected signals with/without treatment light
(732 nm) in a tissue phantom. Potential interference was below our ex-
perimental noise level.

Instrumentation evaluation in liguid tissue phantoms. The fiber-optic
probe was tested in the liquid phantoms. The liquid phantoms were composed
of Intralipid and India Ink. They were prepared according to an old recipe
(27,34). The absorption properties () were estimated for each prepara-
tion (prior to the inclusion of scatterers) using a spectrophotometer (27).
We have measured the repeatability of this process and found the error to
be less than 5%. The scattering properties (u;) had errors of ~10%. Inaccura-
cies of the phantom preparation had an even smaller effect on calibrations
and did not substantially perturb the relative change measurements (27).
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Figure 2. Typical normalized electric field autocorrelation function g;(t)
(circles) in a prostate patient before and after PDT. The source-detector
separation was 10 mm. Fits (solid line) using the Brownian diffusion model
are also shown. The post-PDT autocorrelation curve decays slower than that
of pre-PDT, indicating reduction in blood flow after PDT treatment.

The catheter containing the fiber-optic probe was immersed in the liquid
phantoms to simulate the clinical measurement configuration (shown in Fig.
1b). Using this configuration we carried out the following tests: (1)
Measurement repeatability, i.e. characterized by the coefficient of variation
(CV) of multiple measurements (n = 5). Amplitude signals for DRS and
relative changes in aDg for DCS were evaluated. (2) Influence of treatment
light, i.e. the difference of measured signals with and without treatment
illumination. (3) Disturbance of the treatment light distribution, i.e. the
difference of treatment light distribution with and without the fiber-optic
probe, (4) Measurement accuracy of the absorption coefficient, p,. Five
tissue phantoms were used for these studies. The reduced scattering coef-
ficient of these tissue phantoms was fixed at p; = 13 cm’, and the
absorption coefficient p, was 0.1, 0.15, 0.2, 0.25 or 0.3 em™! at 786 nm.
The sample with median value (b, = 0.2 cm™) was used as a ‘standard’
sample by which to calibrate all other samples.

RESULTS
Tissue phantom test

The coefficient of variation of multiple measurements (n = 5) with
multiple separations (5 to 15 mm) was less than 3% and 5% for
diffuse reflectance spectroscopy (DRS) and diffuse correlation
spectroscopy (DCS), respectively. The variation with and without
illumination fell within this range, indicating that the optical filters
effectively attenuated the excitation light. The fiber-optic probe
caused only minor (<4%) perturbation of the treatment light
distribution. Five tissue phantoms (y1,=0.1t0 0.3 cm~! @ 786 nm)
were used for evaluation of the measurement accuracy. The y,
errors were less than 10%. The absolute value of the oxygen
saturation has an error similar in order to the error of the individual
absorption coefficients. However, the relative changes of oxygen
saturation are less sensitive than the absolute changes (13,26,27).
We have estimated this error in the relative change to be <3%.

Pre- and post-PDT autocorrelation functions

We successfully measured 3 patients with locally recurrent prostate
cancer. Figure 2 shows typical DCS measurements of the nor-
malized electric field temporal autocorrelation function g(t) from
one prostate patient before and after PDT. Data points (circles) are
fit using the Brownian diffusion model (17,18). The post-PDT
autocorrelation curve decays much slower than that of pre-PDT,
indicating a decrease in blood flow after PDT.
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Figure 3. Time course of prostate hemodynamic properties. Individual
panels from top to bottom demonstrate, respectively, the dynamic
changes in relative blood flow (Fig. 3a), total hemoglobin concentration
(Fig. 3b), and tissue blood oxygen saturation (Fig. 3c). The prostate was
illuminated sequentially in four sessions (S1 to 54) until the entire gland
was treated. The illumination periods correspond are presented as shaded
bars.

Hemodynamic responses in prostate patients

Figure 3 shows the typical time course of hemodynamic changes
during prostate PDT in a patient. In each patient the prostate
quadrants were treated sequentially in individual illumination
sessions (S1 to S4). Blood flow and total hemoglobin concentration
decreased at treatment conclusion in each quadrant relative to their
respective baseline values. A slight decrease in blood oxygen
saturation was also observed.

All three patients showed quantitatively similar hemodynamic
responses to PDT. To quantify the dynamic responses, hemody-
namic variables before and after PDT were averaged over three
patients. Table 1 lists the relative percent decrease after PDT
compared to the pre-PDT value in each of the three patients. The
mean value and standard error are reported. Average blood flow
after PDT decreased ~50% (—51.8 = 7.7%) compared to its
baseline, and the total hemoglobin concentration decreased ~15%
(—14.2 * 6.2%). The decrease in blood flow was significant (P =
0.02). Conversely, average blood oxygen saturation was essentially
constant during PDT (2.9 * 2.8%).

Table 1. Relative hemodynamic changes in human prostate (post-PDT
versus pre-PDT) in each of three patients (n = 3)

# of treatment

Patient # quadrants BF (%) rTHC (%) rStO, (%)
13 3 —53.9 -13.5 15
15 4 -37.5 -3.8 2.2
17 4 —64.0 —253 —8.2
Mean = SE —51.8 £+ 7.7% —142*62 -29*28

*Significant difference from baseline (P < 0.05).

DISCUSSION

Pre-clinical studies have demonstrated that real-time monitoring of
PDT hemodynamic responses provides valuable information for
prediction/evaluation of treatment efficacy (6,14,23,28). Based on
these real-time PDT responses, physicians can potentially adjust
treatment conditions (e.g., light dose or illumination intensity) to
improve treatment efficacy. However, monitoring hemodynamic
responses during PDT has proven difficult due to interference
between measurement and treatment. For example, PDT studies of
murine tumors had to employ a non-contact probe to avoid occlu-
sion of treatment light (23). Translation of these measurements to
clinical prostate trials required a substantial modification of the
probe-tissue interface. Although several noninvasive optical probes
have been made to enable in vivo clinical measurements during
endoscopic procedures in hollow organs such as the esophagus
(15,39), none of them are thin enough to be placed into the 18-
gauge catheter (diameter < 1 mm) used for the interstitial prostate
PDT. The thin fiber-optic probe developed in this study enabled
real-time measurements during PDT with minor disturbance of
treatment light distribution and negligible patient trauma. The
side-illuminating optical fibers of the probe enabled multi-distance
source-detector measurements that are essential for accurate tissue
spectroscopy. Ultimately, the application of this probe is not lim-
ited to prostate PDT. Through endoscopy the probe can be placed
on the surface of tumors in organs such as the esophagus and
rectum. The method is also suited to application in combination
with other treatment modalities, such as radiation therapy.

Photodynamic therapy requires oxygen to cause tumor damage,
yet therapy itself can deplete (40) or enhance (41) tumor oxy-
genation. PDT studies of murine tumors, for example, found that
animals experiencing rapid declines in blood flow during PDT
showed poor treatment response (23), This finding is consistent
with the hypothesis that treatment efficacy is a function of tumor
oxygenation during PDT, and under oxygen-limiting conditions,
such as rapidly declining blood flow, treatment efficacy can be
abrogated. Although tumor oxygenation can be influenced by
blood flow, these parameters are not always coupled (41). Simul-
taneous measurement of both quantities provides deeper insight
into tissue physiology. This goal has been achieved in this study.

In this preliminary study of three patients we have found that
total hemoglobin concentration (THC) and blood flow decreased
during PDT (see Table 1). Together, the observed significant
decrease in blood flow (~50%, P = 0.02) and the concurrent
decrease in THC (~15%) are consistent with the notion of PDT-
induced vascular damage. A slight decrease (~3%) in tumor blood
oxygen saturation (StO,) after PDT was also observed, consistent
with observations in the same population measured by a broadband
absorption spectroscopy (32).



While it is certainly impossible to draw definite conclusions
from measurements of only three patients, the observed differences
in tumor blood flow and blood oxygenation responses during PDT
can, in principle, be used to choose among tissue oxygen con-
sumption models and therefore emphasize the potential clinical
value for simultaneous monitoring of both parameters. For ex-
ample, the absence of substantial changes in StO, during prostate
PDT with MLu suggests, among other things, that oxygen
consumption may be balanced by another effect. In animal studies
Pogue et al. (41) observed the tumor partial pressure of oxygen
(pO») to rise immediately after treatment, and concluded that if
oxygen consumption is decreased in the presence of unhindered
blood flow tissue, then pO, should rise. In the present context,
a balance of decreased blood flow and increased cell kill could
permit maintenance of StO, values. A detailed understanding of
these phenomena, however, can only be achieved with more
extensive studies, in terms of patient numbers and including studies
over a range of light and photosensitizer dose and type.

CONCLUSIONS

We have demonstrated the utility of diffuse correlation spectros-
copy (DCS) for monitoring PDT-created blood flow changes, and
we have introduced the first clinical use of all-optical methods for
measurement of multiple hemodynamic parameters during cancer
therapy of the human prostate. These hemodynamic parameters
include relative blood flow, tissue blood oxygen saturation and
total hemoglobin concentration. In the three patients studied, MLu-
mediated PDT was found to decrease tumor blood flow and total
hemoglobin concentration. Tumor blood oxygen saturation,
however, varied only slightly. The observed differences in re-
sponse of tumor blood flow and blood oxygenation during PDT
further emphasizes the importance of simultaneous monitoring
of both parameters.
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