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ABSTRACT

for the treatment of hyperplastic and neoplastic diseases.
PDT is generally based on the enhanced retention of photosensitizer (PS) in certain tissues which can lead to a roughly 2–10-fold contrast between diseased versus normal structures(1–3). In the presence of oxygen the irradiation of PSladen tissue with light of appropriate wavelength leads to
tissue necrosis via oxidative damage to cells and vasculature
(4,5). PDT efficacy therefore depends on the availability of
PS, light and oxygen. The relationship between light dose
and the supply of both PS and oxygen during PDT is tissue
dependent, dynamic and poorly understood in vivo. Consequently, studies designed to evaluate quantitatively the depletion of oxygen and/or PS from the treated tumors may
substantially improve our understanding of PDT mechanisms and lead to improved therapeutic strategies.
PDT parameters (e.g. light dose and PS concentration)
used for treating a specific lesion may not be ideal for all
tissues. In order to optimize PDT for a given tissue type it
is important to characterize light and PS distribution in vivo
as well as the physiologic response to PDT-mediated damage. Previously measured acute PDT effects include changes
in tissue deoxy-hemoglobin (Hb), oxy-hemoglobin (HbO2)
and total hemoglobin (TotHb) concentration as well as water
content [H2O](6,7). In addition, alterations in percent tissue
hemoglobin oxygen saturation (%StO2) (%StO2 5 [HbO2]/
([HbO2] 1 [Hb]) 3 100%) during light delivery are critical
for assessing the hemodynamics and tissue oxygen consumption during PDT (8–10).
Frequency-domain photon migration (FDPM) uses intensity-modulated near-infrared (NIR) light to quantify noninvasively the tissue optical properties, namely the light absorption (ma) and reduced scattering (m9s) parameters. ma and
m9s are sensitive to biologically important light-absorbing
molecules and light-scattering structures, respectively. Intrinsic NIR-absorbing molecules in tissues are generally assumed to be hemoglobin (Hb and HbO2), water, fat, cytochromes and melanin (11,12). ma is also sensitive to the concentration of NIR-absorbing drugs such as PS (13,14). Thus,
FDPM measurements of wavelength-dependent absorption

Benzoporphyrin-derivative (BPD)–monoacid-ring A photodynamic therapy (PDT) was performed on subcutaneous tumor implants in a rat ovarian cancer model. In
order to assess PDT efficacy the tumor and normal tissue
optical properties were measured noninvasively prior to
and during PDT using frequency-domain photon migration (FDPM). FDPM data were used to quantify tissue
absorption and reduced scattering properties (given by
the parameters ma and m9s, respectively) at four nearinfrared (NIR) wavelengths (674, 811, 849 and 956 nm).
Tissue physiologic properties, including the in vivo concentration of BPD, deoxy-hemoglobin (Hb), oxy-hemoglobin (HbO2), total hemoglobin (TotHb), water (H2O)
and percent tissue hemoglobin oxygen saturation
(%StO2), were calculated from optical property data.
PDT efficacy was also determined from morphometric
analysis of tumor necrosis in histologic specimens. All the
measured tumor properties changed significantly during
PDT. [Hb] increased by 9%, while [HbO2], [TotHb] and
%StO2 decreased by 18, 7 and 12%, respectively. Using
histologic data we show that long-term PDT efficacy is
highly correlated to mean BPD concentration in tumor
and PDT-induced acute changes in [HbO2], [TotHb] and
%StO2 (correlation coefficients of 0.829, 0.817 and 0.953,
respectively). Overall, our results indicate that NIR
FDPM spectroscopy is able to quantify noninvasively and
dynamically the PDT-induced physiological effects in vivo
that are highly correlated with therapeutic efficacy.

INTRODUCTION
Photodynamic therapy (PDT)† is currently being evaluated
as an adjuvant to surgery, radiotherapy and chemotherapy
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can be used to quantify the in vivo molecular concentration.
These values are clinically useful indicators of tissue oxygen
utilization, hydration and drug pharmacokinetics. Light scatterers are tissue-structural elements that have a dimension
comparable to the optical wavelength (e.g. ;600–1000 nm),
such as connective fibers in the extracellular matrix (e.g.
collagen, elastin) and cellular components (15–17). Measurements of wavelength-dependent scattering properties offer insight into the composition, density and organization of
tissue structures. Consequently, changes in the wavelengthdependent scattering properties may accompany processes
such as malignant transformation, necrosis and wound healing (18–20).
In this work we examine how tissue optical properties can
be used to assess noninvasively the PDT-mediated damage.
Specific goals of the study were two-fold: (1) to determine
the feasibility of using FDPM for dynamically monitoring
PDT-induced changes in tissue benzoporphyrin derivative
(BPD), hemoglobin, H2O, %StO2 and m9s; and (2) to correlate
the FDPM-derived values with histologic data in order to
identify measurable parameters that may be used to predict
PDT efficacy.

MATERIAL AND METHODS
Tumor model. Fourteen pathogen-free female Fischer 344 rats (Harlan Sprague Dawley, Inc., Indiana) weighing 194 g (617 SD) were
used. The animals were housed in a pathogen-free animal facility
and given commercial basal diet and water ad libitum. The study
was approved by the Institutional Laboratory Animal Care and Use
Committee, University of California, Irvine, CA.
The NuTu-19 cell line is a poorly differentiated Fischer 344 rat–
derived epithelial ovarian cancer cell line (21). This syngeneic rat
tumor model was chosen because these cells grow and metastasize
in the same way as epithelial ovarian cancers in humans (22). Cells
were cultured in Roswell Park Memorial Institute 1640 medium
(GIBCO Life Technologies, Grand Island, NY) enriched with 10%
fetal calf serum (Gemini Bioproducts, Calabassas, CA), 25 IE/mL
penicillin and 25 mg/mL streptomycin and incubated under standardized conditions (378C, 7% CO2, 100% humidity). The NuTu-19
cells were harvested with 0.25% trypsin (GIBCO) from tissue-culture flasks and washed with phosphate-buffered saline (PBS) (GIBCO). Twenty million cells were injected subcutaneously on the back
of each rat. All procedures were carried out under isoflurane (Forane,
Ohmeda PPD Inc., Liberty Corner, NJ) oxygen gas anesthesia. During all the procedures the body temperature of the rats was kept
constant with a heating pad. Tumor growth was monitored with a
caliper on a weekly basis.
PDT. Vials of liposomally formulated BPD (QLT PhotoTherapeutics, Inc., Vancouver, BC, Canada) were stored in the dark
at 48C before equilibration to room temperature and reconstitution
to 2 mg/mL in 5% glucose solution. Four weeks following tumor
induction, when bulky tumors had developed, nine rats were injected
with 2 mg/kg BPD in the tail vein. Eighty minutes after BPD administration PDT laser light was delivered on to the tumor. The back
of the rats was shaved prior to laser-light delivery. Laser light was
generated by an argon-pumped dye laser (Spectra-Physics 171 and
Spectra-Physics Model 375, Mountain View, CA). The laser was
tuned to 692 nm and verified with a clinical Hartridge reversion
spectroscope (Ealing Electro-Optics, South Natick, MA). The power
was measured with a power meter (Model 210; Coherent Corp., Palo
Alto, CA) prior to and after illumination and kept constant at 25
mW. The laser beam was conducted through a laser fiber terminated
by a microlens and launched to the site of irradiation. The tip of the
laser fiber was mounted above the tumor, perpendicular to the animal, allowing constant irradiation of a round 5 mm spot on the
tumor. Laser light (25 mW) was administered to the tumors of the
nine rats, sensitized with BPD for 5 min, to deliver a total fluence
of 38.2 J/cm2.

Frequency-domain photon migration. The theory and instrumentation of the FDPM approach to quantify the tissue optical properties
are described in detail elsewhere (23–25). Briefly, FDPM launches
the sinusoidally intensity–modulated NIR light into highly scattering
tissues. Sinusoidally intensity–modulated light propagates in tissues
as highly damped diffuse photon-density waves (PDW) with welldefined wave characteristics, specifically phase velocity and decay
rate (26). PDW characteristics depend highly on the optical properties of the media. Measurements of frequency-dependent phase
shift and amplitude decay of diffusely reflected PDWs can be fitted
to analytically derived model functions to calculate tissue ma and
m9s. The wavelength-dependent absorption was used to determine
the tissue concentration of Hb, HbO2, BPD and H2O. Measured [Hb]
and [HbO2] were used to determine the TotHb concentration
([TotHb] 5 [Hb] 1 [HbO2]) and oxygen saturation (%StO2).
For this study a portable broad-bandwidth FDPM instrument was
used to quantify the tissue optical properties at multiple NIR wavelengths. FDPM measurements were performed using a probe with a
source–detector separation of 9.45 mm. Both the source and detecting fibers were gently placed on the tissues to collect the FDPM
data set which consists of phase and amplitude data for the wavelengths at 674, 811, 849 and 956 nm. Fibers were placed on the
tumor and positioned in such a way as to obstruct minimally the
PDT light. Typically, the PDT irradiation area was between the
FDPM source and detecting fibers. Figure 1 is a schematic depiction
of the FDPM instrument and the setup used to perform NIR frequency-domain spectroscopy in conjunction with PDT.
In order to evaluate the impact of BPD on absorption repeated
injections of 2 mg/kg were administered into the tail vein of two
tumor-free rats to reach a total dose of 20 mg/kg. Two minutes
following the injection of each bolus FDPM measurements were
performed on the back muscles of the rats. Optical properties of
tissues at the four wavelengths were extracted from the FDPM data.
Spectral-dependent absorption, in turn, was used to determine the
physiologic properties. FDPM-derived BPD in vivo concentrations
of the two rats were correlated to the injected BPD doses and compared to the published values obtained from radioactive labeled studies of BPD biodistributions (27).
FDPM measurements of normal and tumor optical properties were
collected from six of the nine rats in the PDT group and one of the
three tumor-bearing rats in the control group. Measurements of tumor properties were performed by positioning the FDPM probe over
the subcutaneous tumor, while measurements of normal tissue were
obtained from the anatomic site that mirrored the tumor. FDPM
measurements of normal and tumor tissues were performed: (1) prior
to PDT to establish the baseline properties; (2) following BPD administration to determine the BPD concentrations in tumor; and (3)
during PDT to quantify the PDT-induced changes in optical properties. Five sets of FDPM data were collected on the normal and
tumor sites for the baseline measurements. During PDT the FDPM
data were collected continuously over the tumor site.
Concentrations. ma and m9s of normal and tumor tissues at the
four wavelengths were extracted from the FDPM data sets. Wavelength-dependent absorption properties were then used to determine
the concentrations ([Hb], [HbO2], [H2O] and [BPD]) for normal and
tumor tissues. Specifically, concentrations and tissue-absorption values are related through the molar extinction coefficients e by the
following relation:
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The extinction coefficients for Hb, HbO2 and H2O were from published values (11), while e for BPD was determined from the absorption spectrum of BPD dissolved in 50% methanol–PBS solvent.
The absorption spectrum of BPD from 500 to 1000 nm was measured using a UV–Vis–NIR spectrophotometer (DU630; Beckman
Instruments, Inc., Fullerton, CA). Least square analysis was used to
solve Eq. 1, with the constraint that the concentrations must be greater than zero (28). This approach ensures that a physically plausible
solution exists even when there is uncertainty in the absorption val-
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Figure 2. Results of morphometric analysis of the PDT effect on
tumors shown for untreated control (n 5 3) and PDT-treated (n 5
9) rats. BPD was administered to the control and PDT-treated rats;
however, only treated rats received PDT irradiation. Following systemic application of BPD (2 mg/kg) the tumors were irradiated at a
fluence rate of 127 mW/cm2 to give a total fluence of 38.2 J/cm2.
Area of necrosis (cm2) is indicative of PDT efficacy. Data are presented as mean values 6 SD (error bars).

Figure 1. Schematic showing FDPM measurements performed in
conjunction with PDT. The FDPM instrument consists of these principle components: (1) computer; (2) network analyzer; (3) bias-tee;
(4) DC controller for diode lasers; (5) temperature controller for
diode lasers; (6) four NIR diode lasers; (7) 674, 811, 849 and 956
nm optical fiber for light source; (8) tip of source fiber; (9) detecting
tip; (10) optical fiber for signal detection; (11) avalanche photodiode; and (12) FDPM probe which consists of (7) source; and (10)
detector optical fibers positioned 9.45 mm apart. The probe was
placed gently on a (13) tumor that was subcutaneously implanted
on the back of the rat. The tumor was irradiated with PDT light at
692 nm, which was generated from the (14) dye laser and coupled
into the (15) PDT optical fiber.

ues from the different wavelengths. Moreover, least squares with
positive constraint were empirically found to be robust in extracting
dye concentrations of Intralipid-based phantoms (29,30).
Morphometry. Three days following PDT the rats were sacrificed
with an intracardiac injection of Eutha-6 (Western Medical Supply,
Arcadia, CA). Nine tumors exposed to PDT and three untreated
tumors (controls) were collected (including the overlying skin). Each
was fixed in 10% formalin for 24 h, dehydrated in graded ethylene
alcohol, cleared in Histo-Clear (National Diagnostics, Manville, NJ),
embedded in paraffin, sectioned perpendicularly to the skin in 6 mm
slices, deparaffinized and stained with hematoxylin and eosin. On
the serial sections through the entire area exposed to PDT central
slides with the most extensive areas of necrosis were selected for
analysis. Morphometry was performed on five central sections, each
60 mm apart. PDT damage was defined as the area of necrosis including severe perinecrotic inflammatory reaction The margins of

PDT effect were marked with a permanent marker. The histology
slides and a ruler were scanned (Umax Vista-SGE, Umax Data Systems Inc., Hsinchu, Taiwan; Photoshop, Adobe Systems Inc., Mountain View, CA) into a computer. The area of PDT-induced damage
was measured using centimeter-calibrated IPlab software (Signal
Analytic, Vienna, VA). The areas of five sections per tumor were
measured and averaged, and ‘PDT efficacy’ is defined by the extent
of PDT-mediated tissue necrosis.
Analysis of data. Mean damage area (6SD) was calculated from
morphometry data of the PDT and control groups. ma, m9s, [Hb],
[HbO2], [TotHb], %StO2, [H2O] and [BPD] values from all the rats
were combined and grouped into normal, tumor prior to PDT and
tumor during PDT. Mean and SD of the optical and physiologic
properties were calculated for each group. Morphometry data were
correlated to mean tumor [BPD] as well as to PDT-induced changes
in the tumor physiologic properties. Specifically, the correlation coefficient and confidence intervals were determined for: (1) efficacy
versus mean tumor [BPD]; and (2) efficacy versus changes in TotHb
and %StO2, denoted by D[TotHb] and D%StO2, respectively. All confidence intervals are specified for 95% limits. The unpaired t-test
was used to determine the statistical significance for the difference
between the mean areas of necrosis of untreated tumors versus the
area of necrosis of PDT-treated tumors. The paired t-test was performed to calculate the statistical-significance difference for the following comparisons: (1) optical properties of normal versus optical
properties of tumor prior to PDT; (2) optical properties of tumor
prior to PDT versus optical properties of tumor during PDT; (3)
physiologic properties of normal versus physiologic properties of
tumor prior to PDT; and (4) physiologic properties of tumor prior
to PDT versus physiologic properties of tumor during PDT. P values
,0.05 were considered significant, while P values ,0.005 were considered highly significant.

RESULTS
Photodynamic therapy
Four weeks following the injection of the NuTu-19 ovarian
cancer cells the tumor nodules reached 14 mm (63 mm SD)
in diameter as measured in vivo with a caliper. The effect
of PDT (38.2 J/cm2) on tumors is shown in Fig. 2, which
plots the area of necrosis (cm2) for the control (n 5 3) and
PDT (n 5 9) groups. The tumors treated with PDT showed
significantly more necrosis than the untreated tumors (P ,
0.05). The limited extent of necrosis in the untreated controls
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Figure 3. Example of FDPM phase (a) and amplitude (b) data at
674 nm collected from the tumor. Model functions are fit to the data
to extract tissue absorption and reduced scattering coefficients. Data
marked by diamonds (l) were collected prior to BPD administration, while data marked by circles (C) were collected after 20 mg/
kg of BPD was administered but prior to PDT. Lines are the results
of the fit to the data.

is commonly observed in the rapidly growing solid tumors
due to metabolic demands that outpace the vascular supplies.
Frequency-domain photon migration
An example of FDPM phase and amplitude data is shown
in Fig. 3. Model functions were fit to PDW phase (Fig. 3a)
and amplitude (Fig. 3b) to determine the tissue optical properties. Model functions (curves) fit well to the phase and
amplitude data, with normalized x2 typically less than 1.8.
FDPM data marked by diamonds were collected prior to
BPD administration, while data marked by circles were collected following 4 mg of BPD. Representative ma and m9s of
the four wavelengths are shown in subplots Fig. 4a,b, respectively, as a function of BPD-injected dose. Because the
extinction coefficient of BPD at 674 nm is considerably
higher than those at the other wavelengths, ma at 674 nm
was the most sensitive to the administered BPD dose, while
ma at the other wavelengths remained relatively constant
(Fig. 4a). m9s for all the wavelengths was independent of the
BPD dose, suggesting that the PS did not alter the tissue
scattering.
Wavelength-dependent ma values were used to determine
the physiologic properties including the BPD in vivo concentration. The FDPM-derived BPD in vivo concentration is

Figure 4. Tissue ma and m9s at 674 and 849 nm from one animal
are shown as a function of administered BPD dose (mg/kg) in panels
(a) and (b), respectively. FDPM measurements were collected 2–3
min following injection of BPD. In panel (a) ma at 674 nm (m)
increased markedly with BPD dose. Absorption at 849 nm (n) and
other wavelengths remained relatively constant. m9s values at all
wavelengths remained relatively constant as shown in panel (b) for
674 (m) and 849 nm (n). Wavelength-dependent ma was used to
calculate BPD concentration and physiologic properties. FDPM-derived in vivo BPD concentrations versus administered BPD dose are
shown in panel (c) for data pooled from two animals. The correlation
coefficient between measured [BPD] and administered BPD dose is
0.927, with a 95% confidence interval of (0.847,0.966) for n 5 28
data points.

plotted versus the BPD-injected dose in panel (c) of Fig. 4;
the subplot shows the data combined from two rats. Analysis
of the correlation between the FDPM-derived [BPD] and the
injected BPD dose yields a coefficient of 0.927, with a confidence interval of 0.847, 0.966. The slope of the line in Fig.
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Table 1. Mean and standard deviation of optical properties (ma,
ms9) for normal tissue and malignant tumor prior to PDT (n 5 7)
Wavelength
(nm)

Normal tissue
Mean

Absorption
674
811
849
956
Scattering
674
811
849
956

SD

Tumor prior to PDT
(6)

properties (ma) (mm21)
0.0144
0.0013
0.0360
0.0015
0.0145
0.0005
0.0300
0.0010

properties (ms9)
1.1391
0.8906
0.7325
0.6404

(mm21)
0.0718
0.0319
0.0621
0.0496

Mean

SD

(6)

0.0163
0.0374
0.0153
0.0304

0.0020
0.0014
0.0004
0.0011

1.1125
0.8606
0.7140
0.6161

0.0770
0.0294
0.0626
0.0452

4c produces the calibration factor between the BPD-injected
dose and the FDPM-derived [BPD] immediately following
administration; the conversion factor for a 200 g rat is approximately 1.16 mM of BPD/1 mg of administered BPD
dose.
The mean and SD of the optical properties are summarized in Table 1 for normal tissue and tumor prior to PDT.
Mean absorption values of tumor are higher than those of
normal tissues at all four wavelengths, with the largest percentage difference of 13% at 674 nm. Mean scattering values
of normal tissues are higher than those of tumors, with the
highest percentage difference of 4% at 956 nm. The mean
scattering values decrease with longer wavelengths, which
is an expected trend for most tissues.
Statistically significant differences in the optical properties
between: (1) normal versus tumor prior to PDT; and (2)
tumor prior to PDT versus tumor during PDT are summarized in Table 2. The ma value of tumor prior to PDT differed
significantly from that of normal at all wavelengths (P #
0.0293) except at 956 nm (P 5 0.4625). The m9s values of
tumor differed significantly from those of normal at 674 and
811 nm (P # 0.0447) but not at 849 and 956 nm (P $
Table 2. Paired t-test comparison of optical properties between
normal tissue versus malignant tumor prior to PDT and malignant
tumor prior to PDT versus malignant tumor during PDT
Normal versus tumor
prior to PDT (n 5 7)

Wavelength Significance
(nm)
level*

Table 3. Mean and standard deviation of physiologic properties
for normal tissue, malignant tumor prior to PDT and malignant tumor during PDT

P value

Tumor prior to PDT versus
tumor during PDT (n 5 6)
Significance
level*

Normal tissue

Physiologic
properties

Mean*

Hb (mM)
HbO2 (mM)
TotHb (mM)
StO2 (%)
H2O (M)

17.9
34.1
52.1
65.6
24.2

SD

(6)

2.0
1.7
2.2
3.1
1.1

Tumor (prior
to PDT)
Mean*
22.1
34.6
56.7
61.2
24.0

0.0006
0.0195
0.0298
0.1824

Scattering coefficient (ms9)
674
s
0.0447
811
s
0.0178
849
ns
0.4925
956
ns
0.2891

ns
ns
ns
ns

0.4877
0.8339
0.6370
0.2691

*hs 5 highly significant with P , 0.005; s 5 significant with P ,
0.05 and ns 5 not significant with P . 0.05.

Mean†

3.2
1.5
2.4
4.3
1.5

24.2
28.4
52.6
54.0
23.4

SD

(6)

2.7
2.9
4.0
3.8
1.4

0.2891). Similarly, comparison of tumor ma values prior to
PDT versus those during PDT showed statistically significant changes at all wavelengths (P # 0.0298) except at 956
nm (P 5 0.1824). PDT did not induce statistically significant
alterations in tumor m9s at any of the measured wavelengths
(P $ 0.2691).
The mean physiologic properties of normal tissues, tumor
prior to PDT and tumor during PDT are summarized in Table 3, while Table 4 summarizes the t-test results for comparison of the physiologic properties. [Hb] and [TotHb] of
tumor were significantly higher (P # 0.00086) than those of
normal tissue, while the values for [HbO2] were similar for
tumor and for normal (P 5 0.42697). Consequently, the
mean %StO2 values were significantly lower (P 5 0.00562)
in tumor (61.2 6 4.3%) as compared with normal tissue
(65.6 6 3.1%). [H2O] in tumor and normal tissues was comparable (P 5 0.56253).
PDT-mediated effects on tumor can be observed by comparing the physiologic properties of untreated versus PDTtreated tumor as summarized in Tables 3 and 4. Mean
[HbO2] and [TotHb] in tumor during PDT decreased by a
considerable amount from the untreated values ([HbO2]:
34.6 6 1.5 mM versus 28.4 6 2.9 mM; [TotHb]: 56.7 6 2.4
mM versus 52.6 6 4.0 mM), while the concentration of Hb
increased slightly (22.1 6 3.2 mM versus 24.2 6 2.7 mM).
These changes resulted in the tumor %StO2 values decreasTable 4. Paired t-test comparison of physiologic properties between normal tissue versus malignant tumor prior to PDT; and malignant tumor prior to PDT versus malignant tumor during PDT

Normal versus tumor
prior to PDT (n 5 7)
hs
s
s
ns

(6)

*n 5 7 (one from control and six from PDT group).
†n 5 6 from PDT group.

P value

Absorption coefficient (ma)
674
s
0.0021
811
s
0.0293
849
s
0.0017
956
ns
0.4625

SD

Tumor
(during PDT)

Physiologic
properties

Significance
level*

Hb (mM)
HbO2 (mM)
TotHb (mM)
StO2 (%)
H2O (M)

hs
ns
hs
s
ns

Tumor prior to PDT
versus tumor during
PDT (n 5 6)

P value

Significance
level*

P value

0.00086
0.42697
0.00003
0.00562
0.56253

s
hs
s
hs
ns

0.01338
0.00240
0.02715
0.00029
0.38078

*hs 5 highly significant with P , 0.005, s 5 significant with P ,
0.05 and ns 5 not significant with P . 0.05.
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Table 5. Correlation coefficients for FDPM-derived parameters (D
[TotHb], D%StO2 and mean-BPD concentrations during PDT) that
exhibited significant association with the efficacy of BPD-mediated
PDT of malignant ovarian cell-line tumor (n 5 7)

Correlation paramaters
Efficacy and D[TotHb] (mM)
Efficacy and D%StO2 (%)
Efficacy and mean-[BPD]PDT

Correlation
coefficient (r)

95% confidence

0.817
0.953
0.829

(0.166, 0.972)
(0.708, 0.993)
(0.201, 0.974)

ship between the necrosis area and the PDT-induced changes
in tumor oxygen saturation, D%StO2 (Fig. 5b) and mean
[BPD] (Fig. 5c). The strongest correlation was observed between the necrosis area and D%StO2, with R 5 0.953 (0.708,
0.993). Correlation coefficients and confidence intervals for
all three parameters are summarized in Table 5.

DISCUSSION

Figure 5. Area of necrosis (efficacy) is plotted as a function of PDTinduced changes in TotHb (D[TotHb]) in panel (a). Panel (b) plots
efficacy versus changes in %StO2 (D%StO2) and panel (c) plots efficacy versus mean BPD concentration in tumor during PDT (mean[BPD]PDT). Correlation coefficient (R) was calculated for each relationship and shown on the plots. Correlation coefficient is highest
between efficacy and D%StO2.

ing during PDT (61.2 6 4.3% versus 54.0 6 3.8%). PDTinduced changes in tumor [Hb], [HbO2], [TotHb] and %StO2
were determined to be statistically significant (P # 0.02715).
Mean [H2O] remained unchanged during PDT.
In order to identify the physiologic parameters that may
have prognostic value in predicting tumor response to PDT
the FDPM data were correlated to histology-derived necrosis
measurements. The factors that showed significant correlation
to PDT efficacy are plotted in Fig. 5. Specifically, panel (a)
of Fig. 5 plots the necrosis area versus the PDT-induced perturbations in D[TotHb], i.e. [TotHb] prior to PDT minus
[TotHb] during PDT. Similarly, Fig. 5b,c shows the relation-

Epithelial ovarian carcinoma is the leading cause of death
from gynecological malignancies (31). The mainstay of
treatment is surgical exploration and tumor debulking since
survival is significantly improved when optimal surgical cytoreduction can be achieved prior to adjuvant chemotherapy
(32,33). Unfortunately, two-thirds of the patients with advanced ovarian cancer cannot be optimally debulked (34)
because of unresectable, bulky tumors and the diffuse intraperitoneal spread of solid cancer nodules (35). Hence, there
is a strong need to develop new treatment and diagnostic
modalities for the advanced stages of ovarian cancer. BPDmediated PDT has recently been proposed as a treatment of
the diffuse, solid intraperitoneal metastasis of ovarian cancer
(36). However, the parameters of light and drug delivery to
a very large surface such as the human peritoneum must be
optimized for selectivity, efficacy and minimal surgery time.
PDT has been shown to induce acute physiologic responses, including vasoconstriction, vasodilation and edema
(19,37,38). The characterization of PDT-induced physiologic
responses may provide practical prognostic indicators of efficacy as well as insight into the PDT mechanisms. In this
pilot study we performed PDT on ovarian-line tumors in a
rat model. BPD was selected because it is a highly efficient
PS (39) and exhibits a strong absorption peak at 692 nm
(27,40) with a full-width half-maximum of 610 nm.
In order to simplify data collection we performed FDPM
measurements continuously during PDT irradiation. Despite
this, there was no detectable contribution from either the
PDT source or the 674 nm–excited BPD fluorescence to the
FDPM signals. This is due to the fact that the FDPM instrument uses an alternate current–coupled avalanche photodiode and heterodyne detection to record radio-frequency
modulated light while rejecting the time-independent signals
(direct current [DC]). Nevertheless, the 692 nm illumination
increases the detector-shot noise, resulting in higher phase
and amplitude uncertainties during PDT irradiation.
It is also possible that FDPM-signal alterations may occur
due to 674 nm–excited BPD fluorescence. If the fluorescence
contribution to FDPM signals is significant, the data at modulation frequencies corresponding to the fluorescence life-
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time would acquire an additional phase shift. Moreover,
fluorescence contamination of FDPM data would lead to increasing amplitude and phase with higher BPD concentration. This is because the fluorescence-signal amplitude is
proportional to [BPD], especially in the regime of low fluorophore concentration. For BPD, with a fluorescence lifetime
of ;5 ns (41), the fluorescence effects on FDPM signals
would be most apparent below ;70 MHz. Panels (a) and (b)
of Fig. 3 show FDPM phase and amplitude data collected
after the highest dose of 4 mg was administered (open circles). At high [BPD] the phase clearly increases monotonically without inflection at frequencies below 70 MHz. When
the FDPM data were fit using frequencies above 100 MHz,
ma and m9s were unchanged as compared with the values
obtained by fitting the data to all frequencies. Furthermore,
FDPM amplitude at frequencies below 70 MHz decreased
monotonically with increasing BPD dose. These observations clearly suggest that the small BPD-fluorescence contribution to FDPM data did not affect the calculated optical
property values.
The measured in vivo [BPD] was highly correlated to the
administered BPD dose. Furthermore, the absolute values of
FDPM-derived [BPD] were in excellent agreement with previous studies of BPD distribution in a mouse model (27).
Specifically, at a dose of 2 mg/kg the typical FDPM-measured values of 1 mM for muscle correlate well with 0.5 mM
(0.42 mg/g) from tritiated-label studies (27). Although not
fully explored in this study, our data further suggest that
FDPM measurements of PS concentration could be used to
assess quantitatively the pharmacokinetics and biodistribution in tissues and hence the information about PS selectivity
toward tumor.
A statistical comparison of [Hb], [TotHb], and %StO2 in
normal versus malignant tumor revealed that [Hb] and
[TotHb] were significantly elevated in tumor, while %StO2
was significantly lower. These findings are consistent with
previous observations that malignant ovarian tumors are
highly vascularized as compared to normal tissues (42–44)
but tend to be in a hypoxic state because of the high metabolic demands (45,46). Statistical differences in ma of normal
tissue versus tumor can be reasonably attributed to the physiologic difference observed between tissue types (Table 3).
The m9s of normal sites were higher than those of tumor at
all four wavelengths; however, differences were statistically
significant only at 674 and 811 nm. Presumably, lower m9s
values in tumor are due to variations in structural composition. For example, invasive tumors may have high cell density but low collagen content, resulting in an overall reduction in m9s since collagen is a prominent tissue scatterer (16).
Values for [HbO2], [TotHb], and %StO2 decreased significantly from tumor baseline during PDT (Table 3). [Hb] increased during PDT while [H2O] remained unchanged. The
PDT-induced tissue response was statistically significant for
all physiologic parameters with the exception of water (Table 4), and can be explained in terms of known PDT mechanisms.
Primary PDT effects involve the formation of reactiveoxygen intermediates, such as singlet molecular oxygen,
which cause oxidative damage to the cells and vasculature.
This rapidly leads to vasoconstriction and cell death via both
necrotic and apoptotic pathways (47–49). BPD-mediated

PDT, in particular, induces severe vasoconstriction, which
has been directly observed using light microscopy (50,51)
and optical coherence tomography (52). Evidence for the
formation of reactive-oxygen intermediates has been shown
to be coupled with the depletion of ground-state molecular
oxygen (5). PDT-induced vasoconstriction decreases blood
flow to the tumor, lowering the [TotHb]. Ischemia enhances
the desaturation of [HbO2] due to increased oxygen extraction from blood in low flow-rate vessels. The formation of
singlet oxygen can also contribute to [HbO2] desaturation
since the photochemically driven depletion of dissolved oxygen that occurs during Type-II photooxidation creates an
oxygen gradient that is resupplied by HbO2. All of these
processes result in a marked decrease in %StO2 and subsequent elevation of [Hb]. These acute PDT physiologic
changes coincide with the significant differences between ma
before and during PDT of tumor. m9s remains unaffected during PDT (Tables 1 and 2) due to the insensitivity of structural components to these short-term physiologic changes.
Although these acute PDT effects are dramatic and can be
easily monitored, they do not necessarily predict the longterm outcome. However, since the alterations in FDPM-measured physiology are compatible with the known PDT mechanisms of toxicity, it is not unreasonable to expect these
measured variables to be related to long-term efficacy. This
is supported by the data in Fig. 5 which show excellent correlation between the histologically measured necrosis area
and the FDPM measurements of: (1) D[TotHb]; (2) D%StO2;
and (3) mean BPD concentration in tumor during PDT
(mean-[BPD]PDT). We believe this is an important finding
since it clearly demonstrates how FDPM could be used during treatment to report on a number of practical prognostic
indicators. For example, the measurements of D[TotHb] or
D[%StO2], and mean-[BPD]PDT might be used to provide rapid feedback for optimization of the PS dose, drug–light interval and light-administration protocol (e.g. fractionated
versus continuous irradiation, dose versus dose–rate effects).
When combined with other optical methods, such as PSfluorescence bleach rate, a more complete picture of the
complex relationship between drug and light dose should
emerge which can be used to improve the therapeutic outcome for a given tissue type.
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