
correlate flow respo ses with therapeutic efficacy. 
Experimental De ign: Diffuse correlatio  spectroscopy (DCS) was used to measure blood 
flow co ti uously i  radiatio -i duced fibrosarcoma muri e tumors duri g Photofri  (5 mg/kg)/ 
PDT (75 mW/cm2,135  J/cm2). Relative blood flow (rBF; i.e.,  ormalized to preillumi atio  values) 
was compared with tumor perfusio  as determi ed by power Doppler ultrasou d a d was corre-
lated with treatme t durability, defi ed as the time of tumor growth to a volume of 400 mm3 . 
Broadba d diffuse reflecta ce spectroscopy co curre tly qua tified tumor hemoglobi  oxyge  
saturatio  (SO2). 
Re ult : DCS a d power Doppler ultrasou d measured similar flow decreases i  a imals treated 
with ide tical protocols. DCS measureme t of rBF duri g PDTrevealed a series of PDT-i duced 
peaks a d decli es domi ated by a  i itial steep i crease (average F SE: 168.1 F 39.5%) a d 
subseque t decrease (59.2 F 29.1%). The duratio  (i terval time; ra ge, 2.2-15.6 mi utes) a d 
slope (flow reductio  rate; ra ge, 4.4 -45.8% mi ute 1) of the decrease correlated sig ifica tly 
(P = 0.0001a d  0.0002,  r2 = 0.79 a d 0.67, respectively) with treatme t durability. A positive, 
sig ifica t (P = 0.016,  r2 = 0.50) associatio  betwee  i terval time a d time-to-400 mm3 was 
also detected i  a imals with depressed pre-PDT blood flow due to hydralazi e admi istratio . 
At 3 hours after PDT, rBF a d SO2 were predictive (P V 0.015) of treatme t durability. 
Conclu ion: These data suggest a role for DCS i  real-time mo itori g of PDT vascular respo se 
as a  i dicator of treatme t efficacy. 
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Noninva ive Monitoring of MurineTumor Blood Flow During and 
After PhotodynamicTherapy Provide  EarlyA  e  ment of 
Therapeutic Efficacy 
Guoqia gYu,1Turgut Durdura ,1Chao Zhou,1 Hsi g-We Wa g,1,2 Mary E. Putt,3 H. Mark Sau ders,4 

Cha dra M. Sehgal,5 Eli Glatstei ,2 Arju  G.Yodh,1 a d Theresa M. Busch2 

Ab tract Purpo e:To mo itor tumor blood flow  o i vasively duri g photody amic therapy (PDT) a d to 

Photodynamic therapy (PDT; ref. 1) requires administration 
of a photosensitizer that localizes in tumor tissue and is 
subsequently activated by exposure to optical radiation. The 
photo-excited photosensitizer initiates a cascade of chemical 
reactions, involving highly reactive oxygen intermediates that 
can cause necrosis and apoptosis of cells (2), activation of 
the host immune system (3), and vascular damage (4). The 
antivascular effects of PDT are an important component of 
tissue response to treatment. The extent of PDT-created vascular 
damage is determined by a number of factors, including the 
photosensitizer and its dose (5–7), the interval between 
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photosensitizer injection and tumor illumination (4, 8), and 
the total fluence and fluence rate of treatment (9–11). 

Numerous studies suggest that PDT-mediated vascular 
damage significantly contributes to long-term tumor response. 
In one investigation, murine tumors regrew rapidly when PDT 
was combined with inhibition of thromboxane, a mediator of 
platelet adhesion and vasoconstriction (12). Conversely, 
enhancement of tumor vascular damage by inhibition of nitric 
oxide synthase after Photofrin-PDT increased the cure rate of 
murine tumors (13). 

The time course of PDT antivascular effects is crucial. The 
collapse of tumor microvessels after PDT is beneficial, leading to 
local anoxia and nutrient deprivation of tumor cells (9). 
However, the induction of temporary vasoconstriction or 
obstruction during PDT may lead to regional tissue hypoxia 
during illumination (14) and thus be a barrier to effective 
treatment. Given the dichotomy of these effects, knowledge of 
the timing of vascular shutdown in PDT-treated tissues holds 
potential as a useful indicator of therapeutic efficacy. 

There are a number of techniques for measuring the blood 
flow of tumors. Laser Doppler can noninvasively monitor the 
flow change, but most systems measure only the tissue surface 
(penetration depth <500 Am; refs. 15, 16). Pogue et al. have 
invasively monitored flow changes during PDT with laser 
Doppler using fiber probes inserted into tumors (17). Their 
work suggests that the irradiation light saturates the Doppler 
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probe, yielding useful data only between light fractions. Optical 
coherence tomography has high spatial and temporal resolu-
tion, permitting the imaging of local vascular changes (18, 19). 
However, optical coherence tomography can only measure 
small near-surface tissue volumes (f1 mm2; ref. 20), similar to 
the laser Doppler technique. Power Doppler ultrasound can 
noninvasively follow changes in tumor perfusion after PDT 
through determination of the color-weighed fractional area in 
acquired images (21). However, it does not readily allow 
continuous measurement during PDT. 

Near-IR diffuse correlation spectroscopy (DCS) enables 
measurement of rBF noninvasively through deep tissues. It 
has been successfully applied and validated in studies of 
functional imaging and spectroscopy of brain (22–24), tumor 
physiology (25), tissue burns (26), and exercise medicine 
(27, 28). DCS is closely related to the commonly used laser 
Doppler technology, but it offers the advantage of deeper 
measurement through tissues. Furthermore, with appropriate 
optical cutoff filters, DCS can be used to follow tumor blood 
flow continuously during PDT. 

In this study, we employed a DCS system and a unique 
noncontact probe to monitor the rBF of murine tumors during 
illumination for Photofrin-PDT and at specific time points after 
treatment. Within minutes of beginning PDT, rBF rapidly 
increased, followed by a decline and subsequent peaks and 
declines of various kinetics. The slope (flow reduction rate) and 
duration (interval time) over which rBF decreased following 
the initial PDT-induced increase was highly associated with 
treatment durability; treatment durability is measured as the 
time of tumor growth to a volume of 400 mm3 (time-to-400 
mm3). After PDT, all animals showed decreases in rBF at 3 and 
6.5 hours, and rBF at these time points was also predictive of 
tumor response. Broadband diffuse reflectance spectroscopy 
was employed to measure the tissue hemoglobin oxygen 
saturation (SO2) of the PDT-treated tumors, finding that SO2 

decreased after PDT in association with the decreases in rBF. 
These data show that DCS-measured changes in tumor rBF 
during and after Photofrin-PDT are predictive of treatment 
efficacy. 

Material  and Method  

Tumor model and photodynamic therapy. Radiation-induced fibro-
sarcoma tumors were propagated on the shoulders of C3H mice 
(Taconic, Germantown, NY) by the intradermal injection of 3 � 105 

cells. Animals were treated f1 week later when tumors were f6 to 7  
mm in diameter. The photosensitizer Photofrin (Axcan Pharma, Inc., 
Mont-Saint-Hilaire, Quebec) was given via tail vein at 5 mg/kg at f24 
hours before illumination. The laser system consisted of a KTP YAG 
pumped dye module (Laserscope, San Jose, CA) tuned to produce 630 
nm light. Light was delivered to a 1-cm-diameter treatment field 
through microlens-tipped fibers (CardioFocus, Norton, MA) and the 
power density was measured with a power meter (Coherent, Auburn, 
CA). Treatment was to a total fluence of 135 J/cm2, delivered at 
75 mW/cm2. Treatment groups consisted of animals receiving PDT 
(n = 15) and animals receiving light but no Photofrin (n = 10). To 
alter blood flow in a manner independent of PDT, an additional 
11 animals received an i.v. injection (2.5 or 5.0 mg/kg in saline) of 
hydralazine (Sigma Aldrich, St. Louis, MO) at 10 minutes before 
beginning illumination. During illumination and during optical 
measurement, mice were anesthetized with isoflurane and kept warm 
on a heating pad. Treatment durability was measured as the number of 
days after PDT or after control treatment until tumor growth to a 

volume of 400 mm3 (tumor volume = length � width2 � 3.14/6; i.e., 
time-to-400 mm3). 

Diffuse correlation spectroscopy. DCS was used to monitor blood 
flow continuously during PDT (from 10 minutes before PDT until 
15 minutes after PDT) and for 10-minute durations at times 3 and 
6.5 hours after PDT. In animals that received hydralazine, blood flow 
monitoring began 10 minutes before hydralazine injection and 
continued through another 10 minutes preillumination, 30 minutes 
of illumination, and 15 minutes after PDT. A 3-hour time point was 
also evaluated in mice treated with hydralazine and PDT. The major 
components (25) of the DCS system are the following: an 800-nm laser 
source with long coherence length, operating in continuous mode; a 
noncontact probe with 13 source and four detector fibers; and a camera 
to deliver excitation light and collect reflected diffuse light, respectively 
(Fig. 1A), from the tissue surface. The noncontact probe (Fig. 1B) 
consists of 13 source fibers arranged in concentric circles within a 6-mm 
diameter. Using optical switches, the 800-nm light was directed 
through each of the source fibers in a consecutive manner; the 
sampling time for one scanning frame (i.e., all source-detector pairs) 
was 18 seconds. Four single photon–counting avalanche photodiodes 
were employed in parallel for detection of the diffuse light. The probe 
head was mounted behind a camera lens fixed at a distance of 15 cm 
from the tumor. This setup enabled us to monitor blood flow during 
PDT by permitting unobstructed illumination with the treatment light 
at a small angle to the tissue surface. A long-pass optical filter (03FCG 
507, Melles Griot, Rochester, NY) in front of the camera lens attenuated 
light below 650 nm, preventing the 630-nm treatment light from 
saturating the detectors. 

Fig. 1. A schematic of the DCS i strume t (A) a d a  map  (B) of the probe for 
measuri g tumor blood flow. Optical fibers for13 source positio s (small circles) a d  
four DCS detectors (squares) are arra ged i  a two-dime sio al patter . Large 
dashed circle, co tour of the tumor. 
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Speckle fluctuations of the diffuse light 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)) (26). The electric field temporal 
autocorrelation function, G1(r ,s) =  hE(r ,t) E*(r ,t + s)i, or its Fourier 

Transform can be explicitly related to the motion of the scatterers (e.g., 
red blood cells) even in turbid media (29–31). Here the angle brackets 

h i denote averages over time and s is called the correlation delay time. 
A continuous wave laser with a long coherence length and a single-
photon counting avalanche photodiode are needed for DCS measure-

ments. An autocorrelator takes the avalanche photodiode output and 
uses photon arrival times to compute the light intensity temporal 

autocorrelation function. From the normalized intensity autocorrela-
tion function, we calculate the normalized electric field correlation 

function, g1(r ,s) =  G1(r ,s)/hE(r ,t) E*(r ,t)i; G1(r ,s), satisfies the 
correlation diffusion equation in highly scattering media (26, 31). 
The exact form of the correlation diffusion equation depends on the 

nature and heterogeneity of the particle motion. For the important 
case of random flow in the tissue vasculature, the mean-square 

displacement, (hDr 2(s)i), of the scattering particles (e.g., blood cells) 
in time s is hDr(s)i = hV2is 2. Here hV2i is the second moment of the 

cell velocity distribution. For the case of diffusive motion, hDr 2(s)i = 
6DBs , where DB is an effective diffusion coefficient of the moving 
scatterers. We have found that both of these models fit our data, but 

the latter model often provides better quality fits (23). In this case the 
normalized correlation function g1(r ,s) will decay approximately 

exponentially in s . Its decay depends on a variable a (proportional 
to the tissue blood volume fraction) and on the mean-squarepffiffiffiffiffiffiffiffiffiffi 
displacement of the blood cells. Relative changes in DB or hV 2i 
are correlated with relative changes in blood flow. In principle, DCS 

can measure absolute levels of blood flow. In practice, however, it 
is desirable to calibrate DCS with other measurement techniques 
(e.g., Arterial Spin Label magnetic resonance imaging, ultrasound 

Doppler, etc.) for quantification of absolute flow. In this study, only 
relative blood flow is reported, and these relative blood flow changes 

are insensitive to our model for hDr 2(s)i (i.e., the relative change ofpffiffiffiffiffiffiffiffiffiffi 
DB and hV 2i are almost identical). A detailed description of these 

concepts and approximations can be found in the noted references 
(22, 23), and a comparison with Power Doppler ultrasound will be 
provided in this article. 

DCS reflects local flow in primarily small vessels (i.e., arterioles, 
capillaries, and venules). From diffusion theory, the maximum 
penetration depth of diffuse light in tissue depends on tissue optical 
properties and source-detector separation. The most probable penetra-
tion depth of diffuse light in tissue is roughly one third to one half of 
the source-detector separation on the tissue surface. Therefore, a specific 
source-detector pair predominately provides information about a 
particular tissue layer. The source-detector separations used in this 
study ranged from 1 to 3.5 mm, providing flow information from 
depths of 0.5 to 1.7 mm. We found the magnitude of PDT effect on rBF 
differed with tumor depth, although the trends were similar among 
tumor layers. In this study, DCS data for one scanning frame were 
averaged over all source-detector separations (1-3.5 mm), representing 
the rBF in the bulk tumor tissue. rBF at 3 and 6.5 hours were obtained 
by averaging over 10 minutes of monitoring. rBF during PDT was 
characterized by the variables of a linear regression model fit to the first 
treatment-induced decrease in flow. The SE of the slope and intercept of 
the linear model represent the fitting errors in flow reduction rate and 
interval time, respectively. To assess instrument reproducibility, 
Brownian motion of particles was measured in an Intralipid (Liposyn 
III, Abbott Laboratories, Chicago, IL) phantom (1%) with known 
reduced scattering coefficient (l sV = 10  cm  1) and  absorption  
coefficient (la = 0.02 cm 1; ref. 32) at 785 nm. The coefficient of 
variation of multiple measurements (n = 10) with multiple separations 
(1-3.5 mm) was <3%. 

Broadband diffuse reflectance spectroscopy. To quantify tissue optical 
properties and determine tissue hemoglobin oxygen saturation (SO2), 
broadband reflectance spectrometric measurements were made at times 

15 minutes before PDT and 20 minutes, 3, and 6.5 hours after PDT. The 
broadband reflectance spectrometer collected reflectance spectra, 
determined by tissue scattering and absorption, at many source-detector 
separations. Based on the absorption data, tissue concentrations of 
chromophores such as oxyhemoglobin (HbO2) and deoxyhemoglobin 
(Hb) were calculated. This instrument has been described in detail in 
recent publications (33, 34). Briefly, the system consists of a 250-W 
quartz tungsten halogen lamp (Cuda Fiberoptics, Jacksonville, FL), a 
hand-held surface contact fiber optic probe, a spectrograph (SpectraPro-
150, Acton Research, Acton, MA), and a liquid nitrogen–cooled CCD 
camera (LN/CCD-1100-PF/UV, Roper Scientific, Trenton, NJ) to image 
the reflectance spectra from multiple detection fibers simultaneously. 
The fiber optic probe consisted of a 400-Am-diameter source fiber and 
10 colinear 400-Am-diameter detection fibers at various source-detector 
separation distances. Due to poor signal at larger source-detector 
separation distances and failure of the diffusion model at very small 
source-detector separation distances, only signals from the detection 
fibers with the second and third shortest source-detector separation 
distances, 1.2 and 1.8 mm, were used in our algorithm to calculate 
tumor optical and physiologic properties, including HbO2 and Hb. 
From this information, the total hemoglobin concentration (THC = 
cHbO2 + cHb) and the tissue hemoglobin oxygen saturation (SO2 = 
cHbO2/THC) were calculated. SO2 typically had a coefficient of variation 
of <1.5% in a single location and f2% to 7% when averaged over the 
whole tumor. The latter is a function of both instrument-introduced 
variability (<1.5%) and heterogeneous oxygen distribution within the 
measured tissue (tumor). In previous studies, the broadband reflectance 
spectrometer was validated through the creation of the Hill curve for a 
tissue phantom of human or mouse erythrocytes over the course of its 
deoxygenation. The difference between the smoothed fit to the 
measured oxygen dissociation curve and published values was <5% 
(33, 34). 

Power Doppler Ultrasound Imaging. Power Doppler ultrasound 

imaging of tumor perfusion was done with a broadband 12-5 MHz 
transducer using a Philips ATL 5000 (Philips ATL, Bothell, WA) 

ultrasound scanner. Imaging was done under ketamine/xylazine 

anesthesia (150/10 mg/kg) at times 15 minutes before, 15 minutes 

after, 3 hours after, and 6.5 hoursafter PDT; mice were kept warm on 

a heating pad. Over a period of 5 to 10 minutes, f10 images were 

acquired of each tumor. The pulse repetition frequency, color gain, and 

wall filters were held constant for all images. In power Doppler images, 

tissue regions with blood flow are coded in color. The hue, brightness, 

and value of the color represent the strength of the Doppler signal and are 

related to the concentration of the moving RBC. The color level is 

expressed in arbitrary units from 0 to 100, where the values 0 and 100 

represent no power Doppler signal and maximum power Doppler signal, 

respectively. On each image, the tumor was identified and outlined as the 

region of interest based on a grayscale scan. Within the region of interest, 

the color-weighed fractional area was calculated as the product of 

the fractional area (ratio of colored to total pixels in the image) and the 

mean color level (the sum of the integrated power values divided by 

the number of colored pixels) as described earlier (35, 36). The average 

color-weighed fractional area was calculated from all images for each 

mouse at each time point and studied as a measure of tumor perfusion. 

Because mean color level represents RBC flux and fractional area covered 

by the colored pixels represents the area of perfusion, the product 

of the two is proportional to the blood volume moving through the 

image plane. 
Statistics. Statistical analyses were carried out using R v.1.70 (free 

software, http://www.r-project.org) and Microsoft Excel 2000. For 
descriptive purposes, figures display means and SEs or SDs based on 
the individual data collected at each time point. However, for the 
purposes of statistical testing, we used SEs based on data modeled over 
all time points using the methods described below. Mixed effects 
models were used to compare blood flow patterns in animals measured 
by DCS versus power Doppler (37). The mixed effects model is 
an analysis of variance in the sense that it accounts for multiple 
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experimental factors as well as allowing for correlations between 
repeated measurements on the same animal. For the comparison of 
DCS and power Doppler, the model included time, modality (power 
Doppler versus DCS), and treatment (control versus PDT) as main 
effects and included interaction terms between time and treatment to 
allow the effect of PDT to differ over time. Based on the Akaike 
Information Criteria, separate random effects were used to model the 
interanimal variance for animals measured with power Doppler and 
DCS, with a common random error term to model the intra-animal 
variance (37). Separate analyses were also carried out to assess the 
effects of time and treatment on SO2 and rBF. Likelihood ratio tests 
were used to assess the significance of the differences in SEs among 
power Doppler and DCS-measured animals and to assess the 
significance of the grouping factors (e.g., DCS versus power Doppler 
and PDT versus control; ref. 38). We used the results from the model to 
estimate average outcome for each time point for control and PDT-
treated animals and as the basis of a Wald test comparing variables 
(rBF and SO2) at individual time points to their baseline. All tests were 
two sided and used a type I error rate of 0.05. 

The association between rBF and SO2 or time-to-400 mm3 was 
assessed for the best-fit model (linear, log, or exponential), as de-
termined by the correlation coefficient (r 2). The statistical significance 
of this association was determined by a Wald test comparing the slope 
of the model to a slope of zero. 

The Wilcoxon rank sum test was used to compare rBF or treatment 
durability between animals with and without hydralazine. 

Re ult  

Diffuse correlation spectroscopy and power Doppler ultrasound 
measure similar changes in relative blood flow after photodynamic 
therapy. DCS measurement of tumor blood flow was validated 
through comparison with power Doppler measurement of 
moving blood volume in tumors treated with the same PDT 
treatment conditions (5 mg/kg Photofrin, 135 J/cm2, 75 mW/ 
cm2). Data from both instruments were expressed as the rBF 
(i.e., as a percentage of the baseline value measured over the 10 
minutes before PDT). Figure 2 shows that DCS and power 
Doppler ultrasound detected similar changes in tumor blood 
flow at times 15 minutes, 3, and 6.5 hours after control (Fig. 2A) 
or PDT (Fig. 2B) treatment. The model-based estimate of the 
mean difference between rBF measured by DCS versus power 
Doppler was 11.5% (95% confidence interval, 19.0 to 42.0), 
a difference which was not statistically significant (P = 0.45) 
and which suggested overall good agreement between the 
averages estimated by the two modalities. 

Tumor blood flow fluctuates significantly during photodynamic 
therapy. Compared with power Doppler, DCS offers the ad-
vantage of continuous blood flow monitoring during the 
delivery of the 630-nm illumination for Photofrin-PDT. Using 
DCS, relative blood flow was measured continuously beginning 
10 minutes before the start of PDT until 15 minutes after the 
conclusion of PDT. Rapid changes in rBF were detected over the 
course of the 30-minute PDT treatment. Averaged traces of rBF 
during control or PDT treatment of animals are shown in Fig. 3. 
In unphotosensitized controls (Fig. 3A), minor fluctuations in 
rBF were detected during illumination. In PDT-treated animals 
(Fig. 3B), a rapid increase in rBF occurred during the first 
10 minutes of treatment, peaking at 168.1 F 39.5% (average F 
SE) of the baseline. This increase was remarkably consistent 
among animals, and the peak occurred within the first f1 to  
10 minutes of treatment (range, 0.9-10.5 minutes). Following 
its PDT-induced increase, rBF decreased to 59.2 F 29.1% 

Fig. 2. rBF measured by DCS (o) a d power Doppler ultrasou d (4) at  15  
mi utes, 3, a d 6.5 hours after co trol (A) or  PDT  (B) treatme t. Photofri -PDT 
do e to 135 J/cm2 at 75 mW/cm2; co trols received illumi atio , but  o Photofri . 
rBF at each time poi t was calculated as the perce tage of the baseli e value, 
measured i the same a imal over the15 mi utes before PDT. Poi ts, average; 
bars, FSE. Fiftee  treated a d 10 co trol a imals were evaluated by DCS; five 
treated a d 5 co trol a imals were evaluated by power Doppler (at 3 hours, o ly 
four a imals were available). 

(average F SE) of baseline. On average, the first minimum was 
reached at 16 minutes after the start of treatment, but the time 
to the trough varied widely among tumors (range, 4.0-24.2 
minutes). Tumors that reached this first trough at shorter times 
after the beginning of treatment tended to exhibit subsequent 
distinctive peaks and declines in rBF. However, these additional 
peaks were of a smaller magnitude than the initial increase in 
rBF. Representative examples of a tumor that showed a single 
peak in rBF versus one that showed three peaks are shown in 
Fig. 3C and D, respectively. 

To characterize the PDT-induced changes in rBF during 
illumination, the following variables were defined: the maxi-
mum differential flow (rBFmax rBFmin), interval time (Tmin 

Tmax), and flow reduction rate (maximum differential flow / 
interval time). Here the rBFmax and rBFmin are the maximum and 
minimum flow of the first peak, respectively (see Fig. 3C and D). 
Tmin and Tmax are the time points when flow reaches the rBFmax 

and rBFmin. Analysis of animals with multiple peaks in rBF was 
based on the first peak because it was the most consistent, as 
well as generally the highest. In PDT-treated animals, maximum 
differential flow ranged from 61.8% to 137.1%, interval time 
ranged from 2.2 to 15.6 minutes, and flow reduction rate ranged 
from 4.4 to 45.8 minute 1. Thus, substantial variability was 

Clin Cancer Re  2005;11(9) May1, 2005 3546 www.aacrjournal .org 

A 

150 

~ 100 
µ.. 

'l3 
50 

0 
0 1 2 3 4 5 6 7 

B 

150 

~ 
100 

µ.. 

'l3 
50 ·---
0 

0 1 2 3 4 5 6 7 
Time (h) 

www.aacrjournals.org


Noninva ive Blood Flow Monitoring During PDT 

found in the dynamics of vascular responses to PDT among 
animals treated with the same protocol. We expected decreases 
in tumor blood flow during PDT to be treatment limiting as a 
consequence of accompanying decreases in oxygen supply. To 
test this hypothesis, the association between vascular response 
during Photofrin-PDT and the long-term response of animals to 
treatment was evaluated. 

Blood flow dynamics during photodynamic therapy predict 
treatment durability. Radiation-induced fibrosarcoma–bearing 
animals were monitored for rBF during PDT and followed 
for the durability of treatment response, measured as the 
time for tumor growth to a volume of 400 mm3 (time-to-
400 mm 3). No association was detected between starting 
tumor volume and time-to-400 mm3 in controls (mean volume 
F SE, 103.1 F 6.1 mm3; P = 0.31, r 2 = 0.13) or PDT-treated 
animals (mean volume F SE, 109.1 F 13.3 mm3; P = 0.70, r 2 = 
0.01). In control animals, time-to-400 mm 3 was highly 
consistent and ranged from only 3 to 6 days. In contrast, time-
to-400 mm3 ranged from 7 to 24 days in the PDT-treated 
animals. In these animals, the relationship between time-to-
400 mm3 and tumor blood flow dynamics during PDT, 
characterized by flow reduction rate, maximum differential 
flow, and interval time was explored. 

The association between flow reduction rate and treatment 
durability is plotted in Fig. 4A. Flow reduction rate was highly 

Fig. 3. Averaged traces of rBF duri g illumi atio of10 co trol (A) a d 15 PDT- Fig. 4. Correlatio  betwee  treatme t durability (time-to-400 mm3) a d  flow  
treated mice (B) a d represe tative traces of blood flow i  PDT-treated tumors with reductio  rate (A) or i terval time (B) duri g PDT. Flow reductio  rate is the slope of 
a si gle (C) or multiple peaks (D) i flow. Photofri -PDTdo e to135 J/cm2 at 75 the decrease i blood flow after its i itial PDT-i duced i crease, a d i terval time is 
mW/cm2; co trols received illumi atio , but  o Photofri . rBF was calculated as the the time differe ce betwee  rBFmax a d rBFmi  (see Fig. 3). A imals (n = 15)  
perce tage of the baseli e value, measured i  the same a imal over the 15 mi utes received Photofri -PDT to 135 J/cm2 at 75 mW/cm2. SE i  flow reductio  rate a d 
before PDT. Poi ts, average; bars, FSE (A a d B) or  FSD (C a d D). rBFmax a d i terval time ra ged from 0.3 to 5.6 (media  = 0.6) a d 0.1to 0.6 (media  = 0.4), 
rBFmi  are the maximum a d mi imum, respectively, of the first peak i  blood flow. respectively. 
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correlated with time-to-400 mm3 (P = 0.0002, r 2 = 0.67), 
whereby tumors with rapid decreases in rBF during PDT 
(higher values of flow reduction rate) showed shorter growth 
delays after treatment. A doubling of flow reduction rate du-
ring PDT led to a decrease in the time-to-400 mm3 by 4.2 F 
0.8 days (average F SE). Flow reduction rate is the slope of 
the decrease in rBF during PDT and defined as maximum 
differential flow / interval time. The association between flow 
reduction rate and treatment durability was a function of 
interval time but not of maximum differential flow. The 
interval time (Fig. 4B) was significantly correlated with tumor 
time-to-400 mm3 (P = 0.0001) and displayed a better fit to 
its model than the association between flow reduction rate 
and time-to-400 mm3 (r 2 = 0.79 versus 0.67, respectively). 
A 10-minute increase in interval time was associated with 
a 6.28 F 1.16 day increase (average F SE) in the time-to-
400 mm3. No association (P = 0.89, r 2 = 0.1) between maxi-

3 mum differential flow and time-to-400 mm was detected. 
Blood flow dynamics during photodynamic therapy of tumors 

with altered pretreatment flow. To assess the value of blood 
flow monitoring during PDT in the presence of altered baseline 
flow, animals were injected with the vasodilating drug 
hydralazine at 10 minutes before illumination. Two injected 
doses of hydralazine were tested, 2.5 and 5 mg/kg. Hydrala-
zine moderately decreased tumor rBF (discussed in more 
detail below) but failed to affect the overall tumor response; 
time-to-400 mm3 ranged from 9 to 22 days in PDT-treated, 
hydralazine-dosed animals, compared with 7 to 24 days in 
animals treated with the same PDT protocol in the absence of 
hydralazine. Hydralazine injection also failed to affect the 
response of controls (range, 2-5 days in time-to-400 mm3). A 
sample trace of tumor rBF from 10 minutes before hydralazine 
injection through 15 minutes after PDT is shown in Fig. 5A. On 
average, hydralazine at 2.5 mg/kg resulted in rBF reduction to 
60% at 10 minutes after injection, whereas an injected dose 
of 5 mg/kg resulted in rBF reduction to 49%. After beginning 
PDT, rBF increased slightly and declined; hydralazine dose had 
no effect on the magnitude or timing of PDT-induced changes 
on rBF. As found in the previous study (no hydralazine 
administration), interval time was significantly correlated (P = 
0.016, r 2 = 0.50) with tumor time-to-400 mm3 (Fig. 5B) in 
animals that received hydralazine and PDT. Also similar to 
the results of the previous study, flow reduction rate was not 
as strong as interval time in its predictive power. The flow 
reduction rate approached (P = 0.08) but did not achieve 
statistical significance in its association with time-to-400 mm3 

in the hydralazine-treated animals. 
Relative blood flow and oxygenation of tumors decrease after 

photodynamic therapy. PDT-induced changes in tumor blood 
flow were followed for up to 6.5 hours after completion of 
treatment. rBF progressively decreased with time after PDT in 
treated mice (see Fig. 2B) but was relatively stable in control 
animals (see Fig. 2A). Over time, differences between the control 
and PDT-treated groups were statistically significant (P < 0.0001). 
In the PDT-treated animals, rBF measured by DCS at 15 minutes 
after the conclusion of PDT was 93.8% of its baseline (P = 0.44). 
However, by 3 hours after PDT, rBF significantly decreased 
(P < 0.0001) to 43.7% of the baseline value. A slightly greater 
reduction was found at 6.5 hour after PDT, when average rBF 
was 30.2% (P < 0.0001) of its baseline value. The SE for each 
average based on data from all the time points was 7.8%. 

Fig. 5. Represe tative trace of rBF i  the tumor of a  a imal treated with 
hydralazi e (2.5 mg/kg, i.v.) 10 mi utes before Photofri -PDT to 135 J/cm2 at 
75 mW/cm2 (A). Poi ts, average; bars, FSD. Correlatio  betwee  treatme t 
durability (time-to-400 mm3) a d i terval time i  a imals receivi g hydralazi e 
(2.5 or 5 mg/kg, i.v.) a d Photofri -PDT to 135 J/cm2 at 75 mW/cm2 (n = 11;  B). 
I terval time is the time differe ce betwee  rBFmax a d rBFmi . SE i  i terval time 
ra ged from 0.1 to 0.5 (media  = 0.3). 

Changes in other tumor physiologic variables may be 
expected to accompany the decreases in blood flow after PDT. 
Specifically, we measured tissue hemoglobin oxygen saturation 
(SO2) of the same tumors followed for blood flow. In the PDT-
treated animals, average tumor SO2 at 15 minutes before PDT 
was 35.7%. The SO2 increased slightly to 47.2% at 20 minutes 
after PDT (P = 0.022) and decreased to 19.7% and 8.4% at 3 
and 6.5 hours after PDT, respectively (Fig. 6). The decreases in 
SO2 at 3 and 6.5 hours after PDT were also both significant 
relative to the pre-PDT value (P = 0.0018 and P < 0.0001, 
respectively). The SE for each average, based on data from all 
the time points was 4.5%. In unphotosensitized, light-treated 
control animals the average SO2 ranged from 26.2% to 29.4% 
across all time points; no differences across time were detected 
and the SE of the estimate was 5.5%. Differences in patterns of 
mean SO2 over time between control and PDT-treated groups 
were highly significant (P < 0.0001). 

Relative blood flow and oxygenation of tumors after photody-
namic therapy predict treatment durability. Decreases in rBF 
and SO2 at 3 and 6.5 hours after PDT are consistent with the 
progressive development of PDT-induced vascular damage, 
leading to tumor cell death. The association between delayed 
PDT vascular effects and the durability of tumor response 
(time-to-400 mm3) was evaluated (Fig. 7). A highly significant 
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Fig. 6. SO2 after PDT i  treated (o) a d co trol (4) mice.  SO2 is the absolute 
value measured by broadba d diffuse reflecta ce spectroscopy. Poi ts, average; 
bars, FSE. Photofri -PDT do e to 135 J/cm2 at 75 mW/cm2. Te  co trols a d 15 
PDT-treated a imals were evaluated (at 20 mi utes, 3, a d 6.5 hours, o ly 14 
PDT-treated mice were available). 

negative correlation (P < 0.0001, r 2 = 0.8) was detected bet-
3 ween rBF at 3 hours after PDT and tumor time-to-400 mm 

(Fig. 7A). This association indicates that tumors with larger 
reductions in rBF after PDT require more time for growth. A 
model describing these data indicates that a doubling of the rBF 
at 3 hours after PDT leads to a 7.00 F 0.95 day (average F SE) 

3decrease in tumor time-to-400 mm . rBF at 6.5 hours after PDT 
was also highly correlated (P < 0.0001, r 2 = 0.75) with tumor 
response (data not shown). A model of the effect at 6.5 hours 
indicates that a doubling of the rBF leads to a 5.86 F 0.94 day 
decrease in time-to-400 mm3, very similar to that found at 
3 hours. 

Tumor SO2 at 3 hours after PDT was also predictive (P = 
0.015, r 2 = 0.40) of tumor response (Fig. 7B); as expected, 
decreasing tumor SO2 was associated with increasing tumor 

3time-to-400 mm . A model of these data indicates that for each 
1% increase in SO2 the time-to-400 mm3 was reduced by 0.17 
days. Accordingly, an increase in tumor SO2 from 0% to 10% at 
3 hour after PDT resulted in a 1.70 F 0.56 day decrease in 
treatment durability. The effect of tumor SO2 at 6.5 hours after 

3PDT on time-to-400 mm was not modeled because half of the 
available data (7 of 14 animals) had a value of ‘‘zero’’. 

Animals that received hydralazine were also evaluated for an 
association between rBF at 3 hours after PDT and treatment 
durability. Hydralazine injection resulted in significant (P = 
0.005) decreases in rBF at 3 hours compared with that in mice 
treated with PDT alone (rBF range, 12-44% and 19-79%, 
respectively). No association between treatment durability and 
rBF at 3 hours after PDT in hydralazine-treated mice was 
detectable. 

Blood flow dynamics during photodynamic therapy predict 
vascular responses to treatment. PDT effects on tumor rBF both 
during and after treatment were individually predictive of the 
tumor response. This led us to investigate the presence of an 
association between rBF during PDT and the development of 
delayed vascular damage, measured by changes in rBF after 
PDT. The correlation between rBF at 3 hours after PDT and 
interval time during PDT is plotted in Fig. 8. These data were 
highly correlated (P = 0.0003, r 2 = 0.75), whereby increasing 

Fig. 7. Correlatio  betwee  treatme t durability (time-to-400 mm3) a d  rBF (A) 
or SO2 (B) at 3 hours after PDT (n = 15). Photofri -PDTdo e to135 J/cm2 at 
75 mW/cm2. A li ear-to-log regressio  was used to test for a  associatio  betwee  
treatme t efficacy a d rBF, whereas a li ear regressio  was used to test for a  
associatio  betwee  treatme t efficacy a d SO2 because the latter data co tai ed 
ma y ‘‘zeros’’. SD ra ged from 0.8 to 13.7 (media  = 3.9) i  rBF a d from 0 to 50.1 
(media = 14.9) i SO2, reflecti g a highly heteroge eous tumor microe virome t at 
this time poi t. 

interval time predicted for larger decreases in rBF at 3 hours. 
Similarly, interval time was correlated with rBF at 6.5 hours 
after PDT (P = 0.00028, r 2= 0.65) and with SO2 at 3 hours after 
PDT (P = 0.027, r 2 = 0.35; data not shown). 

Di cu  ion 

The antivascular effects of Photofrin-mediated PDT have 
been well studied (39), and many second generation photo-
sensitizers also create prominent vascular responses (40). 
Methods, both invasive and noninvasive, for investigating vas-
cular damage during or after PDT include intravital microscopy 
(39, 40), laser Doppler (17, 41), power Doppler, and optical 
coherence tomography (19). The study of tumor blood flow 
during PDT has been technically challenging, especially by 
noninvasive methods. In the present study, we show that DCS 
can be used to follow changes noninvasively in tumor rBF 
during and after PDT. The relevance of these measurements 
was shown by correlative studies of the association between rBF 
and treatment durability (time-to-400 mm3). Overall, these 
data show the utility of DCS for monitoring PDT-created 
changes in the rBF of tumors and the potential dosimetric value 
of such measurements. Translation of this technology to the 
clinic could, in some instances, require modification of the 
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Fig. 8. Correlatio  betwee  rBF at 3 hours after PDTa d i terval time duri g PDT. 
I terval time is the time differe ce betwee  rBFmax a d rBFmi  (see Fig. 3). A imals 
(n = 15) received Photofri -PDT to 135 J/cm2 at 75 mW/cm2. 

probe-tissue interface. For example, a fiber-bundled probe 
consisting of source and detector fibers can be used for 
monitoring of tumor blood flow responses during interstitial 
PDT applications. 

Monitoring of blood flow by DCS has been studied 
extensively in normal tissue such as brain and muscle 
(22–24, 28). In the present report, DCS technology with a 
unique noncontact probe was used to measure rBF in murine 
tumors. The near-IR illumination used for DCS enables the 
measurement of tissue depths up to 15 mm (24, 28); however, 
source-detector separation determines the depth of tissue 
sampled. Source-detector distances ranging from 1 to 3.5 mm 
were used for tumors in this study, providing blood flow data 
from a depth of 0.5 to 1.7 mm. This distance places the 
measurements below the murine skin and well into the tumor, 
deeper than that achieved by other optical techniques. It offers 
the advantage of measuring a relatively central slice of tumor 
with minimum contribution of signal from the overlying skin 
or underlying muscle. Furthermore, measurement of greater 
tumor depths is possible in tumors of larger size that can 
accommodate more widely spaced source-detector distances. 
Validation of DCS measurement of radiation-induced fibrosar-
coma tumor oxygenation after PDT was provided by compar-
ison with tumor perfusion measured by power Doppler 
ultrasound in animals treated with identical PDT conditions. 
The two methods detected similar rBF after PDT or light 
treatment with a mean difference of 11.5%, which was not 
statistically significant (P = 0.48). Furthermore, decreases in rBF 
to 43.7% and 30.2% at 3 and 6.5 hours after PDT were closely 
reflected by decreases in tumor oxygenation (SO2) to 52.2% 
and 23.5% of the baseline value, measured by broadband 
reflectance spectroscopy at respective time points. 

One limitation of DCS hemodynamic measurements is the 
difficulty in quantifying absolute blood flow levels. Data pre-
sented are rBF, calculated as blood flow at the time point of 
interest normalized to the pre-PDT flow. Nevertheless, the 
present data indicate rBF measurement is sufficient and even 
possibly the preferred method for monitoring of PDT 
responses. To characterize blood flow during PDT, we 
calculated the time over which blood flow decreased to a 
minimum after the first PDT-induced peak in flow (interval 

time). Because all animals were treated with the same PDT 
fluence and fluence rate, the time (in minutes) provided a 
rational means of comparing among animals. Alternative 
variables, such as the fluence range over which blood flow 
decreases or the percentage of the total treatment encompassed 
by the decrease potentially could be valuable for comparisons 
among animals receiving different treatments. 

A distinct advantage of DCS is the ability to monitor rBF 
noninvasively over the course of PDT. Few others have followed 
blood flow during PDT. Studies by Pogue et al. (17) using laser 
Doppler between light fractions detected PDT-induced average 
decreases in blood flow; however, values for individual animals 
were not reported. Fingar et al. (39) used intravital microscopy 
to measure constriction of the arteries of rat muscle treated with 
Photofrin-PDT. They divided vasoresponses into two categories: 
vessels that remained constricted through at least 1 hour after 
PDT and vessels that showed relaxation during or shortly after 
treatment. Our data indicate an initial treatment-induced 
increase in tumor rBF followed by a reduction in rBF and 
subsequent peaks and declines. Oscillations of the same 
magnitude were not found in the rBF of light-treated control 
animals, and only small increases in tumor temperature 
(<1.5jC) were measured during PDT. We suggest transient 
increases in rBF upon illumination may be a physiologic 
response to hypoxia created by photochemical oxygen con-
sumption. It is well known that hypoxia initiates vasodilation 
in the systemic arteries of normal tissues (42). In tumors 
receiving PDT, treatment-created increases in rBF may be 
accompanied by the production of reactive oxygen species 
at the vascular endothelium, leading to vasoconstriction. 
Resulting limitations to the oxygen supply may offer vessels 
protection from continuing photochemical damage, thus 
facilitating a possible recovery in blood flow. The kinetics of 
changes in tumor oxygenation versus blood flow during PDT 
are best determined by direct measurement of both variables 
during illumination; we are currently developing technology 
capable of such measurements. 

Previous investigations of PDT antivascular effects have 
compared the average vascular response of one group of 
animals with the tumor response of a separate group, treated 
with the same condition (7, 8, 13). The value of hemodynamic 
monitoring in the same animal subsequently followed for 
tumor response has been little tested. Thus, we sought to show 
the potential therapeutic usefulness of noninvasive blood flow 
measurements as a tool to predict treatment efficacy. Tumor rBF 
at both 3 and 6.5 hours after PDT was significantly associated 
with treatment durability. Tumor SO2 at 3 hours after PDT also 
predicted tumor response, independent of data on rBF. As to be 
expected, tumors with more severe PDT-created declines in rBF 
or SO2 exhibited a longer delay in growth. 

To study the association between tumor blood flow during 
PDT and treatment response we characterized rBF during PDT 
by the duration (interval time) and slope (flow reduction rate) 
of its decline after the initial PDT-induced peak in flow. The 
length of this decline in rBF was variable among animals, with 
the minimum value reached between 4 and 24 minutes after 
the beginning of treatment. Those animals with slower declines 
in rBF, characterized by a larger interval time and smaller flow 
reduction rate, showed a more durable treatment response. 
Furthermore, these animals also had enhanced post-treatment 
vascular shutdown, determined via rBF and SO2 measurement 
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at 3 hours after PDT conclusion. These findings are consistent 
with the hypothesis that treatment efficacy is a function of 
tumor oxygenation during PDT: under oxygen-limiting con-
ditions (i.e., rapidly declining blood flow), treatment efficacy 
was abrogated. Although tumors with rapid declines in rBF 
commonly exhibited subsequent peaks, these peaks were small 
in magnitude relative to the initial increase in rBF and likely 
provided limited benefit to tumor oxygenation. 

Further testing of the value of hemodynamic monitoring 
during PDT was done in animals with significantly depressed 
pre-PDT blood flow due to administration of the vasodilating 
drug hydralazine. As shown by others (43), we found 
hydralazine to reduce tumor blood flow, likely through a 
‘‘steal’’ effect following systemic drug-induced vasodilation. 
However, hydralazine itself did not significantly affect the 
durability of the PDT tumor response. The failure of a pre-PDT 
decrease in blood flow to affect treatment durability can be 
explained in several ways. First, others have also shown that 
mild pretreatment hypoxia induced by vasoactive drugs fails to 
abrogate long-term PDT tumor response (44). Second, DCS 
measurements show an average decrease of 40% to 50% in the 
blood flow of hydralazine-treated mice; however, the absolute 
value of the blood flow measurement was not measured. It is 
surely possible that the absolute value of blood flow in poorly 
perfused tumors that didn’t receive hydralazine was similar to 
well-perfused tumors that did receive hydralazine, even after a 
40% decrease in flow. Such overlap is not visible in our 
measurements because we necessarily report values relative to 
that found pretreatment (either PDT or hydralazine), yet it 
would clearly affect the differential in absolute tumor response 
(measured as treatment durability) between the hydralazine-
treated and hydralazine-free groups. Finally, it is relevant to 
note that even during PDT the magnitude of the change in 
blood flow (rBFmax rBFmin; i.e., maximum differential flow) 
was not associated with treatment durability; this is consistent 
with the observation that a change in the magnitude of blood 
flow before PDT did not strongly affect tumor response. 

Despite depressed pre-PDT blood flow in hydralazine-treated 
mice, the PDT-induced change in rBF (interval time) remained 
predictive of tumor response, in excellent agreement with the 
strong correlation between interval time and PDT response in 
hydralazine-free animals. In other words, interval time in mice 
given hydralazine was in the same range (f5-18) as interval 
time in PDT-treated mice not exposed to hydralazine (f2-16); 
consequently, DCS measurements predict, and are correct in 

their prediction, that the two groups of animals should 
exhibit similar tumor responses. These findings suggest that 
PDT effect on blood flow during illumination may be more 
informative of tumor response than level of preexisting flow 
(presumably above a minimum threshold). It agrees with our 
recent finding that the normalized change in radiation-induced 
fibrosarcoma tumor oxygenation (SO2) immediately after to 
before Photofrin-PDT is a stronger predictor of the tumor 
response than preexisting oxygen levels (33). 

In animals that received hydralazine, no association between 
rBF at 3 hours after PDT and treatment durability could be 
detected. This is in stark contrast to the strong association 
between rBF at 3 hours after PDT and treatment response in 
animals free of hydralazine. Hydralazine-dosed animals 
showed significantly greater reductions in rBF at 3 hours after 
PDT than did animals that received PDT alone. This effect 
seems a consequence of the added insult of PDT after 
hydralazine administration because hydralazine-dosed, light-
treated control animals showed full blood flow recovery by 
3 hours after illumination (average rBF F SE = 105.2 F 15.9%). 
Thus, at the 3-hour time point, it is not possible to separate the 
effects of PDT versus those of hydralazine on rBF; yet, it is 
known that hydralazine plus PDT did not significantly enhance 
tumor response compared with PDT alone. The contribution of 
hydralazine to rBF responses at 3 hours, in the absence of any 
accompanying effect on a long-term tumor response, con-
founds any attempt to correlate these variables. 

In conclusion, we have shown that near-IR diffuse correlation 
spectroscopy can be used to monitor tumor rBF noninvasively 
during and after photodynamic therapy. PDT-induced changes 
in rBF during treatment were significantly associated with 
subsequent decreases in rBF and SO2 in the hours after PDT. 
Furthermore, each of these variables, rBF during PDT, rBF after 
PDT, and SO2 after PDT, individually predicted treatment 
durability. Similar studies using different PDT photosensitizers 
are ongoing. However, many photosensitizers exhibit a vascular 
component to PDT response, suggesting a potential role for 
blood flow monitoring as tool for real-time PDT treatment 
planning or rapid (within hours) efficacy assessment. This 
research suggests that DCS measurements of blood flow are 
potentially useful for clinical PDT trials. 
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