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Abstract. We evaluate Photofrin-mediated photodynamic therapy 
(PDT) in a phase 2 clinical trial as an adjuvant to surgery to treat 
peritoneal carcinomatosis. We extract tissue optical [reduced scatter-
ing (ms8), absorption (ma), and attenuation coeffcients (meff)] and 
physiological [blood oxygen saturation (%StO2), total hemoglobin 
concentration (THC), and photosensitizer concentration (cPhotofrin)] 
properties in 12 patients using a diffuse refectance instrument and 
algorithms based on the diffusion equation. Before PDT, in normal 
intraperitoneal tissues %StO2 and THC ranged between 32 to 100% 
and 19 to 263 mM, respectively; corresponding data from tumor tis-
sues ranged between 11 to 44% and 61 to 224 mM. Tumor %StO2 is 
signifcantly lower than oxygenation of normal intraperitoneal tissues 
in the same patients. The mean (6standard error of mean) penetration 
depth (d) in millimeters at 630 nm is 4.8(60.6) for small bowel, 5.2 
(60.67) for large bowel, 3.39(60.29) for peritoneum, 5.19(61.4) for 
skin, 1.0(60.1) for liver, and 3.02(60.66) for tumor. cPhotofrin in micro-
molars is 4.9(62.3) for small bowel, 4.8(62.3) for large bowel, 3.0 
(61.0) for peritoneum, 2.5(60.9) for skin, and 7.4(62.8) for tumor. In 
all tissues examined, mean cPhotofrin tends to decrease after PDT, per-
haps due to photobleaching. These results provide benchmark in-vivo 
tissue optical property data, and demonstrate the feasibility of in-situ 
measurements during clinical PDT treatments. © 2005 Society of Photo-
Optical Instrumentation Engineers. [DOI: 10.1117/1.1854679] 
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1 Introduction 
Photodynamic therapy ~PDT! is a cancer treatment approved 
by the U.S. Food and Drug administration ~FDA! for treat-
ment of obstructing esophageal and lung cancers, and for m
croinvasive lung cancers.1 PDT is also an attractive treatment 
for superfcial lesions2 such as skin cancers,3–6 carcinoma in-
situ of the upper aerodigestive tract,7–9 and as an adjuvant to 
surgical debulking of serosal tumors such as pleural10–12 and 
peritoneal malignancies.13–15 Currently, no curative therapy 
exists for the disseminated intraperitoneal cancers. At the Un
versity of Pennsylvania we are evaluating Photofrin-mediate
PDT in patients with intraperitoneal ~IP! malignancies in a 
phase 2 clinical trial. We report in-vivo measurements of the 
tissue optical and physiological properties of patients enrolle
in this trial. 

PDT effcacy depends on concentrations of photosensitize
and oxygen in patient tissues, and on light delivery.1,16 The 
photoexcited sensitizer initiates a cascade of chemical rea
tions to form either oxidized products ~type 1 reaction! or 
singlet oxygen ~type 2 reaction!, leading to direct cytotoxicity 
or vascular damage, and subsequently, to tumor regressio
Oxygen is therefore a critical component of clinical PDT.17–19 

In addition, optical properties of tissues such as their absor
tion ma(l) and reduced scattering m8(l) coeffcients infu-s 
ence tissue light dose and affect PDT.20 Finally, the distribu-
tion of a photosensitizer within target tissues impacts
outcome. The availability of photosensitizer, light, and oxy-
gen and their relationship in time and space determines th
effcacy of PDT. 

In contrast to the highly sophisticated treatment planning
used, for example, in ionizing radiation therapy, PDT dosim
etry and treatment planning is still in its infancy. Most curren
FDA-approved clinical protocols do not employ light, oxy-
gen, or photosensitizer dosimetry. Even in clinical researc
protocols, only light dose is measured in situ; tissue optical 
properties are neither measured nor incorporated into trea
ment planning. Desirable ingredients for PDT dosimetry an
treatment planning include in-situ measurement of light dose, 
measurement of tissue oxygen, and quantitative measureme
of photosensitizer. When implemented properly, this informa
tion enables determination of explicit and implicit dose fac-
tors affecting PDT,21 and supports further development of 
concrete theoretical models of PDT mechanisms. 

Near-infrared spectroscopy ~NIRS! and NIR diffuse optical 
tomography ~DOT! have emerged as important techniques to
obtain tissue optical properties noninvasively.22 The intrinsic 
absorption sensitivity to these optical methods makes the
particularly attractive for measurement of tissue chro
mophores such as oxy-hemoglobin, deoxy-hemoglobin, tissu
parameters such as hemoglobin oxygen saturation, total h
moglobin concentration, as well as the concentration of othe
chromophores such as lipid, water, and photosensitizer. As
result there have been many investigations of in-vivo optical 
properties in animal organs23–28 and in humans.29–43 However, 
there have been relatively few human tissue studies during 
after PDT.44–49 
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Fig. 1 Schematic diagram of a broadband refectance spectrometer 
consisting of a halogen white light source, fber optic probe, mono-
chromator, and liquid nitrogen-cooled CCD camera. 

We have measured the optical properties of 12 pati
with intraperitoneal malignancies as part of an on-going P
trial using our broadband refectance spectroscopy system.50 

The measurements were performed with continuous w
~cw! NIRS instrumentation over a wide spectral range ~600 to 
800 nm!, before and after PDT treatment among various-
gans. To our knowledge, this is the frst report of noninvas
optical property measurement in human intraperitoneal tis
We have determined light penetration depth, blood oxy
saturation, total hemoglobin concentration, and drug con
tration of normal and cancerous tissues. This investigat
therefore, takes a frst step toward improving PDT dosime
we characterize the heterogeneity of these quantities with
spect to location, tissue type, and patient, and we explore
these properties change as a result of PDT treatment. 

2 Methods 
2.1 Instrument and Calibration 
Our broadband refectance spectrometer system50 is based on
recently developed optical instrumentation.51 The original de-
sign principle is due to Wilson, Farrell, and Patterson.52 A 
schematic diagram of the system is shown in Fig. 1. 
system has four major parts: light source, fber optic pr
head, dispersion system ~monochromator!, and charge
coupled device ~CCD! camera. We simultaneously collect ti
sue refectance spectra at many source-detector separati

Briefy, light from a 250-W quartz tungsten halogen lam
~Cuda Fiberoptics, Jacksonville, Florida! was coupled to the
tissue surface through the source optical fber. Diffuse l
refected back from the tissue surface was collected by a
ear array of detector fbers. Light from the detector fbers 
then coupled to the entrance slit of a monochromator ~Acton 
Research, Acton, Massachusetts!. The detector fbers we-
ranged in a vertical line within the entrance slit, with eq
spacing. The fber tips were imaged through the monoc
mator, and onto a liquid nitrogen-cooled CCD camera se
~Roper Scientifc, Trenton, New Jersey!. The grating d
persed the fber output light, creating a series of vertic
spaced bright strips in the image plane of the monochrom

1083-3668/2005/$22.00 © 2005 SPIE 
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~i.e., at the CCD!. Each strip represented the spectru
Rtissue(r,l) dispersed from a single detection fber with 
source-detector separation distance r. The average spectrum 
was obtained by binning vertically over 27 to 35 pixels. 

The nitrogen-cooled CCD camera contained 330 ~vertical! 
31100 ~horizontal! pixels ~24 mm! spread over an 8326 mm 
area. The pixel noise was ,1 electron/s at 173 K, and the 
CCD quantum effciency was 35% at 700 nm. The spectra
resolution was approximately 0.5 nm/pixel for our grating
~300 groves/mm!. We typically set the central wavelength to
620 or 700 nm, and we collected spectra in the 380 to 880 n
or 450 to 950 nm ranges, respectively. The integration tim
for measurements was approximately 100 ms. 

We used two linear fber optic probe heads for the IP-PDT
clinical data. One probe consisted of a source fber and s
detection fbers, each with 600-mm core diameter. The source-
detector separation distance r ranged from 1.3 to 7.8 mm; 
detection fbers were equally spaced. A second probe wa
similar, except the fber core diameters were 400 mm and the 
ten detection fbers were spaced nonuniformly with source
detector separation ranging from 0.6 to 10 mm. 

To account for the spectral features of the white ligh
source and the optical throughput of our detection system, w
took additional measurements immediately after each clinica
study using a 6-in.-diam integrating sphere ~LabSphere, Inco-
porated, North Sutton, New Hampshire!. A single optical f-
ber, coupling light from the same light source, illuminated the
integrating sphere through its 0.5-in.-diam opening; the fbe
optic probe head was placed in the other opening of the int
grating sphere to collect a calibration signal Rsphere(r,l). An 
effective measured refectance Rmeasured(r,l) was then calcu-
lated as: 

Rtissue~r,l!2Btissue~r,l! 
Rmeasured~r,l!5 . ~1!

Rsphere~r,l!2Bsphere~r,l! 

Here, Btissue(r,l) and Bsphere(r,l) are background spectra 
collected with the light source off. 

2.2 Patients and Clinical PDT Treatments 
All patients were enrolled in the phase 2 study of intraperito
neal PDT conducted at the Hospital of University of Pennsyl
vania. The primary endpoint of this study was to evaluate th
effectiveness of debulking surgery and adjuvant intraperito
neal photodynamic therapy utilizing Photofrin II. Patients
with ovarian cancer, sarcoma, or gastrointestinal malignancie
were enrolled in the study, and the protocol was amended 
include measurements of optical properties intraoperatively
All patients signed a study-specifc informed consent. Th

stitutional Review Board and the Clinical Trial Scientifc Re-
view and Monitoring committee of the University of Pennsyl-
vania Cancer Center. The protocol was conducted under a
investigator-sponsored investigational new drug applicatio
~IND! with the U.S. Food and Drug Administration. 

protocol was approved by the University of Pennsylvania In

Treatment details for intraperitoneal PDT are describe
elsewhere.14,15 Briefy, patients received Photofrin ~2.5 mg/kg! 
administered intravenously ~IV! approximately 48 h before 
surgery. Surgery consisted of debulking of all gross tumors t
a maximal residual thickness of 5 mm or less. Six sterile
photodiodes were placed in the right upper quadrant, left up
Journal of Biomedical Optics 014004
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per quadrant, right paracolic gutter, left paracolic gutter, 
midline pelvis to monitor light delivery in situ. The small and
large bowel, and mesentery were treated with 532-nm g
light using a fat-cut fber; dose was monitored with a mob
fat diode. The rest of the abdomen was then treated with
nm light. Prior to 630 nm light treatment, the peritoneal cav
was flled with an Intralipid solution ~0.01%!, which scattered
light and maximized light delivery to the peritoneal cavi
Light was delivered to all surfaces of the abdominal cavity
using an optical fber sheathed within a modifed endotrac
tube ~balloon cuff infated and flled with dilute Intralipid!. 

The cw absorption probe was sterilized prior to surge
Before and immediately after PDT treatment, the physic
placed the contact probe head on the tissue surface and
optical property measurements were taken. To minimize
tient time in the operation room, one measurement was ta
from each organ of each patient ~with the exception of some
tumor tissues!. Measurements reported here were taken 
normal tissues including small bowel, large bowel, per
neum, skin ~adjacent to the surgical incision!, and liver, 
well as from tumor tissue. 

2.3 Theory and Analysis of Optical Data 
Biological tissues such as these are often modeled as h
geneous turbid media with scatterers and absorbers. Ph
diffuse in such turbid media and their transport are reason
well described by a diffusion equation, i.e., 

]F~rY,t ! 
5¹ŁD¹F~rY,t !2vmaF~rY,t !1vS~Yr ,t !. ~2! 

]t 

Here, F(rY,t) is the photon fuence rate, in units of photo
2per cm per second; c is the vacuum speed of light, and v is

the speed of light in the turbid medium having refractive 
dex n such that v5c/n; D5v/@3(m 1ma)# is the photon8s 

(l) diffusion coeffcient; ma(l) and m are absorption and8s 
reduced scattering coeffcients, respectively; and S is an iso-
tropic source term that gives the number of photons emitte

 

position rY and time t, per unit volume per unit time. 
In our measurement scheme, source and detector fbe

side on the same tissue surface, separated by distance r along 
that surface. The tissue sample is then modeled as a s
infnite medium. The diffuse refectance 
R@r,ma(l),m (l)#. The solutions for R@r,ma(l),m (l)#8s s8 
from semi-infnite media with steady-state excitation are ws 

o known:51,53–57 

. 
 

R@r,ma ~l!,m ~l!#5C1F~r!1C2 j z ~r!,8s 

1 exp~2meffr 1! exp~2meffr 2! 
n F~r!5 2 ,F G4pD r 1 r 2 

F S D1S Dmeff1 
1 1 1exp~2meffr 1 ! 

1 12zbj z ~r!5
24p r 1 88m t r 1 m t

 1 exp~2meffr 2 ! 
 3 meff1 

2
. ~3! 

- r 2 
S r 2 

D G 
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where F~r! and j z(r) are photon fuence and fux rate, re-
(l), and ma(l). The spectively, and are functions of r, ms 

parameters zb , r 1 , and r 2 are derived from the extrapolated 
boundary conditions.54 C1 and C2 are constants that depend 

8 

on the relative refractive indices of tissues and detection f
bers, and on the numerical aperture of the detection fbers.51 

The fdelity of our measurements is improved substantially
because we use many optical wavelengths. For analysis w
employed a multiwavelength algorithm that simultaneously
fts all refectance spectra in the wavelength range of 600 
800 nm using multiple source-detector separation distance

s 

assumptions about m 
8To extract m (l) and ma(l), we have made two additional 

s 
sis even more: 1. ma(l)5( icie i(l), and 2. 

8(l) and ma(l) that stabilize the analy-

(l)5Al2B . 30,50,58 Here, e i(l) is the molar spectral absor-ms 
bance ~or the extinction coeffcient! of the i’th chromophores, 
and ci is equivalent to the molar concentration of the i’th 
chromophore. The major chromophores in the spectral rang
of 600 to 800 nm are oxy-(HbO2), deoxy-hemoglobin ~Hb!, 
water, and Photofrin. We obtained the extinction coeffcient o
oxy-, deoxy-hemoglobin, and water from the literature,59 and 
that of Photofrin by direct measurement using an absorptio

8 

(l)5Al2B has been spectrometer. The approximation s 
shown to follow from the Mie theory over our spectral range
and thus simulates tissue scattering reasonably well.30,31,60,61 

We directly reconstructed the concentrations cHbO2 , cHb , 
cwater , and cPhotofrin , and the parameters A and B using a 
nonlinearly constrained optimization method, FMINCON,
implemented in MATLAB ~The MathWorks, Incorporated, 
Natick, Massachusetts!. We constrained the upper and low
boundaries for each extracted quantity i.e., 0<A<107, 0 

8 

<B<3, 0<CHbO2, CHb<500 mM, 0<cPhotofrin<40 mM, 
and 0<cwater<1. The scheme minimizes x2, 

m 

Rmeasured~r,l! Rcalculated~r,l! 2 

x25 ( ( U 2 U . 
r l Rmeasured~r5r0 ,l! Rcalculated~r5r0 ,l! 

~4! 

Here, we have normalized both Rmeasured(r,l) and 
Rcalculated(r,l) to the spectrum of one source-detector separa
tion distance (r051.3 mm for the six detector fber probe and 
r051.2 mm for the ten detector fber probe!, respectively, be-
fore ftting. We defne ftting error j as j5Ax2/N, where N is 
the data size in order to compare the ftting performances 
tissue phantoms and tissue samples. 

At each separation distance, there are 441 data points w
spectral resolution 0.4545 nm/pixel. To save calculation time
we used half of the dataset ~221 data points! with spectral 
resolution 0.9091 nm/pixel for processing. The number o
separation distances employed determined the fnal number 
data points used for ftting. We reoptimized the combination
of separation distances for each sample for two reason
signal-to-noise degraded at large separation distances, and 
sue heterogeneities ~on the surface and below the surface!
sometimes altered ftting performance. The source detect
separation distances used in our analysis were typically b
tween 1 and 5.2 mm. We also empirically found that dat
from the r50.6 mm separation in the 10 detector probe intro
duced a large error while ftting. Therefore, we excluded thi
Journal of Biomedical Optics 014004
detector from our analysis. The typical processing time 
analysis of each clinical measurement is less than 3 s
700-MHz Pentium III processor. 

Using the reconstructed parameters A, B, and ci , we ob-
- tained cPhotofrin directly and calculated m (l), ma(l), attenu-s 

ma#, penetration depth
8 

ation coeffcients @meff(l)5A3ms 
 total hemoglobin concentration@d(l)51/meff(l)#, (cHbO2 
e and tissue blood oxygenation1cHb), @cHbO2 /(cHbO2 

8 

 1cHb)#. We report ms 
 is the treatment wavelength for Photofrin. Optical proper
. at other wavelengths between 600 and 800 nm can be c

8 , ma , meff , and d at 630 nm because i

lated from these data as well. Water content was not repo

ftting performance of the multiwavelength algorithm. This
in this study because its value was relatively insensitive to

probably because of its low absorption in the 600 to 800

e 

 

 

spectral range. Data from tissue phantoms were used for 
dating the instrument and algorithm, and are reported
mean, 6 standard deviation ~SD!, 6 standard errors of the
mean ~SEM, the SD divided by the square root of the num
of observations or sample size n!, and the coeffcient of varia
tion ~CV, the standard deviation divided by the mean!. Ac
racy is defned here as the measured value divided by the
value.
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2.4 Statistical Analysis of Clinical Data 
For the clinical study, measurements were collected on
patients. Duplicate measurements from the same tissue 
averaged prior to analysis. However, issues related to pa
care prevented us from taking measurements on all tissu
both before and after PDT time points, and from both tum
and normal tissues for all patients. To compare results f
different normal tissues, only data from those patients rec
ing measurements in all tissues before or after PDT were 
lyzed. To compare results before and after PDT, ratios w
formed for individual patients receiving measurements i
specifc tissue both before and after PDT. Similarly, tumor
normal tissue ratios of each parameter of interest were for
for each individual and used in the analysis. Statistical an
ses were carried out using the freeware R 1.7.0.62 

Because, to our knowledge, this is the frst report of dat
this type, we graphically present the data for individual 
tients, and we provide summaries of the data, i.e., med
and or means, together with either the SEM, standard err
the mean, or a 95% confdence interval ~95% CI! on the 
mean, and number of patients n. The confdence interval
were based on the T distribution and the estimated SEMs
95% confdence interval did not cover a hypothesized va
e.g., value 1.0 for a mean of a ratio, then it indicates that
means were signifcantly different from the hypothesiz
value. Similarly, if the p-value for a test was smaller tha
type 1 error rate of 0.05, we declared the test to be statisti
signifcant. All hypothesis tests were two-sided. Friedma
test, a nonparametric analog of a repeated measures an
of variance, was used to determine whether there were sig
cant differences in each optical and physiological prope
between at least one pair of normal tissue types.63 If signif-
cant differences were found, then a paired t-test was use
make pairwise comparisons among the tissues. By usin
global test for each parameter of interest ~Friedman’s test!
followed by a pairwise test in cases where the global 
d-4 January/February 2005 Vol. 10(1) 
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Fig. 2 Measured tissue blood oxygenation (%StO2), total hemoglobin concentration (THC), and Photofrin concentration (cPhotofrin) in hemoglobin 
phantoms using broadband refectance spectroscopy. (a) %StO2 was plotted versus electrode probe measured oxygen partial pressure (pO2). The 
solid line was ft to the data using an optimal P-spline. Dotted lines are approximately 95% confdence intervals on the mean ft. A human blood 
dissociation curve (dashed line) was plotted for comparison. (b) THC was measured at 50 (h) and 100 mM (s) and plotted versus time. (c) 
Individual measurements in the hemoglobin phantom with fve different Photofrin concentrations were plotted versus the number of measurements. 
Ten measurements were taken at each Photofrin concentration. (d) The mean and standard deviation of measured Photofrin concentrations were 
plotted versus the true concentration. The measurements underestimated the true concentration at lower concentration (<5 mM), but are accurate 
otherwise. 
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achieves statistical signifcance, we reduced the number 
tests used in the analyisis. Thus in Table 2, 46 pairwise tes
out of 96 possibilities were constructed. By using this ap
proach, we hoped to reduce the number of false positive tes

To compare parameters before versus after PDT, we d
not preceed our pairwise tests with a global test because 
certain parameters ~e.g., Photofrin concentration!, the number
of patients with measurements in all tissues was too small 
carry out the test. Descriptive statistics ~means of ratios and 
their associated 95% CIs! and hypothesis tests ~paired T-test! 
for these ratios were based on log-transformed data. Becau
measured concentrations of Photofrin were zero in some ti
sues, differences instead of ratios were used to analyze the
data, and the data were not log transformed. If the lower en
point of a 95% CI was negative, it was truncated to zero if 
negative value was meaningless. 

2.5 Validation of the Instrument and the Algorithm 
with Tissue Phantoms 
We validated the stability and accuracy of our instrument an
the global algorithm using tissue-simulating phantoms. Thre
types of phantom were used. One was a scattering phanto
Intralipid ~IL! at various concentrations to validate m . A 8s 
second phantom was a mixture of hemoglobin ~human blood! 
and Intralipid to validate the physiological properties of tota
hemoglobin concentration ~THC! and blood oxygen saturation 
(%StO2). Finally, Photofrin was added into the hemoglobin
phantom to validate Photofrin concentration. A magnetic stir-
ring rod was used during the phantom studies to insure sol
tion uniformity. 
Journal of Biomedical Optics 014004
f A 30% Intralipid solution was diluted to 0.5, 1, 1.5, a
21 at 830 nm, ts 2%. The solution had m 55, 10, 15, and 20 cm8s 

respectively, according to Mie theory approximations,60 which 
s. 
d 
predict that of 10% Intralipid is given by (18s s 

1 9 2.4 12 2 2) ( )( )with 2.54 10 l2 5 3@ # @ # @ #g cm nm cmm, s 

8 5msm m 

f and g51.12(0.5831023)(l @nm#). Then, the of X%8s 
X%IL3VX%IL 

m 
Intralipid was calculated using the relation m8s 

10%IL3V10%IL for given volumes (V) of 10% Intralipid
o 

8s 

and X% Intralipid and m 
5m 

se 

10%IL . The results from ten mea8s 
surements at each Intralipid concentration show that the m
surement coeffcient of variance ~CV! was typically less than-
0.3% and the measurement accuracy was 135, 106, 105se 
-101% for 0.5, 1, 1.5, and 2% IL, respectively. The rec
 

 
 
, 

structed for the lower concentration solution ~i.e., 8s s8 
<5 cm21 at 830 nm! was clearly overestimated. 

In the hemoglobin phantoms, we simultaneously mo
tored the oxygen partial pressure (pO2) by using a Clark-type
electrode probe. After adding fresh human blood into the 
Intralipid and waiting until a pO2 equivalent to air oxygen
concentration ~21% or 159.6 Torr! was achieved, the sampl
oxygenation was decreased by pumping nitrogen gas into
phantom solution continuously. Optical and partial press

m m 

-

measurements were taken in intervals that varied from 30
5 min depending on the speed of pO2 variation. The measured
blood oxygen saturation (%StO2) is plotted versus pO2 in 
Fig. 2~a!. The data were ft to a solid line in Fig. 2~a! using an 
optimal P-spline with 95% confdence intervals ~dotted lines! 
shown.64 The oxygen dissociation curve or Hill curve of h
man blood51 is also shown in the same fgure for comparis
d-5 January/February 2005 Vol. 10(1) 
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Table 1 Number of patients on whom optical property measure-
ments were performed in various organs before and after PDT. Nine 
tumor tissues were collected from the six tumor patients before PDT. 

Condition 
Small 
bowel 

Large 
bowel Peritoneum Tumor Skin Liver 

Before PDT 12 9 10 6 11 10 

After PDT 8 5 7 0 6 5 

~dashed line!. Compared to this Hill curve, the ftted curve
suggests %StO2 is slightly overestimated at low pO2 , and 
slightly underestimated at high pO2 . However, the difference 
between the smoothed ft and the theoretical values ~Hill 
curve! is less than 5%. 

The stability and accuracy of total hemoglobin concentra
tion ~THC! measurements were determined from similar he
moglobin phantoms having 0.8% IL and two different THC
concentrations of 50 and 100 mM, respectively, as shown in 

measures of THC were 44.861.3 and 111.563.5 mM with a 
corresponding coeffcient of variation ~CV! of 2.9% and 3.2% 
and an accuracy of 110.4% and 111.5%, respectively. Th

Fig. 2~b!. The mean values ~6SD! from 50 to 60 repeated 

stability of %StO2 , m , ma , and meff was also validated ins 
the hemoglobin phantom with THC 100 mM. The mean val-

8 

~6SD! of %StO2 and m , ma , and meff at 630 nm weres 
21 2170.5%61.2%, 12.160.07 cm , 0.21660.003 cm , and 

2.82460.013 cm21 with corresponding CVs 1.7, 0.6, 1.3, and 
0.6%, respectively. 

Figures 2~c! and 2~d! show the results of measuring 
Photofrin concentration in the hemoglobin phantom ~THC 50 

8 

mM, 0.8% IL!. Photofrin was increased from 0 to 15 mM 
~corresponding to 7.5 mg/kg, assuming the molecular weigh

ues 

of Photofrin is 500! with increments of 3.7 mM. At each con-

the measured mean values ~6SD! are 1.660.9, 6.260.6, 10.6 
centration, ten measurements were performed @Fig. 2~c!# and 

60.9, and 15.661.4 mM, respectively, with corresponding co-
effcients of variation ~CVs! of 56, 9.7, 8.5, and 9.0%, respec-
tively @Fig. 2~d!#. Overall, the values of measured Photofrin
concentration fuctuated more than other optical and phys
ological properties. Photofrin concentration was also undere
timated at low true Photofrin concentration ~53.7 mM!. How-
ever, the values of other optical (m , ma , and meff) and8s 
physiological properties ~THC and %StO2) were measured to 
stay constant ~within measurement stability! during the entire 
experiment ~data not shown!. 

3 Results 
In-vivo optical property measurements of normal and tumo
tissues were made on 12 patients enrolled in the study b
tween November 2000 and August 2002. Measurements we
made for normal tissues from the small and large bowel, per
toneum, liver, and skin, and from tumors. Table 1 summarize
the number of patients with measurements for each tissu
Measurements were made both before and after PDT. 
Journal of Biomedical Optics 014004
 

Variation in m at 630 nm, and THC, all measured befo8s 
PDT in three intraperitoneal tissues, is shown both betw
individual patients and within patients ~Fig. 4!. Patients with

e complete data on all fve sites where optical measurem

, ma 

were collected ~C1 to C7! are distinguished from those wit
incomplete data on at least one site ~I1 to I5!. The plot shows

t 

3.1 Algorithm Performance in Clinical Data 
The performance of the ftting between measured and ca
lated spectra is shown in Fig. 3. Figure 3~a! shows the nor-
malized plot of measured and calculated diffuse refecta
spectra from large bowel, as an example, using the 
detector probe. The source-detector separation distances
in this case to extract the optical and physiological parame
were 1.3, 2.6, 3.9, and 5.2 mm. The reconstructed dif
refectance spectra were back calculated based on Eq. ~3! by 
applying the algorithm outputs A51499.5, B50.8423, 
cHbO25122.42 mM, cHb537.25 mM, and cPhotofrin 
54.3 mM. The ftting error j ~defned previously! is 7.1%. To 
compare the ftting performance in human tissues and ti
phantoms, Fig. 3~b! shows a similar plot from a hemoglobi
phantom using a similar range of source-detector separa
distances ~1.2, 1.8, 2.4, 3, 4, 5, and 6 mm! of the ten-detector
probe. The ftting error is 2.3% in tissue phantom, three tim
less than in the large bowel tissue sample. These differe
could have arisen from a variety of factors that are diffcul
know and/or control including tissue heterogeneity. 

3.2 Between and Within Patient Heterogeneity 

the variability in %StO2 before PDT for six patients with
complete data on all fve sites ~C1 to C6! and for six patients
with incomplete data on at least one site ~I1 to I6!. For pa-
tients with complete data, the normal intraperitoneal tiss
have %StO2 in the range of 32 to 100% and a THC in t
range of 19 to 263 mM. 

Within the intraperitoneal tissues before PDT, substan
heterogeneity was observed between individual patient

at 630 nm, %StO2 , and THC. For example, media8s 

values of m 
m , ma 

21 for C4 to 22.9 cm21 forranged from 6.2 cm8s 
I2, and the median values of %StO2 ranged from 51.8% for
C6 to 97.3% for C5. The range of measurements for m8s 
at 630 nm, and THC within patients was highly variable

, ma 

8 
well. For example, values of m 

s 

for patient C4 ranged from8s 

for patient I2 ranged from 13.5 t21-4.9 to 6.6 cm , while m 
-47.6 cm21. 

3.3 Differences among Normal Tissues 
The means ~6SEM! of optical properties (m , ma , and meff 8s 
at 630 nm! and physiologic parameters (%StO2 , THC, and
cPhotofrin) and their corresponding sample sizes for fve diff-
ent normal tissues ~small and large bowel, peritoneum, ski
and liver! before and after PDT are listed in Table 2. In t
pre-PDT measurements, Friedman’s test for each optical p

 
-
e 
-
s 
. 

, ma , and meff , showed evidence of statistically sig8s 
nifcant differences among at least one pair of the fve tiss
Mean values for liver were substantially higher than for 
other tissues, with skin and peritoneum somewhat higher 
small and large bowel. In pairwise comparisons, differen
between liver and other tissues were consistently signifc
In addition, for meff , means for small and large bowel we
signifcantly smaller than for peritoneum. 

erty, m 
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Broadband refectance measurements . . .  
Fig. 3 Measured (—) and calculated (----) refectance spectra at r=1.3, 2.6, 3.9, and 5.2 mm in (a) a normal large bowel tissue sample and at (b) 
r=1.2, 1.8, 2.4, 3, 4, 5, and 6 mm hemoglobin phantom, after normalized to the spectrum at r=1.3 and 1.2 mm, respectively. The spectra from top 
to bottom denote the increasing values of r (as indicated in arrows). The calculated refectance spectra were calculated based on the output values 
of the global algorithm that A51499.5, B520.8423, cHbO25122 mM, cHb537 mM, and cPhotofrin510 mM for the large bowel tissue sample, and 
A51500.5, B520.7801, cHbO2532 mM, cHb521 mM, and cPhotofrin515 mM for the hemoglobin phantom. The tissue sample shows a larger ftting 
error (j=7.1%), defned in the text, than tissue phantom (j=2.3%) as expected. 

0 

1 
"l -0.5 .... 
l!. 
ii .. >- -1 • 
Q. 

~ 
.S-1.5 

600 

a -l,,p 
·········•···················· 

················ 

650 700 750 800 

Wavelength(nm) 

o i---b--------p---1 

600 650 700 750 800 

Wavelength(nm) 
 s of 
o o-

 for 
n
 
a

n nts, 
ver-
oth 

c s the 
  

ion 
after 

r
-

n
T

 in 
rted 

.0 
all 
fore 
if-
Qualitatively, the trends in optical properties were similar
in post-PDT measurements, although measurements were c
lected on fewer subjects. Mean values for liver were consis
tently higher than for other tissues, with peritoneum and ski
for m8s and meff tending to be higher than small and large
bowel. Friedman’s test indicated that differences between 
least one pair of tissues were statistically signifcant for m8s 

and meff . With the exception of m8s in skin, pairwise differ-
ences in mean values for liver and all other tissues were co
sistently signifcant for m8s and meff . 

For the comparison of physiological properties, liver was
omitted from the analysis because we were unable to extra
the oxygenation and THC information from liver tissues in
our current analytical model. The diffusion model breaks
down at high absorption (ma /m8s.0.1), wherein the ratio of 
absorption to scattering is large; the optical properties of live
fall in this range. For the comparison of Photofrin concentra
tion among tissues, skin was also omitted for the same reaso
For the other tissues, data were available for between fve a
seven patients before PDT, and for three patients after PD
Friedman’s test did not fnd any signifcant differences in the
distribution of physiological properties among tissues excep
Journal of Biomedical Optics 014004
for %StO2 before PDT. Pairwise tests indicated that mean
l-%StO2 for large bowel were signifcantly higher than perit

-neum and skin, and approached statistical signifcance
 small bowel as well ~P50.065!. 

t 
3.4 Differences in Normal Tissue before Versus after
PDT
-Because of the large amount of variability among patie
differences in optical and physiologic parameters before 

 sus after PDT were analyzed only for patients who had b
t measurements for the parameter of interest. Table 3 show
mean of the individual ratios ~95% CI! of optical properties,

 %StO2 , and THC before versus after PDT. The concentrat
of Photofrin was sometimes measured as zero before or 
 

n. 
d 
. 
 
t 

PDT. Instead of calculating ratios, the mean difference
Photofrin concentration before versus after PDT was repo
in Table 3. For the optical properties, and for %StO2 , the 
mean of the individual ratios were qualitatively similar to 1
and no signifcant differences from 1.0 were found. In sm
bowel and peritoneum, mean THC ratios exceeded 1.0 be
versus after PDT, and for small bowel, the ratio was sign
Fig. 4 Boxplots showing median (horizontal midline) and mean (squares) in m (l5630 nm), ma(l5630 nm), %StO2 , and THC for three intra-8s 
peritoneal sites (small and large bowel and peritoneum) in individual patients. Vertical lines extend to largest and smallest values for each patient 
and the box bisects the distance between the median and either the smallest or largest datapoint. The C series indicates patients with complete data 
from all fve sites (intraperitoneal skin and liver); the I series indicate patients with incomplete data in at least one site. 
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Table 2 Means (SEM, standard error of the mean) of optical properties and physiological parameters for different normal tissues before and after 
PDT. Number of patients (n) used to calculate means and signifcant p-values (P) for global test of differences among at least one pair of tissues is 
shown. NS indicates a nonsignifcant p-value, i.e., a p-value greater than 0.05. The parameter cPhotofrin results for P (NS) were based only on 
intraperitoneal tissues. 

Parameters n Small bowel Large bowel Peritoneum Skin Liver P 

Before PDT 

(630 nm) (cm21) 7 10.05 (1.66) 10.42 (2.09) 14.28 (2.15) 13.60 (1.98) 27.53 (4.04) 0.004ms 

ma (630 nm) (cm21) 7 0.21 (0.04) 0.18 (0.04) 0.30 (0.06) 0.24 (0.06) 1.46 (0.16) 0.002 

meff (630 nm) (cm21) 7 2.33 (0.22) 2.18 (0.25) 3.31 (0.35) 2.70 (0.51) 10.44 (0.51) 0.001 

%StO2 (%) 6 65.8 (8.2) 87.7 (5.2) 64.9 (4.7) 70.8 (7.0) 0.013 

THC (mM) 7 128.0 (26.0) 110.0 (17.0) 122.8 (28.0) 80.1 (33.5) NS 

cPhotofrin (mM) 5 4.93 (2.3) 4.84 (2.3) 3.03 (1.0) 2.54 (0.94) (n=6) NS 

After PDT 

8 

(630 nm) (cm21) 4 8.95 (1.14) 10.11 (1.80) 15.99 (2.25) 18.05 (4.33) 28.76 (3.26) 0.031ms 

ma (630 nm) (cm21) 4 0.19 (0.06) 0.12 (0.04) 0.17 (0.06) 0.14 (0.09) 1.42 (0.12) NS (P=0.006) 

meff (630 nm) (cm21) 4 2.22 (0.46) 1.84 (0.48) 2.67 (0.61) 2.40 (1.08) 10.92 (0.20) 0.037 

%StO2 (%) 3 59.4 (13.3) 67.8 (26.9) 88.1 (2.6) 72.5 (18.7) NS 

THC (mM) 3 52.9 (13.7) 65.9 (27.4) 69.0 (11.1) 66.8 (45.0) NS 

cPhotofrin (mM) 3 3.36 (1.8) 2.04 (1.7) 0.4 (0.4) 5.04 (2.7) (n=5) NS 

8 
f the 
T ex-

or 

tly 

than 
 not 

an 

e 
cantly larger than 1.0 ~P50.013!. For Photofrin, decreases in 
mean concentrations after-PDT compared to before-PD
ranged from 2.0 to 5.5 mM, and were signifcantly different 
from zero in the peritoneum ~P50.026!. 

3.5 Differences between Normal and Tumor 
Intraperitoneal Tissues 
The optical and physiological properties of tumors from six
patients, and their corresponding normal intraperitoneal tis
sues, are shown in Figs. 5 and 6, respectively. Table 4 show
Journal of Biomedical Optics 014004
the mean values of each parameter along with the mean o
 individual tumor-to-normal tissue ratios for all parameters 
cept cPhotofrin . For cPhotofrin , mean differences are shown. F
the optical properties, m8s 
similar to normal small and large bowels, but signifcan
smaller than peritoneum ~P50.024!. In contrast, ma and meff 

at 630 nm from tumors tended to be somewhat higher 
from normal intraperitoneal tissues, but the ratios were 

- signifcantly different from 1.0. The mean %StO2 in tumors 
s was 33% with values ranging from 11 to 44%. The me

at 630 nm from tumors tended to b
Table 3 Mean (95% CI) of individual ratios of optical properties, %StO2 and THC in before- versus after-PDT measurements for patients with both 
measurements. For Photofrin, where the concentration was sometimes zero, we report a mean decrease in concentration before versus after PDT. 
A 95% CI on the mean ratio (mean difference) that does not cover 1.0 (0.0) is statistically different from a ratio of 1.0 (difference of 0.0). Note, the 
mean THC ratio is signifcantly different from 1.0, and the mean cPhotofrin difference is signifcantly different from 0.0. 3n=3, 4n=4, 5n=5, 
6n=6, 7n=7, 8n=8. 

Parameters Small bowel Large bowel Peritoneum Skin Liver 

(630 nm) ratio 0.96(0.7,1.4)8 1.02(0.5,2.2)5 0.88(0.4,2.0)6 0.80(0.5,1.3)8 1.00(0.6,1.8)58ms 

ma (630 nm) ratio 1.19(0.6,2.4)8 0.85(0.2,4.1)5 2.23(0.5,10.3)6 1.94(0.5,7.5)7 0.91(0.5,1.8)5 

meff (630 nm) ratio 1.07(0.9,1.3)8 0.93(0.3,2.5)5 1.40(0.9,2.3,)6 1.20(0.7,2.0)7 0.95(0.8,1.1)5 

%StO2 ratio 1.23(0.9,1.8)8 1.46(0.5,4.4,)5 1.06(0.6,1.9)6 1.09(0.6,1.9)6 NA 

THC ratio 5.29(1.7,16.5)6 0.89(0.1,11.7)3 2.67(0.5,14.0)4 1.81(0.1,27.0)4 NA 

DcPhotofrin (mM) 2.56(23.0,8.2)6 5.48(22.3,13.2)3 2.27(0.5,4.0)4 2.03(21.8,5.8)5 NA 
d-8 January/February 2005 Vol. 10(1) 



Broadband refectance measurements . . .  

ow-
 tu-
tis-

 op-
eal 

on-
tial 
 of 
ize 

s in 
es, 

ion, 
 that 
 is 
nif-

rsus 
tion 
uite 
tect 
. In 
rial 
Fig. 5 Boxplots showing median (horizontal line) and means (squares) 
of optical properties for patients with measurements in both tumor (T) 
and intraperitoneal tissues (S small bowel, L large bowel, P perito-
neum). Vertical dashed lines extend to largest and smallest values for 
each tissue, and the box indicates the interquartile range, roughly the 
middle half of the data. 
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%StO2 in tumors was signifcantly lower than those of the
corresponding normal intraperitoneal tissues in the same p
tients for both small bowel and peritoneum ~P50.018 and 
P50.004, respectively!. The mean THC in tumor was 117 mM 
with values ranging from 61 to 224 mM, while mean Photof-
rin concentration was 7.4 mM with values ranging from 1.27 
to 15.6 mM. Differences between THC and Photofrin in tumor
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and normal intraperitoneal tissues were not signifcant. H
ever, for Photofrin, we noted the mean concentrations in
mor tended to be higher than for normal intraperitoneal 
sues. 

4 Discussion 
We have performed rapid, noninvasive measurements of
tical and physiological properties in normal intraperiton
tissues and tumors before and after PDT. The results dem
strate optical and physiological properties exhibit substan
inter- and intra-patient heterogeneity. Although a number
our fndings are statistically signifcant, the small sample s
may have limited our power to detect important difference
optical and/or physiological properties either among tissu
or in before versus after PDT measurements. In addit
comparison groups had variable numbers of subjects so
variation within the study in the ability to detect differences
also expected. For this reason, absence of statistically sig
cant differences, e.g., Photofrin concentration in tumor ve
normal tissues, post-PDT reduction in Photofrin concentra
in normal tissues, should be interpreted cautiously. It is q
possible that studies with large patient groups might de
differences that were not conclusively demonstrated here
addition, our sample of patients from this phase 2 clinical t
may not be representative of all patients with cancer, or e
all patients with IP disease, so that further variation in opt
and physiologic properties might occur as these types of m
surements become available for other patient groups. 

Our model assumed a semi-infnite homogeneous ge
etry for the tissues studied. This assumption is reasonabl
normal intraperitoneal tissues and skin, because the su
areas of these tissues are generally at least twice as lar
the size of the optical probes ~approximately 1 cm in diam-
eter! and the thickness of these tissues is greater than
sampling depth, which is approximately half of the sour
detector separation distance used in this study @~1 to 5.2 mm!/ 
250.5 to 2.6 mm#. Special care was taken by physicia
while taking the measurements to very lightly touch the o
cal probes on the central surface of the tissue interested
assumption of homogeneity is probably not as good as
semi-infnite assumption, but it is the only reasonable 
proach to take given lack of precise information about tis
heterogeneity. In two of nine tumor nodules, their sizes ~width 
3length! were recorded to be 637 mm2 and 11.537 mm2, 
respectively, from the surface of the small bowel. For 
remaining tumor nodules, physicians intentionally selected
mors with diameters greater than 5 mm and less than 1 cm
the measurements. Although the tissue surface area is
proximately the same as our optical probes, the sou
detector separation distances used to analyze these tumo
sue data were typically less than 3 mm. Therefore, 
assumption of semi-infnite turbid media in our model is r
sonably good. 

In our current analytical model, we observed 2 to 4 tim
higher ftting error ~defned before! with the liver data ~5 to  
8% ftting error using minimal two source separation d
tances 1 to 3 mm! compared to the errors encountered dur
analysis of other intraperitoneal tissues ~typically ,2%!. We
were unable to extract oxygenation and THC informat
from liver tissues for the following reasons. First, liver ha
Fig. 6 Boxplots showing median (horizontal line) and means (squares) 
of physiologic properties for patients with measurements in both tu-
mor (T) and intraperitoneal tissues (S small bowel, L large bowel, P 
peritoneum). Vertical dashed lines extend to largest and smallest val-
ues for each tissue, and the box indicates the interquartile range, 
roughly the middle half of the data. 
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Table 4 Left: means (95% CI) of optical and physiological properties for tumor tissues. Right: ratios of 
tumor to normal intraperitoneal tissues for optical parameters, %StO2 and THC; difference between 
tumor and normal tissue for cPhotofrin . Note that a 95% CI on the mean ratio (difference) that does not 
include 1.0 (or 0.0 for Photofrin) is statistically different from 1.0 (0.0). NA indicates insuffcient n to 
construct a 95% CI, i.e., n<2. 1n51, 2n52, 3n53, 4n54, 5n55, 6n56; * statistically different from 1.0. 

Mean of ratios (difference) for comparison group (95% CI) 

Parameters Tumor Small bowel Large bowel Peritoneum 

(630 nm) (cm21) 11.6(6.9,16.3)5 0.94(0.7,1.3)5 0.86(NA)2 0.43(0.2,0.8)4*ms 

ma (630 nm) (cm21) 0.65(0.0,1.5)5 2.87(0.6,13.5)5 2.51(NA)2 2.53(0.3,18.7)4 

meff (630 nm) (cm21) 4.49(0.5,8.4)5 1.63(0.7,3.7)5 1.47(NA)2 1.03(0.4,2.8)4 

%StO2 (%) 32.6(15.8,49.5)5 0.37(0.2,0.8)5* 0.44(NA)2 0.56(0.4,0.7)4* 

THC (mM) 116.8(52,181)6 0.95(0.4,2.0)6 1.87(0.1,51.7)3 1.65(0.5,5.1)4 

cPhotofrin (mM) 7.4(0,15.1)5 3.24(210.6,16.8)4 1.27(NA)1 4.01(NA)2 
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, ma , meff , and pen-

high hemoglobin concentration, and therefore a high absorp
tion coeffcient such that the diffusion theory may not hold.37 

Second, the assumption that ma is composed of four chro-
mophores (HbO2 , Hb, Photofrin, and water! may not apply to 
liver. Other chromophores, such as fat and pigments, ma
need to be included in this model. With these caveats, how
ever, we were still able to estimate ms 
etration depth in this study based on our model. The mea
values ~6SEM, n! of penetration depths in liver, derived from 

8 

meff , were 0.95 ~60.06, 6! mm before PDT and 0.92 ~60.02, 
4! mm after PDT. These values are comparable with an in-
vitro study, which showed the penetration depth was 1 to 
mm using a double integrating sphere system.65 The signif-
cant low penetration depth in liver was contributed to by both
higher ms 
this study. 

8 and ma , as compared to other tissues measured i

For other tissues, the mean ~6SEM, n! of the penetration 
depths in millimeters, derived from meff , were 4.78 ~60.6, 6!, 
5.20 ~60.67, 6!, 3.39 ~60.29, 6!, 5.19 ~61.40, 6!, and 3.02 
~60.66, 5! for small bowel, large bowel, peritoneum, skin, 
and tumor, respectively. These results fall into reasonab
ranges compared to published in-vivo human studies in other 
tissues, for example brain,44,45 breast tumors,46 prostatic 
carcinoma,47 and esophageal carcinoma.48,49 Wilson et al. re-
ported a penetration depth of 0.8 to 4.9 mm in brain tumors o
six patients and 1.0 to 1.7 mm in normal brain tissue of tw
patients. Driver, Lowdell, and Ash reported the penetration
depths of breast tumors from four patients to be 2.9 to 4.
mm. Lee et al. reported a penetration depth of 2.9860.78 mm 
in prostatic carcinoma. And Maier et al. measured the pen
etration depth of esophageal carcinoma to be 2.68 to 3.21 m
and found that the penetration depth tended to decrease as 
tumor diameter increased. Bays et al. obtained meff(l 
5630 nm)50.2460.1 mm21 (l5630 nm)50.70 and m8s 
60.23 mm21 from 51 measurements of the esophagus of 1
patients. Tumors tend to have lower penetration depth tha
small and large bowel. This is likely due to higher absorption
in tumors due to lower oxygenation and higher total hemoglo
bin concentration. 
al Optics 014004
has similar m 

- Peritoneum showed optical properties similar to skin, 
unexpectedly lower penetration depth, compared to small
large bowel. Peritoneum is a thin connective tissue layer li
by mesothelium. The tissues underlying the peritoneum

y normally connective tissue, fat, and muscle. Therefore, 
-structurally similar to skin. It is not surprising that peritoneu

n 

 

 

to skin. However, the signifcantly lower pen8s 
etration depth in peritoneum compared to small and la
bowel may be due to higher blood content on the surfac
the peritoneum during a surgical operation. 

The values of %StO2 of 32 to 100% and THC of 19 to 26
mM in normal and tumor tissues lie within the expected phy
ological ranges. Tumor has a %StO2 of 11 to 44% that is
signifcantly lower than the corresponding intraperitoneal 
 sues from the same patients, and a wide range of THC o
to 224 mM. Other studies have reported %StO2 and THC in 
normal and tumor tissues using NIR spectroscopy an
DOT techniques in breast29–31,42,43 and colon.40 Durduran 
et al. measured %StO2 and THC in breast tissue from 52 no

 

f 
 

mal subjects to have mean ~6SD! 68 ~68!% and 34 ~69! 
mM, respectively. Tromberg et al. showed that, from th
subjects, normal breast tissue had %StO2 and THC ;80%, 
and 20 mM, respectively, and tumor had lower %StO2 

~;65%! and higher THC ~35 mM! than normal tissue. Sub
hadra et al. acquired measurements in breast tissues fro
healthy subjects and reported %StO2 and THC to have mean 
~6SD! 58 ~69!% and 22 ~68! mM with ranges of 32 to 75% 

-
 

he 

and 9 to 41  mM, respectively. Pogue et al. reported typic
values for THC ranging from 10 to 60 mM by imaging the 
whole breast from a frequency-domain system. Quares
et al. reported measurements of %StO2 and THC in the 
breasts of fve subjects to have ranges of 0 to 90% and 2
20.4 mM, respectively. Zonios et al. reported from 13 patie
 that normal colon mucosal tissues had mean ~6SD! of %StO2 

n and THC 65 ~65!% and 22.5 ~62! mg/dL ~;14 mM!, respec-
 tively, and polyps had similar %StO2 ~5565%! and six times 
higher THC ~165622 mg/dL'100 mM! than normal mucosa
tissues. 
d-10 January/February 2005 Vol. 10(1) 

https://nm)50.70
https://2.9860.78
https://colon.40
https://system.65


Broadband refectance measurements . . .  

d

in
ly
e

r
e
e
o

l

l

-
p

s
i
h

-
l

e
c
o

i

o

,

g
f
o

ro-
ions 
p-

l, M. 

mic 
 

ho-

-
pa-

y, P. 
ne-

xa-

ob-
re-

ral 

 N. 
ed 
usly 

ar

an, 
ary 
se II 

 the 

. H. 
tudy 
ents 

auf, 
lat-
apy 
 

, T. 
ng 
neal 

 D. 
a-

ic 

ice 
di-

sitiz-

D. 
A. 
ic 

man 
It is known that some tumors exhibit features of increase
microvasculature, hence increased blood content,66 and that 
some tumors are characterized by hypoxia.67 Our results show 
that %StO2 in tumor is signifcantly lower than the corre-
sponding normal intraperitoneal tissues, but the differences 
THC between tumor and normal tissues were not statistical
signifcant. This is possibly due to small sample size in th
study, as described previously, or because the patients th
were used to make the comparison for %StO2 were not iden-
tical to the ones used to make the THC comparison. The
were some differences observed in the patients that were us
in the two comparisons. However, when we used only th
patients in common to the two comparisons, there was n
obvious relationship between %StO2 and THC before PDT in 
fve samples that were collected from the same patients. 

Mean Photofrin concentrations ranged from 2.5 to 4.9 mM 
before PDT and from 0.4 to 5.0 mM after PDT ~Table 2!. 
Mean Photofrin concentration consistently decreased in a
tissues after PDT, signifcantly in peritoneum ~Table 3!. This 
decrease after PDT is likely due to photobleaching that ha
been observed in other PDT studies.68 Photofrin concentra-
tions were not extracted successfully in every tissue, possib
due to its lower m compared to oxy- and deoxy-hemoglobin a 
and its similar spectral shape to deoxy-hemoglobin. In in
stances where the Photofrin measurements reached the up
boundary value ~40 mM! that was set in the algorithm, the 
data were treated as not evaluable. In these cases, we fou
the true Photofrin concentration did not affect the accuracy o
m8 , ma , meff , THC, and %StO2 ~within 3% CV! ~data nots 
shown!. 

In this study, we detected large heterogeneity among pa
tients as well as trends in optical and physiological propertie
between normal and tumor tissues, before and after PDT 
normal tissues, and between various normal tissue types. T
large heterogeneity among and within patients suggests th
need for real-time dosimetry during PDT to optimize the treat
ment condition, depending on the optical and physiologica
properties that are measured from site to site. 

5 Conclusion 
The optical and physiological properties of 12 patients with
intraperitoneal malignancies are measured, before and aft
PDT treatment, using a broadband diffuse refectance spe
troscopy system. The analysis is done with a fast algorithm t
extract important dosimetric quantities simultaneously such a
oxygen saturation, photosensitizer concentration, and ligh
penetration depth. We observed substantial heterogeneity 
optical and physiological property measurements. The optica
and physiological properties varied from site to site, tissue t
tissue, and patient to patient. Optical and physiological prop
erties are similar before and after PDT except for Photofrin
which tends to decrease after PDT, possibly due to pho
tobleaching. As expected, tumors tend to have lower oxygen
ation, higher drug uptake, and lower penetration depth com
pared to normal intraperitoneal tissues. 
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