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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 (u.), absorption (w,), and attenuation coefficients (uei)] and
physiological [blood oxygen saturation (%SO,), total hemoglobin
concentration (THC), and photosensitizer concentration (Cppoofrin) ]
properties in 12 patients using a diffuse reflectance instrument and
algorithms based on the diffusion equation. Before PDT, in normal
intraperitoneal tissues %S0, and THC ranged between 32 to 100%
and 19 to 263 uM, respectively; corresponding data from tumor tis-
sues ranged between 11 to 44% and 61 to 224 uM. Tumor %S0, is
significantly lower than oxygenation of normal intraperitoneal tissues
in the same patients. The mean (=standard error of mean) penetration
depth (8 in millimeters at 630 nm is 4.8(=0.6) for small bowel, 5.2
(£0.67) for large bowel, 3.39(0.29) for peritoneum, 5.19(%1.4) for
skin, 1.0(=0.1) for liver, and 3.02(%=0.66) for tumor. Cphotofrin iN Micro-
molars is 4.9(=2.3) for small bowel, 4.8(*=2.3) for large bowel, 3.0
(£1.0) for peritoneum, 2.5(=0.9) for skin, and 7.4(%=2.8) for tumor. In
all tissues examined, mean Cppoofin 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 CCD

Photodynamic therapyPDT) is a cancer treatment approved . To computer <=
by the U.S. Food and Drug administrati¢RDA) for treat- Light '
ment of obstructing esophageal and lung cancers, and for mi- source
croinvasive lung cancefsPDT is also an attractive treatment
for superficial lesiorfssuch as skin cance?s® carcinomain-
situ of the upper aerodigestive tract, and as an adjuvant to
surgical debulking of serosal tumors such as pléfiridand
peritoneal malignancies=*® Currently, no curative therapy
exists for the disseminated intraperitoneal cancers. At the Uni-
versity of Pennsylvania we are evaluating Photofrin-mediated
PDT in patients with intraperitonedlP) malignancies in a
phase 2 clinical trial. We repoim-vivo measurements of the
tissue optical and physiological properties of patients enrolled Fig. 1 VSchematic diagram gf a broadband r.eflectan.ce spectrometer
in this trial. consisting of a h'alogen'whlte light source, fiber optic probe, mono-
PDT efficacy depends on concentrations of photosensitizerChromator’ and liquid nitrogen-cooled CCD camera.
and oxygen in patient tissues, and on light deliveyThe
photoexcited sensitizer initiates a cascade of chemical reac-
tions to form either oxidized productigype 1 reactioh or
singlet oxygen(type 2 reactiol leading to direct cytotoxicity
or vascular damage, and subsequently, to tumor regression
Oxygen is therefore a critical component of clinical PBT®
In addition, optical properties of tissues such as their absorp-
tion ua(N\) and reduced scattering,(\) coefficients influ-
ence tissue light dose and affect PETinally, 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 the
efficacy of PDT.

Grating

Linear fiber
optic probe

\

Spherical mirrors

We have measured the optical properties of 12 patients
with intraperitoneal malignancies as part of an on-going PDT
trial using our broadband reflectance spectroscopy sy&tem.
The measurements were performed with continuous wave
(cw) NIRS instrumentation over a wide spectral raii§e0 to
800 nm), before and after PDT treatment among various or-
gans. To our knowledge, this is the first report of noninvasive
optical property measurement in human intraperitoneal tissue.
We have determined light penetration depth, blood oxygen
saturation, total hemoglobin concentration, and drug concen-
tration of normal and cancerous tissues. This investigation,
. - . therefore, takes a first step toward improving PDT dosimetry;
In contrast to the highly sophisticated treatment planning we characterize the heterogeneity of these quantities with re-

used, for example, in ionizing rqdifatipn .therapy, PDT dosim- spect to location, tissue type, and patient, and we explore how
etry and treatment planning is still in its infancy. Most current these properties change as a result of PDT treatment.
FDA-approved clinical protocols do not employ light, oxy-

gen, or photosensitizer dosimetry. Even in clinical research
protocols, only light dose is measur@d situ; tissue optical 2 Methods
properties are neither measured nor incorporated into treat-o ¢

ment planning. Desirable ingredients for PDT dosimetry and .
P g g y Our broadband reflectance spectrometer sy&tésrbased on

treatment planning includie-situ measurement of light dose, tlv developed optical inst tateh iinal d
measurement of tissue oxygen, and quantitative measurementEceNtY developed optical Instrumentation.ne origina; de-

of photosensitizer. When implemented properly, this informa- S|ghn pmt]'CIpc:I'e is due ftothWHsont, Farrell,r]and Eat't:gréb:iﬂ\ Th
tion enables determination of explicit and implicit dose fac- schematic diagram of the System 1S shown in F1g. 1. 1he

tors affecting PDF! and supports further development of system has fOl.” major parts: light source, fiber optic probe
concrete theoretical models of PDT mechanisms. head, dispersion _systenimonochromatdr and charge-

Near-infrared spectroscohIRS) and NIR diffuse optical coupled devicé CCD) camera. We simultaneously collect tis-

tomography(DOT) have emerged as important techniques to sue reflectance spectra at many source-detector separations.

obtain tissue optical properties noninvasiv&ylhe intrinsic (Cﬂé\e@i/b(!?:tt{gmﬁcissg}\v\\//iIguaéférmgztiguhigc??g t'ﬁg“’
absorption sensitivity to these optical methods makes them pucs, ' P

. X . tissue surface through the source optical fiber. Diffuse light
particularly attractive for measurement of tissue chro-

. L reflected back from the tissue surface was collected by a lin-

mophores such as oxy-hemoglobin, deoxy-hemoglobin, tissue . : -
. X ear array of detector fibers. Light from the detector fibers was
parameters such as hemoglobin oxygen saturation, total he-

moglobin concentration, as well as the concentration of other then coupled to the entrance slit of a monochroméatarton
9 T - Research, Acton, Massachusgtihe detector fibers were ar-
chromophores such as lipid, water, and photosensitizer. As a

result there have been manv investioationsnefivo otical ranged in a vertical line within the entrance slit, with equal
o ! _2?3/ >Stg 9-43 P spacing. The fiber tips were imaged through the monochro-
properties in animal orgaffs?2and in human$®~**However,

. . ) . mator, and onto a liquid nitrogen-cooled CCD camera sensor
there have been relatively few human tissue studies during Or(Roper Scientific, Trenton, New JereyThe grating dis-
after PDT#~%9 ’ ’

persed the fiber output light, creating a series of vertically
spaced bright strips in the image plane of the monochromator

Instrument and Calibration
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(i.e., at the CCD Each strip represented the spectrum per quadrant, right paracolic gutter, left paracolic gutter, and
Rissud p,\) dispersed from a single detection fiber with midline pelvis to monitor light deliveryn situ. The small and
source-detector separation distanceThe average spectrum large bowel, and mesentery were treated with 532-nm green

was obtained by binning vertically over 27 to 35 pixels. light using a flat-cut fiber; dose was monitored with a mobile
The nitrogen-cooled CCD camera contained 8artical flat diode. The rest of the abdomen was then treated with 630
%1100 (horizonta) pixels (24 um) spread over an:826 mm nm light. Prior to 630 nm light treatment, the peritoneal cavity

area. The pixel noise was1l electron/s at 173 K, and the was filled with an Intralipid solutiori0.01%), which scattered
CCD quantum efficiency was 35% at 700 nm. The spectral light and maximized light delivery to the peritoneal cavity.
resolution was approximately 0.5 nm/pixel for our grating Light was delivered to all surfaces of the abdominal cavity by
(300 groves/mm We typically set the central wavelength to using an optical fiber sheathed within a modified endotracheal
620 or 700 nm, and we collected spectra in the 380 to 880 nm tube (balloon cuff inflated and filled with dilute Intralipjd
or 450 to 950 nm ranges, respectively. The integration time  The cw absorption probe was sterilized prior to surgery.
for measurements was approximately 100 ms. Before and immediately after PDT treatment, the physician

We used two linear fiber optic probe heads for the IP-PDT placed the contact probe head on the tissue surface and then
clinical data. One probe consisted of a source fiber and six optical property measurements were taken. To minimize pa-
detection fibers, each with 6Q@m core diameter. The source- tient time in the operation room, one measurement was taken
detector separation distangeranged from 1.3 to 7.8 mm;  from each organ of each patiefwith the exception of some
detection fibers were equally spaced. A second probe wastumor tissues Measurements reported here were taken from
similar, except the fiber core diameters were 400 and the normal tissues including small bowel, large bowel, perito-
ten detection fibers were spaced nonuniformly with source- neum, skin(adjacent to the surgical incisipnand liver, as
detector separation ranging from 0.6 to 10 mm. well as from tumor tissue.

To account for the spectral features of the white light
source and the optical throughput of our detection system, we
took additional measurements immediately after each clinical 2.3  Theory and Analysis of Optical Data
study using a 6-in.-diam integrating sphéc@bSphere, Incor-  Biological tissues such as these are often modeled as homo-
porated, North Sutton, New Hampshiré single optical fi-  geneous turbid media with scatterers and absorbers. Photons
ber, coupling light from the same light source, illuminated the diffuse in such turbid media and their transport are reasonably

integrating sphere through its 0.5-in.-diam opening; the fiber well described by a diffusion equation, i.e.,
optic probe head was placed in the other opening of the inte-

grating sphere to collect a calibration sigfne{p,\). An ad (T t)
effective measured reflectanBg,easurelip, A) Was then calcu- T =V-DVO(r,t)—vu,P(r,t)+ovS(r,t). (2
lated as:
Here, ®(r,t) is the photon fluence rate, in units of photons
R (o N)= Rissud P, N) ~ Biissud p. ) (1) per cnf per secondg is the vacuum speed of light, andis
measuretr™ RspheréP:A) — Bopherép N) the speed of light in the turbid medium having refractive in-
Here, Byssudp,\) and Bepnerdp,\) are background spectra dex n such that =c/n; D:U/[S(;‘LéJr“a)] is the photon
collected with the light source off. diffusion coefficient; u,(N) and u(\) are absorption and
reduced scattering coefficients, respectively; &1id an iso-
2.2 Patients and Clinical PDT Treatments tropic source term that gives the number of photons emitted at

positionr and timet, per unit volume per unit time.

In our measurement scheme, source and detector fibers re-
side on the same tissue surface, separated by distealomg
that surface. The tissue sample is then modeled as a semi-
infinite medium. The diffuse reflectance is
Rlp,ua(N),n(N)]. The solutions forR[p,ma(N), pg(N)]
from semi-infinite media with steady-state excitation are well

known 51,53-57

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 the
effectiveness of debulking surgery and adjuvant intraperito-
neal photodynamic therapy utilizing Photofrin Il. Patients
with ovarian cancer, sarcoma, or gastrointestinal malignancies
were enrolled in the study, and the protocol was amended to
include measurements of optical properties intraoperatively.
All patients signed a study-specific informed consent. The , .
protocol was approved by the University of Pennsylvania In- Rlp,ma(N), us(M)]=C1®(p) +Cajp),
stitutional Review Board and the Clinical Trial Scientific Re-

view and Monitoring committee of the University of Pennsyl- 1
vania Cancer Center. The protocol was conducted under an ®(p)= 47D
investigator-sponsored investigational new drug application

(IND) with the U.S. Food and Drug Administration.

Treatment details for intraperitoneal PDT are described .
elsewheré®'°Briefly, patients received Photofr{@.5 mg/kg J(p)= A
administered intravenousl{lV) approximately 48 h before
surgery. Surgery consisted of debulking of all gross tumors to
a maximal residual thickness of 5 mm or less. Six sterile X
photodiodes were placed in the right upper quadrant, left up-
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where ®(p) and j,(p) are photon fluence and flux rate, re- detector from our analysis. The typical processing time for

spectively, and are functions @f w.(\), and wa(\). The analysis of each clinical measurement is less1tBas on a
parameters,, r,, andr, are derived from the extrapolated 700-MHz Pentium IIl processor.
boundary condition8! C, and C, are constants that depend Using the reconstructed parametésB, andc;, we ob-

on the relative refractive indices of tissues and detection fi- tainedCppoofin directly and calculatege (N), na(N), attenu-
bers, and on the numerical aperture of the detection fiders. ation coefficients [mer(N)=+3umimal, penetration depth
The fidelity of our measurements is improved substantially [ §(\)=1/usz(\)], total hemoglobin concentratioricyyoz
because we use many optical wavelengths. For analysis we+c,,), and tissue blood oxygenatior Cpyo2/(Chpoz
employed a multiwvavelength algorithm that simultaneously +c,,)]. We reportul , ma, me, and s at 630 nm because it
fits all reflectance spectra in the wavelength range of 600 t0 js the treatment wavelength for Photofrin. Optical properties
800 nm using multiple source-detector separation distances.at other wavelengths between 600 and 800 nm can be calcu-
To extractug(N) and ua(N), we have made two additional  |ated from these data as well. Water content was not reported
assumptions aboyi/(\) and w,(\) that stabilize the analy-  in this study because its value was relatively insensitive to the
sis even more: 1. ux(N)=Zce(N), and 2. fitting performance of the multiwavelength algorithm. This is
wli(N)=AN"B305058Here €(\) is the molar spectral absor-  probably because of its low absorption in the 600 to 800 nm
bance(or the extinction coefficientof thei'th chromophores, spectral range. Data from tissue phantoms were used for vali-

and ¢; is equivalent to the molar concentration of thth dating the instrument and algorithm, and are reported as
chromophore. The major chromophores in the spectral rangemean, + standard deviatioSD), = standard errors of the
of 600 to 800 nm are oxytHbO,), deoxy-hemoglobir{Hb), mean(SEM, the SD divided by the square root of the number

water, and Photofrin. We obtained the extinction coefficient of of observations or sample sing and the coefficient of varia-
oxy-, deoxy-hemoglobin, and water from the literatttend tion (CV, the standard deviation divided by the mgakccu-

that of Photofrin by direct measurement using an absorption racy is defined here as the measured value divided by the true
spectrometer. The approximation,(A\)=AN"2 has been value.

shown to follow from the Mie theory over our spectral range,
and thus simulates tissue scattering reasonably ¥t&i£°-6*

: . 2.4 Statistical Analysis of Clinical Data
We directly reconstructed the concentratiangos, Cup, o
Cwaters @Nd Cphottrin, @Nd the parameter and B using a For the clinical study, measurements were collected on 12

implemented in MATLAB (The MathWorks, Incorporated, —averaged prior to analysis. However, issues related to patient
Natick, MassachuseitsWe constrained the upper and lower Care prevented us from taking measurements on all tissues at

boundaries for each extracted quantity i.@sA<107, O both before and after PDT time points, and from both tumor
<B<3, 0=Cuyop Cip=500 uM, O<=Cpnorofir=40uM, and normal tissues for all patients. To compare results from
and0=<C,qe<1. The scheme minimizeg?, different normal tissues, only data from those patients receiv-

ing measurements in all tissues before or after PDT were ana-

lyzed. To compare results before and after PDT, ratios were
Rimeasureb:\) Realculated 22N ‘2 formed for individual patients receiving measurements in a

specific tissue both before and after PDT. Similarly, tumor-to-
normal tissue ratios of each parameter of interest were formed

X2=§ >

% | RmeasureiP?=po:\) RcalculatetgP:POa)\)| .

4) for each individual and used in the analysis. Statistical analy-
ses were carried out using the freeware R 17.0.
Here, we have normalized bothRycasuelip, ) and Because, to our knowledge, this is the first report of data of

Realculatedp:\) to the spectrum of one source-detector separa- this type, we graphically present the data for individual pa-
tion distancepo= 1.3 mmfor the six detector fiber probe and tients, and we provide summaries of the data, i.e., medians
po= 1.2 mmfor the ten detector fiber propheespectively, be- and or means, together with either the SEM, standard error of
fore fitting. We define fitting erro asé= \x?/N, whereN is the mean, or a 95% confidence interf@5% C) on the
the data size in order to compare the fitting performances of mean, and number of patients The confidence intervals
tissue phantoms and tissue samples. were based on the T distribution and the estimated SEMs; if a
At each separation distance, there are 441 data points with95% confidence interval did not cover a hypothesized value,
spectral resolution 0.4545 nm/pixel. To save calculation time, e.g., value 1.0 for a mean of a ratio, then it indicates that the
we used half of the datasé221 data poingswith spectral means were significantly different from the hypothesized
resolution 0.9091 nm/pixel for processing. The number of value. Similarly, if the p-value for a test was smaller than a
separation distances employed determined the final number oftype 1 error rate of 0.05, we declared the test to be statistically
data points used for fitting. We reoptimized the combination significant. All hypothesis tests were two-sided. Friedman’s
of separation distances for each sample for two reasons:test, a nonparametric analog of a repeated measures analysis
signal-to-noise degraded at large separation distances, and tisef variance, was used to determine whether there were signifi-
sue heterogeneitie®n the surface and below the surface cant differences in each optical and physiological property
sometimes altered fitting performance. The source detectorbetween at least one pair of normal tissue tyPds.signifi-
separation distances used in our analysis were typically be-cant differences were found, then a paired t-test was used to
tween 1 and 5.2 mm. We also empirically found that data make pairwise comparisons among the tissues. By using a
from the p=0.6 mm separation in the 10 detector probe intro- global test for each parameter of interéBriedman’s test
duced a large error while fitting. Therefore, we excluded this followed by a pairwise test in cases where the global test
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Fig. 2 Measured tissue blood oxygenation (%S,0,), total hemoglobin concentration (THC), and Photofrin concentration (Cppgoirin) in hemoglobin
phantoms using broadband reflectance spectroscopy. (a) %S0, was plotted versus electrode probe measured oxygen partial pressure (pO,). The
solid line was fit to the data using an optimal P-spline. Dotted lines are approximately 95% confidence intervals on the mean fit. A human blood
dissociation curve (dashed line) was plotted for comparison. (b) THC was measured at 50 () and 100 uM (O) and plotted versus time. (c)
Individual measurements in the hemoglobin phantom with five 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 uM), but are accurate
otherwise.

achieves statistical significance, we reduced the number of A 30% Intralipid solution was diluted to 0.5, 1, 1.5, and
tests used in the analyisis. Thus in Table 2, 46 pairwise tests2%. The solution hagk,=5, 10, 15, and 20 cm* at 830 nm,
out of 96 possibilities were constructed. By using this ap- respectively, according to Mie theory approximati&hshich
proach, we hoped to reduce the number of false positive tests.predict that . of 10% Intralipid is given byu.=us(1

To compare parqmgters beforg versus after PDT, we did —g)[em 1], with we=(2.54x10°) (A [nm] 2% [cm 1]
not p_receed our pairwise tests with a glob_al test because of, 4 g=1.1-(0.58< 10" 3)(\ [nm]). Then, theu. of X%
certain parameter@.g., Photofrin concentratiythe number Intralipid was calculated using the relatiqn**'"-x VX%
of patients with measurements in all tissues was too small to 16061« ,10%IL . 0 -
carry out the test. Descriptive statistitBeans of ratios and s XV . for glvl?(r)l%\I/Lqumes(V) of 10% Intralipid
their associated 95% Qlsaind hypothesis testpaired T-test and X% Intralipid and us~"". The results from ten mea-
for these ratios were based on log-transformed data. Becausdurements at each Intralipid concentration show that the mea-
measured concentrations of Photofrin were zero in some tis- Surement coefficient of varian¢€V) was typically less than
sues, differences instead of ratios were used to analyze thes&®-3% and the measurement accuracy was 135, 106, 105, and
data, and the data were not log transformed. If the lower end- 101% for 0.5, 1, 1.5, and 2% IL, respectively. The recon-
point of a 95% Cl was negative, it was truncated to zero if a structed u¢ for the lower concentration solutiofi.e., u

negative value was meaningless. <5 cm ! at 830 nm was clearly overestimated.

In the hemoglobin phantoms, we simultaneously moni-
2.5 Validation of the Instrument and the Algorithm tored the oxygen partial pressuie0,) by using a Clark-type
with Tissue Phantoms electrode probe. After adding fresh human blood into the 1%

We validated the stability and accuracy of our instrument and Intralipid and waiting until ap0, equivalent to air oxygen
the global algorithm using tissue-simulating phantoms. Three concentratior(21% or 159.6 Toir was achieved, the sample
types of phantom were used. One was a scattering phantom©xygenation was decreased by pumping nitrogen gas into the
Intralipid (IL) at various concentrations to validage,. A phantom solution continuously. Optical and partial pressure
second phantom was a mixture of hemogloffioman bloog measurements were taken in intervals that varied from 30 s to
and Intralipid to validate the physiological properties of total 5 min depending on the speedu®, variation. The measured
hemoglobin concentratiofTHC) and blood oxygen saturation ~ blood oxygen saturatiof% SO,) is plotted versugpO, in
(%S0,). Finally, Photofrin was added into the hemoglobin Fig. 2(@). The data were fit to a solid line in Fig(& using an
phantom to validate Photofrin concentration. A magnetic stir- optimal P-spline with 95% confidence intervatotted lineg

ring rod was used during the phantom studies to insure solu- shown® The oxygen dissociation curve or Hill curve of hu-
tion uniformity. man blood! is also shown in the same figure for comparison

Journal of Biomedical Optics 014004-5 January/February 2005 « Vol. 10(1)
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Table 1 Number of patients on whom optical property measure- 3.1 Algorithm Performance in Clinical Data

ments were performed in various organs before and after PDT. Nine _

tumor tissues were collected from the six tumor patients before PDT. The performance of the_ flttlng bem{een measured and calcu-
lated spectra is shown in Fig. 3. FiguréaBshows the nor-

malized plot of measured and calculated diffuse reflectance

Small  Large : .
Condition bowel bowel Peritoneum Tumor  Skin Liver spectra from large bowel, as an example, using the six-
detector probe. The source-detector separation distances used
Before PDT 12 0 10 6 11 10 in this case to extract the optical and physiological parameters
were 1.3, 2.6, 3.9, and 5.2 mm. The reconstructed diffuse
After PDT 8 5 7 0 6 5 reflectance spectra were back calculated based o3ty

applying the algorithm outputsA=1499.5, B=0.8423,
CHb02: 12242MM, CHb: 3725,LLM, and CPhotofrin
=4.3uM. The fitting erroré (defined previouslyis 7.1%. To
compare the fitting performance in human tissues and tissue

(dashed ling Compared to this Hill curve, the fitted curve ~Phantoms, Fig. @) shows a similar plot from a hemoglobin

suggests% S0, is slightly overestimated at loyO,, and phantom using a similar range of source-detector separation
slightly underestimated at high0,. However, the difference ~ distanced1.2, 1.8, 2.4, 3, 4, 5, and 6 mrof the ten-detector
between the smoothed fit and the theoretical val(ii probe. The fitting error is 2.3% in tissue phantom, three times
curve is less than 5%. less than in the large bowel tissue sample. These differences

The stability and accuracy of total hemoglobin concentra- could have arisen fro_m a vgriety of factors that are difficult to
tion (THC) measurements were determined from similar he- know and/or control including tissue heterogeneity.
moglobin phantoms having 0.8% IL and two different THC
concentrations of 50 and 1Q@M, respectively, as shown in
Fig. 2(b). The mean value$+SD) from 50 to 60 repeated Variation inws, ma at 630 nm, and THC, all measured before
measures of THC were 44t8.3 and 111.53.5 uM with a PDT in three intraperitoneal tissues, is shown both between
corresponding coefficient of variatig@V) of 2.9% and 3.2% individual patients and within patient§ig. 4). Patients with
and an accuracy of 110.4% and 111.5%, respectively. Thecomplete data on all five sites where optical measurements
stability of %S0,, ul, ma, and ues was also validated in -~ were collectedC1 to C7 are distinguished from those with
the hemoglobin phantom with THC 10@M. The mean val- incomplete data on at least one & to 15). The plot shows
ues(=SD) of %S0, and u., ua, and ey at 630 nm were  the variability in %SO, before PDT for six patients with
70.5%+1.2%, 12.1-0.07 cmil, 0.216-0.003 cm?, and complete data on all five sitd€1 to C6 and for six patients
2.824+0.013 cm * with corresponding CVs 1.7, 0.6, 1.3, and  With incomplete data on at least one sité to 16). For pa-
0.6%, respectively. tients with complete data, the normal intraperitoneal tissues

Figures 2c) and 2d) show the results of measuring have%SO0; in the range of 32 to 100% and a THC in the
Photofrin concentration in the hemoglobin phantoFC 50 range of 19 to 263uM.
uM, 0.8% IL). Photofrin was increased from 0 to 3GV Within the intraperitoneal tissues before PDT, substantial
(Corresponding to 7.5 mg/kg’ assuming the molecular We|ght heterogeneity was observed between individual patients in
of Photofrin is 500 with increments of 3.74M. At each con- K¢, Ma at 630 NM,%S0,, and THC. For example, median
centration, ten measurements were perforifitéd. 2(c)] and values ofu ranged from 6.2 cm' for C4 to 22.9 cm* for
the measured mean valuesSD) are 1.6:0.9, 6.2£0.6, 10.6 12, and the median values 8SO, ranged from 51.8% for
+0.9, and 15.6:1.4 uM, respectively, with corresponding co-  C6 to 97.3% for C5. The range of measurementsufor w,
efficients of variation(CVs) of 56, 9.7, 8.5, and 9.0%, respec- at 630 nm, and THC within patients was highly variable as
tively [Fig. 2(d)]. Overall, the values of measured Photofrin well. For example, values ot for patient C4 ranged from
concentration fluctuated more than other optical and physi- 4.9 to 6.6 cm*, while . for patient 12 ranged from 13.5 to
ological properties. Photofrin concentration was also underes-47.6 cm L.
timated at low true Photofrin concentratién 3.7 uM). How-
ever, the values of other opticdjus, ma, and pey) and 3.3 Differences among Normal Tissues

physiological propertiesTHC and%SO,) were measured to  The meang+SEM) of optical propertieg u., fta, and weg
stay constanfwithin measurement stabilityduring the entire at 630 nm and physiologic paramete(®S0,, THC, and
experiment(data not shown Crhotofrin @Nnd their corresponding sample sizes for five differ-
ent normal tissuessmall and large bowel, peritoneum, skin,
and liven before and after PDT are listed in Table 2. In the
pre-PDT measurements, Friedman’s test for each optical prop-
3 Results erty, us, ma, and uen, Showed evidence of statistically sig-
In-vivo optical property measurements of normal and tumor nificant differences among at least one pair of the five tissues.
tissues were made on 12 patients enrolled in the study be-Mean values for liver were substantially higher than for all
tween November 2000 and August 2002. Measurements wereother tissues, with skin and peritoneum somewhat higher than
made for normal tissues from the small and large bowel, peri- small and large bowel. In pairwise comparisons, differences
toneum, liver, and skin, and from tumors. Table 1 summarizes between liver and other tissues were consistently significant.
the number of patients with measurements for each tissue.In addition, for us, means for small and large bowel were
Measurements were made both before and after PDT. significantly smaller than for peritoneum.

3.2 Between and Within Patient Heterogeneity
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Fig. 3 Measured (—) and calculated (----) reflectance spectra at p=1.3, 2.6, 3.9, and 5.2 mm in (a) a normal large bowel tissue sample and at (b)

p=1.2,1.8,2.4,3, 4,5, and 6 mm hemoglobin phantom, after normalized to the spectrum at p=1.3 and 1.2 mm, respectively. The spectra from top
to bottom denote the increasing values of p (as indicated in arrows). The calculated reflectance spectra were calculated based on the output values
of the global algorithm that A=1499.5, B=—0.8423, Cyp00=122 uM, cpyp=37 uM, and Cppyoirin= 10 M for the large bowel tissue sample, and
A=1500.5, B=—0.7801, Chpo2=32 uM, cp=21 uM, and Cpporoirin=15 wM for the hemoglobin phantom. The tissue sample shows a larger fitting
error (£=7.1%), defined in the text, than tissue phantom (£=2.3%) as expected.

~ Qualitatively, the trends in optical properties were similar for % SO, before PDT. Pairwise tests indicated that means of
in post-PDT measurements, although measurements were cole, SO, for large bowel were significantly higher than perito-

lected on fewer subjects. Mean values for liver were consis- neum and skin, and approached statistical significance for
tently higher than for other tissues, with peritoneum and skin small bowel as wel(P=0.065.

for ws and pey tending to be higher than small and large

bowel. Friedman'’s test indicated that differences between at

least one pair of tissues were statistically significant gidr 3.4 Differences in Normal Tissue before Versus after

and ur. With the exception ofu. in skin, pairwise differ- ~ PDT

ences in mean values for liver and all other tissues were con-Because of the large amount of variability among patients,

sistently significant for, and e - differences in optical and physiologic parameters before ver-
For the comparison of physiological properties, liver was sus after PDT were analyzed only for patients who had both

omitted from the analysis because we were unable to extractmeasurements for the parameter of interest. Table 3 shows the

the oxygenation and THC information from liver tissues in mean of the individual ratio§95% CI) of optical properties,

our current analytical model. The diffusion model breaks %SO,, and THC before versus after PDT. The concentration

down at high absorptioQu,/1s>0.1), wherein the ratio of of Photofrin was sometimes measured as zero before or after

absorption to scattering is large; the optical properties of liver PDT. Instead of calculating ratios, the mean difference in

fall in this range. For the comparison of Photofrin concentra- Photofrin concentration before versus after PDT was reported

tion among tissues, skin was also omitted for the same reasonin Table 3. For the optical properties, and fSO,, the

For the other tissues, data were available for between five andmean of the individual ratios were qualitatively similar to 1.0

seven patients before PDT, and for three patients after PDT.and no significant differences from 1.0 were found. In small

Friedman'’s test did not find any significant differences in the bowel and peritoneum, mean THC ratios exceeded 1.0 before

distribution of physiological properties among tissues except versus after PDT, and for small bowel, the ratio was signifi-
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Fig. 4 Boxplots showing median (horizontal midline) and mean (squares) in u;(A=630nm), u,(A=630nm), %SO,, and THC for three intra-
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 five sites (intraperitoneal skin and liver); the | 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 significant p-values (P) for global test of differences among at least one pair of tissues is
shown. NS indicates a nonsignificant p-value, i.e., a p-value greater than 0.05. The parameter Cppypoiin results for P (NS) were based only on
intraperitoneal tissues.

Parameters n Small bowel Large bowel Peritoneum Skin Liver P
Before PDT
1] (630 nm) (cm ™) 7 10.05(1.66) 10.42 (2.09) 1428 (2.15) 13.60 (1.98)  27.53 (4.04) 0.004
120 (630 nm) (cm™ ) 7 021004  0.18(0.04)  0.30(0.06) 0.24 (0.06) 1.46 (0.16) 0.002
f1egt (630 nm) (cm~ ) 7 233(022)  2.18(0.25)  3.31(0.35) 270 (0.51) 10.44 (0.51) 0.001
%S0, (%) 6  658(8.2) 87.7 (5.2) 64.9 (4.7) 70.8 (7.0) 0.013
THC (1M) 7 1280(260] 110.0(17.0) 122.8 (28.0) 80.1 (33.5) NS
Comotin (M) 5 493(2.3) 4.84 (2.3) 3.03(1.0)  2.54 (0.94) [n=4) NS
After PDT
1] (630 nm) (cm™") 4 895(1.14)  10.11(1.80)  15.99 (2.25) 18.05 (4.33) 2876 (3.26) 0.031
11 (630 nm) (cm™ ) 4 0.19(006  0.12(0.04)  0.17 (0.06) 0.14 (0.09) 142 (0.12) NS (P=0.006)
feit (630 nm) (cm ™) 4 222(046)  1.84(0.48)  2.67(0.61) 2.40 (1.08) 10.92 (0.20) 0.037
%S,0, (%) 3 59.4(133)  67.8(269)  88.1(2.6) 72.5 (18.7) NS
THC (M) 3 529(137) 659 (27.4)  69.0(11.1) 66.8 (45.0) NS
Corotin (M) 3 336(1.8 2.04(1.7) 0.4 (0.4) 5.04 (2.7) (n=5) NS

cantly larger than 1.0P=0.013. For Photofrin, decreases in the mean values of each parameter along with the mean of the
mean concentrations after-PDT compared to before-PDT individual tumor-to-normal tissue ratios for all parameters ex-
ranged from 2.0 to 5.uM, and were significantly different  ceptCppoiofin: FOI Cphotofrin: Mean differences are shown. For
from zero in the peritoneurtP=0.026. the optical propertiesy, at 630 nm from tumors tended to be
similar to normal small and large bowels, but significantly
smaller than peritoneurtP=0.024. In contrast,u, and uqg

at 630 nm from tumors tended to be somewhat higher than
The optical and physiological properties of tumors from six from normal intraperitoneal tissues, but the ratios were not
patients, and their corresponding normal intraperitoneal tis- significantly different from 1.0. The me&$ SO, in tumors
sues, are shown in Figs. 5 and 6, respectively. Table 4 showswas 33% with values ranging from 11 to 44%. The mean

3.5 Differences between Normal and Tumor
Intraperitoneal Tissues

Table 3 Mean (95% CI) of individual ratios of optical properties, %S0, 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% Cl 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 significantly different from 1.0, and the mean Cphoomin difference is significantly different from 0.0. *n=3, *n=4, °n=5,
on=6, 'n=7, ®n=8.

Parameters Small bowel Large bowel Peritoneum Skin Liver

1 (630 nm) ratio 0.96(0.7,1.4)8 1.02(0.5,2.2)° 0.88(0.4,2.0)¢ 0.80(0.5,1.3)8 1.00(0.6,1.8)°
12 (630 nm) ratio 1.19(0.6,2.4)8 0.85(0.2,4.1)° 2.23(0.5,10.3)6 1.94(0.5,7.5)7 0.91(0.5,1.8)°
ftet (630 nm) ratio 1.07(0.9,1.3)8 0.93(0.3,2.5)° 1.40(0.9,2.3,)6 1.20(0.7,2.0)7 0.95(0.8,1.1)°
%S,0, 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)¢ NA

THC rafio 5.29(1.7,16.5)° 0.89(0.1,11.7)3 2.67(0.5,14.0)* 1.81(0.1,27.0)4 NA
Acpromin (M) 2.56(—3.0,8.2)¢ 5.48(-2.3,13.2)3 2.27(0.5,4.0)* 2.03(~1.8,5.8)° NA
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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.

and normal intraperitoneal tissues were not significant. How-
ever, for Photofrin, we noted the mean concentrations in tu-
mor tended to be higher than for normal intraperitoneal tis-
sues.

4 Discussion

We have performed rapid, noninvasive measurements of op-
tical and physiological properties in normal intraperitoneal
tissues and tumors before and after PDT. The results demon-
strate optical and physiological properties exhibit substantial
inter- and intra-patient heterogeneity. Although a number of
our findings are statistically significant, the small sample size
may have limited our power to detect important differences in
optical and/or physiological properties either among tissues,
or in before versus after PDT measurements. In addition,
comparison groups had variable numbers of subjects so that
variation within the study in the ability to detect differences is
also expected. For this reason, absence of statistically signifi-
cant differences, e.g., Photofrin concentration in tumor versus
normal tissues, post-PDT reduction in Photofrin concentration
in normal tissues, should be interpreted cautiously. It is quite
possible that studies with large patient groups might detect
differences that were not conclusively demonstrated here. In
addition, our sample of patients from this phase 2 clinical trial
may not be representative of all patients with cancer, or even
all patients with IP disease, so that further variation in optical

%S0, in tumors was significantly lower than those of the and physiologic properties might occur as these types of mea-
corresponding normal intraperitoneal tissues in the same pa-surements become available for other patient groups.

tients for both small bowel and peritoneu(@R=0.018 and
P=0.004, respective)y The mean THC in tumor was 1}/
with values ranging from 61 to 224M, while mean Photof-
rin concentration was 7.4M with values ranging from 1.27
to 15.6uM. Differences between THC and Photofrin in tumor
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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.

Our model assumed a semi-infinite homogeneous geom-
etry for the tissues studied. This assumption is reasonable for
normal intraperitoneal tissues and skin, because the surface
areas of these tissues are generally at least twice as large as
the size of the optical probegspproximately 1 cm in diam-
eten and the thickness of these tissues is greater than the
sampling depth, which is approximately half of the source-
detector separation distance used in this sfuiyo 5.2 mny/
2=0.5 to 2.6 mn}. Special care was taken by physicians
while taking the measurements to very lightly touch the opti-
cal probes on the central surface of the tissue interested. The
assumption of homogeneity is probably not as good as the
semi-infinite assumption, but it is the only reasonable ap-
proach to take given lack of precise information about tissue
heterogeneity. In two of nine tumor nodules, their si@eislth
Xlength were recorded to be>7 mn? and 11.5<7 mn¥,
respectively, from the surface of the small bowel. For the
remaining tumor nodules, physicians intentionally selected tu-
mors with diameters greater than 5 mm and less than 1 cm for
the measurements. Although the tissue surface area is ap-
proximately the same as our optical probes, the source-
detector separation distances used to analyze these tumor tis-
sue data were typically less than 3 mm. Therefore, the
assumption of semi-infinite turbid media in our model is rea-
sonably good.

In our current analytical model, we observed 2 to 4 times
higher fitting error(defined beforgwith the liver data(5 to
8% fitting error using minimal two source separation dis-
tances 1 to 3 micompared to the errors encountered during
analysis of other intraperitoneal tissuggpically <2%). We
were unable to extract oxygenation and THC information
from liver tissues for the following reasons. First, liver has a
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Table 4 Left: means (95% Cl) of optical and physiological properties for tumor tissues. Right: ratios of
tumor to normal intraperitoneal tissues for optical parameters, %SO, and THC; difference between
tumor and normal tissue for Cphorofrin - NoOte that a 95% Cl 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 insufficient n to
construct a 95% Cl, i.e., n<2.'n=1,2n=2,3n=3,*n=4, °n=5, *n=06; * statistically different from 1.0.

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

Parameters Tumor Small bowel Large bowel Peritoneum

L (630nm)(em™ ) 11.6(6.9,163)5  0.94(0.7,1.3)° 0.86(NA)?  0.43(0.2,0.8)%*
1, (630nm) cm™ ") 0.65(0.0,1.5)5  2.87(0.6,13.5)5 251(NA?  2.53(0.3,18.7)*
e (630nm) cm™ ") 4.49(0.5,8.4)5  1.63(0.7,3.7)5 147(NA? 1.03(0.4,2.8)4
%50, (%) 32.6(15.8,49.5)5 0.37(0.2,0.8)%* 0.44(NA?  0.56(0.4,0.7)4*
THC (uM) 116.8(52,181)¢ 0.95(0.4,2.0)¢ 1.87(0.1,51.7)° 1.65(0.5,5.1)*
Comooin (M) 740015.1)5  3.24(-10.6,16.8*  1.27(NA)’ 4.01(NA)?

high hemoglobin concentration, and therefore a high absorp-  Peritoneum showed optical properties similar to skin, but
tion coefficient such that the diffusion theory may not htfid.  unexpectedly lower penetration depth, compared to small and
Second, the assumption that, is composed of four chro-  large bowel. Peritoneum is a thin connective tissue layer lined
mophore{HbO,, Hb, Photofrin, and watg¢may not apply to by mesothelium. The tissues underlying the peritoneum are
liver. Other chromophores, such as fat and pigments, may normally connective tissue, fat, and muscle. Therefore, it is
need to be included in this model. With these caveats, how- structurally similar to skin. It is not surprising that peritoneum
ever, we were still able to estimajel, ua, mer, and pen-  has similaru. to skin. However, the significantly lower pen-
etration depth in this study based on our model. The mean etration depth in peritoneum compared to small and large
values(=SEM, n) of penetration depths in liver, derived from  pawel may be due to higher blood content on the surface of
Meir, Were 0.95+0.06, 6 mm before PDT and 0.92+0.02, the peritoneum during a surgical operation.

4} mm after PDT. These values are cqmparable withiran The values 0P6S0O, of 32 to 100% and THC of 19 to 263
vitro study, which showed the penetration depth was 110 2 1 iy normal and tumor tissues lie within the expected physi-
mm using a douple Integrating sphere sys’f‘émhe signifi- ological ranges. Tumor has ®SO, of 11 to 44% that is
cant low penetration depth in liver was contributed to by both significantly lower than the corresponding intraperitoneal tis-

m?sh;rlf‘d;and #a, 8s compared to other tissues measured in sues from the same patients, and a wide range of THC of 61
Co . to 224 uM. Other studies have report€d SO, and THC in

de Ftcr)lrs;(i)rt]hririlltilr?lzl::rss: tgeeriT:gilftrc?EM,r\l/\)/ec?;tzig(ingtéagon normal and tumor tissues using NIR spectroscopy and/or
b : Pe COTE R DOT techniques in breadr314243and colorf’® Durduran

5.20(+0.67, 6, 3.39(+0.29, 6, 5.19(*+1.40, 6, and 3.02 . X
. . ; et al. measure@ SO, and THC in breast tissue from 52 nor-
(+£0.66, 5 for small bowel, large bowel, peritoneum, skin, mal subjects to have meartSD) 68 (~8)% and 34(+9)

and tumor, respectively. These results fall into reasonable .

ranges compared to publishedvivo human studies in other '“M', respectively. Trombgrg etal. showed that, from three
tissues, for example brafis breast tumor&® prostatic ~ SuPjects, normal breast tissue h#dO, and THC ~80%,
carcinomé’ and esophageal carcinodWilson et al. re- ~ and 20 uM, respectively, and tumor had lowe#S0,
ported a penetration depth of 0.8 to 4.9 mm in brain tumors of (~65% and higher THC(35 M) than normal tissue. Sub-

six patients and 1.0 to 1.7 mm in normal brain tissue of two hadra et al._acquwed measurements in breast tissues from 24
patients. Driver, Lowdell, and Ash reported the penetration healthy subjects and reportéSO, and THC to have mean
depths of breast tumors from four patients to be 2.9 to 4.7 (*SD) 58 (+9)% and 22(+8) uM with ranges of 32 to 75%
mm. Lee et al. reported a penetration depth of 2088 mm and 9 to 41uM, respectively. Pogue et al. reported typical

in prostatic carcinoma. And Maier et al. measured the pen- values for THC ranging from 10 to 6@M by imaging the
etration depth of esophageal carcinoma to be 2.68 to 3.21 mmwhole breast from a frequency-domain system. Quaresima
and found that the penetration depth tended to decrease as théet al. reported measurements 8SO, and THC in the
tumor diameter increased. Bays etal. obtaingdy(\ breasts of five subjects to have ranges of 0 to 90% and 2.9 to
=630NM=0.24+0.1mm* and wl(A=630nmM=0.70 20.4 uM, respectively. Zonios et al. reported from 13 patients
+0.23mm ! from 51 measurements of the esophagus of 11 that normal colon mucosal tissues had meagD) of %SO,
patients. Tumors tend to have lower penetration depth thanand THC 65(+5)% and 22.5+2) mg/dL (~14 uM), respec-
small and large bowel. This is likely due to higher absorption tively, and polyps had simile# SO, (55+5%) and six times

in tumors due to lower oxygenation and higher total hemoglo- higher THC(165+22 mg/dL~100 M) than normal mucosal

bin concentration. tissues.
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It is known that some tumors exhibit features of increased rithm. We also thank C. J. Koch and T. M. Busch who pro-

microvasculature, hence increased blood corfeahd that
some tumors are characterized by hypd&Xi@ur results show
that %S0, in tumor is significantly lower than the corre-
sponding normal intraperitoneal tissues, but the differences in
THC between tumor and normal tissues were not statistically

vided the oxygen electrode probe and thoughtful discussions
about out validatingo SO, measurements. This work is sup-
ported by NIH PO1 grant CA87971.

significant. This is possibly due to small sample size in the References

study, as described previously, or because the patients that 1.

were used to make the comparison %650, were not iden-

tical to the ones used to make the THC comparison. There
were some differences observed in the patients that were used
in the two comparisons. However, when we used only the

patients in common to the two comparisons, there was no 3.

obvious relationship betweér SO, and THC before PDT in

five samples that were collected from the same patients. a.
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the true Photofrin concentration did not affect the accuracy of
Mey Mas Mefs THC, and% S0, (within 3% CV) (data not
shown).

In this study, we detected large heterogeneity among pa-
tients as well as trends in optical and physiological properties

between normal and tumor tissues, before and after PDT in 10.

normal tissues, and between various normal tissue types. The
large heterogeneity among and within patients suggests the

need for real-time dosimetry during PDT to optimize the treat- 11,

ment condition, depending on the optical and physiological
properties that are measured from site to site.

5 Conclusion

The optical and physiological properties of 12 patients with 13

intraperitoneal malignancies are measured, before and after
PDT treatment, using a broadband diffuse reflectance spec-
troscopy system. The analysis is done with a fast algorithm to

extract important dosimetric quantities simultaneously such as 14,

oxygen saturation, photosensitizer concentration, and light
penetration depth. We observed substantial heterogeneity in
optical and physiological property measurements. The optical ;5
and physiological properties varied from site to site, tissue to
tissue, and patient to patient. Optical and physiological prop-

erties are similar before and after PDT except for Photofrin, 16

which tends to decrease after PDT, possibly due to pho-

tobleaching. As expected, tumors tend to have lower oxygen- 17.

ation, higher drug uptake, and lower penetration depth com-
pared to normal intraperitoneal tissues.
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