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bstract. Silicon phthalocyanine Pc 4 photodynamic
herapy �Pc 4-PDT� has emerged as a potentially effective
reatment for cutaneous T-cell lymphoma �CTCL�. Nonin-
asive reflectance and fluorescence spectroscopy before,
uring, and after PDT may provide useful dose metrics
nd enable therapy to be tailored to individual lesions. We
resent the design and implementation of a portable bed-
ide spectroscopy system for initial clinical trials of Pc
-PDT of CTCL. Reflectance and fluorescence spectra
ere obtained from an early stage CTCL patient through-
ut the course of the PDT treatment. Preliminary patient
ata show a significant effect of Pc 4 on the tissue absorp-
ion, modest Pc 4 photobleaching, and heterogeneity of Pc
within and between the lesions. © 2008 Society of Photo-Optical

nstrumentation Engineers. �DOI: 10.1117/1.2939068�

eywords: photodynamic therapy; spectroscopy; reflectance;
uorescence; Pc 4; clinical trials.
aper 08077LR received Mar. 4, 2008; accepted for publication Apr.
9, 2008; published online Jun. 10, 2008.

Cutaneous T-cell lymphoma �CTCL� is a skin neoplasm
haracterized by epidermotropism of atypical T-cells. The my-
osis fungoides �MF� variant of CTCL accounts for 50% of
rimary cutaneous lymphomas and manifests as patches and
laques in the early stages of the disease. There is no consis-
ently effective treatment for CTCL free of adverse side
ffects.1 Photodynamic therapy �PDT� has emerged as poten-
ially effective in trials using topical 5-aminolevulinic acid
ALA�.2,3 More recently, a clinical trial of silicon phthalocya-
ine Pc 4-PDT at Case Western Reserve University �CWRU�
as been initiated. Advantages of Pc 4 include intense absorp-
ion at longer wavelengths, relative photostability, and, with
opical application, a shorter drug-light interval. In preclinical
tudies, T-cells were found to be more susceptible than kera-
inocytes to Pc 4-PDT-induced-apoptosis.4 Accordingly, pa-
ients with early stage MF malignancies were enrolled in a
hase I clinical trial of topical Pc 4-PDT at CWRU. Results of
he study are not yet published, but preliminary observations
re encouraging with respect to safety and possible biological
esponse. Although the mechanisms leading to apoptosis in
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response to in vitro Pc 4-PDT have been characterized,5 fac-
tors influencing dose deposition in patients have not previ-
ously been studied. Broadband diffuse reflectance and fluores-
cence spectroscopy before, during, and after PDT have the
potential to inform tissue optical properties, sensitizer concen-
trations, and hemoglobin oxygen saturation �SO2�.

Thirty-four patients with early stage MF �TMN classifica-
tion IA, IB, and IIA� were enrolled in the phase I clinical trial
approved by the University Hospitals Institutional Review
Board. The purpose of this study was to assess the safety of
Pc 4 while escalating drug concentration �0.01–0.1 mg /mL�
and light fluence �50–200 J /cm2�. First, 10 �L /cm2 of Pc 4
in 7:3 EtOH/propylene glycol is pipetted onto the treatment
area �5�5 cm2 max� followed by treatment with 675-nm
light 1 h later. To incorporate spectroscopy with PDT irradia-
tion with minimal perturbation of the approved protocol, we
designed and built a portable, easy to operate system, which
was based on a device in clinical trials of ALA-PDT at
Roswell Park Cancer Institute.6 Unlike that system, here we
use commercial optical switches and a dedicated source for
fluorescence excitation at a wavelength different than that
used for PDT. This enables acquisition of the entire emission
spectrum of Pc 4. Since various-sized lesions are treated in
the CWRU trial, a probe with expanded capability to control
the treatment field size was designed.

A schematic of the system is shown in Fig. 1�a�. Integra-
tion with PDT necessitates only the input of the portable

1083-3668/2008/13�3�/030507/3/$25.00 © 2008 SPIE

Fig. 1 �a� Schematic of the spectroscopy system. Within the housing
are light sources, an optical routing system, and detectors. The probe
accommodates spectroscopy from two 1-cm spots within the 6-cm
treatment field. �b� Excitation and emission spectra of Pc 4. Fluores-
cence is excited at 640 nm allowing detection of the entire Pc 4
emission spectrum. A 647-nm long-pass filter rejects excitation light.
�c� The custom probe stands 18 cm above the treatment surface on a
tripod base. A diaphragm mounted on the tripod adjusts the treatment
field size. �d� Photograph of the portable system and control laptop on
a laboratory cart. Displayed on the laptop is the LabVIEW interface of
the system control and data acquisition software.
May/June 2008 � Vol. 13�3�1
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75-nm 8-W treatment diode laser �AOC Medical Systems,
outh Plainfield, NJ� using an optical fiber. Enclosed within

he housing are light sources for spectroscopy, an optical rout-
ng system, and components for detection. During acquisition
f spectra, the PDT treatment light is interrupted by an inline
ransistor-transistor logic �TTL�-controlled shutter �Ocean
ptics Inc., Dunedin, FL�. In the light delivery arm are two

ources; a TTL-shuttered 10-W tungsten halogen lamp
Avantes Inc., Broomfield, CO� for broadband reflectance and
640-nm, 35-mW fiber-coupled laser diode �Optics Ltd., Ot-

awa, ON� for fluorescence excitation. Pc 4 fluorescence is
xcited at 640 nm in order to capture the entire emission
pectrum �Fig. 1�b��. The optical routing system consists of a
air of cascaded 2�1 fiber switches �Piezosystem Jena Inc.,
opedale, MA� in both delivery and detection arms. The fluo-

escence is long-pass filtered �Semrock Inc., Rochester, NY�
o remove 640-nm excitation light. The two detectors are 16-
it TE-cooled CCD spectrometers with 3-nm resolution
B&W Tek Inc., Newark, DE�.

The custom off-surface probe is positioned 18 cm above
he treatment surface on a tripod base �Fig. 1�a� and 1�c��. The
reatment field size is adjusted with a diaphragm mounted on
he tripod, permitting field sizes up to 6 cm in diameter. Ter-
inated in the center of the probe is the treatment fiber, a
00-�m core diameter microlens diffuser with a numerical
perture �NA� of 0.39 �Pioneer Optics Co. Inc., Bloomfield,
T�. Also terminated in the probe are two pairs of fibers for

pectroscopic measurements of two interrogation locations
ithin the treatment field; a fixed location in the center of the
eld and a second that is adjustable by means of a nylon ball
earing. Each pair of fibers consists of a light delivery fiber
600-�m core diameter; NA 0.22� and a detection fiber
400-�m core diameter fiber; NA 0.22�. Both fibers are
oupled to a 6-mm effective focal length lens resulting in a
-cm-diameter interrogation spot. The size of the spot pro-
ides an acceptable signal-to-noise ratio while minimizing the
uration of treatment interruptions. Differing angles of light
elivery and detection reduce the amount of specular reflec-
ion detected. A set of spectroscopic measurements consists of
nterrogating the center and outer spots with broadband light,
ollowed by 640-nm fluorescence excitation. The integration
ime for each measurement is 1 s; therefore, the duration of
ne set of measurements is �4 s. Sets of spectroscopic mea-
urements can be made before, during, and after PDT, after
ny number of delivered fluences.

System control and data acquisition is performed using a
aptop, data acquisition card, and software programmed in
abVIEW �National Instruments, Austin, TX�. The user inter-

ace allows the operator to enter patient information, take pre-
rug measurements, and initiate PDT treatment with user-
efined periodic spectroscopic measurements. Real-time
reliminary data reduction is performed and displayed on the
nterface showing reflectance and fluorescence spectra from
oth interrogation spots. Spectra are corrected for background
ignals and system response generated using a National Insti-
ute of Standards and Technology �NIST�-traceable calibra-
ion lamp and diffuse reflectance standard �Ocean Optics Inc.,
unedin, FL�. Further empirical corrections performed post-

reatment address effects induced by absorption and scattering
n the intrinsic fluorescence through division of the fluores-
ence spectra by the diffuse reflectance measured in the same
ournal of Biomedical Optics 030507-
geometry and spectral window.7 In addition to Pc 4 emission,
native system fluorophors contribute to the signal. Pc 4 fluo-
rescence is extracted with a singular value decomposition
�SVD� algorithm implemented in MATLAB �The MathWorks
Inc., Natick, MA�, which utilizes basis spectra for Pc 4 and
system fluorescence and a Fourier series that captures contri-
butions from unknown fluorophors or irradiation-induced
fluorescence changes.6 A representative SVD fit to patient
data is shown in Fig. 2. The signal below 660 nm is attributed
to system fluorescence, whereas at longer wavelengths, the
data are dominated by Pc 4. A measure of the method’s ability
to return accurate estimates of Pc 4 fluorescence is that the
amplitude of the Fourier terms never exceeds 2.2% of the fit
to the intrinsic fluorescence in the range 680 to 750 nm.

Three 6-cm diameter lesions in one patient were treated
with a topically applied Pc 4 concentration of 0.1 mg /mL.
Immediately before irradiation, the lesion was cleaned with
ethanol to remove excess Pc 4. The lesions were irradiated
with 675-nm light at a fluence rate of 100 mW /cm2 for
200 J /cm2. Twenty-nine sets of spectroscopic measurements
were taken throughout the treatment. Twelve complete data
sets were obtained: reflectance and fluorescence spectra from
the center and outer regions from each of the three lesions.
Four of the data sets were not included in the photobleaching
analysis because of probe adjustments during treatment of the
first of the lesions. Figures 3�a� and 3�b� show selected patient
spectra from one location. The reflectance spectra �Fig. 3�a��
are normalized at 800 nm, near an isosbestic point of hemo-
globin. The presence of Pc 4 is indicated by decreased reflec-
tance near 670 nm, the main Pc 4 absorption peak. Before
PDT �0 J /cm2�, the reflectance at 670 nm is equal to that at
�629 nm, which demonstrates the impact of Pc 4 on the
tissue absorption under these treatment conditions. With in-
creasing fluence, the 670-nm reflectance progressively in-
creases. The Pc 4 fluorescence extracted using SVD is shown
in Fig. 3�b�, normalized to the pre-PDT amplitude. The mod-
erate decrease in Pc 4 fluorescence implies photobleaching,
consistent with the reflectance spectra. To better examine this
irradiation-induced effect, the Pc 4 fluorescence amplitude
plotted against fluence is shown in Fig. 3�c�. These data are

Fig. 2 Representative SVD fit to fluorescence data from a patient
CTCL lesion �circles�. At wavelengths shorter than 660 nm the signal
is dominated by system fluorescence �solid line�. At longer wave-
lengths, the spectrum is dominated by Pc 4 fluorescence �dashed
line�. The Fourier series contribution �dotted line� never exceeds 2.2%
of the fit to the intrinsic fluorescence in the range 680–750 nm, indi-
cating a high-quality fit.
May/June 2008 � Vol. 13�3�2
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eans � standard error of the mean from measurements at
wo locations in each of two lesions. The fluorescence steadily
ecreases with irradiation reaching �53% of initial fluores-
ence levels at 200 J /cm2. This photobleaching is quite mod-
st in comparison to photobleaching rates of other
hotosensitizers.6

Heterogeneities in detected fluorescence were also ob-
erved. Figure 4 shows pre-PDT Pc 4 fluorescence levels from
he center and outer regions in two lesions. Within lesion B,
he fluorescence was 74% lower in the center vs outer region.
nterlesion heterogeneity was also noted; the mean fluores-
ence of lesion A was 65% greater than that of B. Although Pc
was applied to both lesions at the same time, the sequence

f lesion irradiation resulted in a longer drug-light interval for
esion B. The drug may have penetrated deeper into the tissue
reating a lower concentration in the interrogation volume.
eterogeneities may also arise from variable distribution of
c 4 on the surface, which could be secondary to properties of

he vehicle.

ig. 3 �a� Representative in vivo reflectance curves at several fluences
aken from one interrogation field. The curves are normalized at
00 nm, near an isosbestic point of oxy- and deoxyhemoglobin. The
ecrease in reflectance near 670 nm is the result of Pc 4’s strong
bsorption. With increasing fluence, the reflectance near 670 nm in-
reases. �b� Corresponding Pc 4 fluorescence curves corrected for dis-
ortions caused by absorption and scattering. With increasing fluence,
he amplitude of the Pc 4 fluorescence decreases. �c� Mean ± SEM Pc

fluorescence amplitudes vs fluence from two interrogation spots in
ach of two lesions. Pc 4 undergoes modest photobleaching to �53%
f initial value after 200 J /cm2.
ournal of Biomedical Optics 030507-
In summary, this system integrates spectroscopy with PDT
for current and anticipated clinical trials of Pc 4-PDT. In pre-
liminary patient data, the presence of Pc 4 significantly in-
creased tissue absorption at the treatment wavelength, modest
photobleaching was observed, and intra- and interlesion Pc 4
heterogeneities became apparent. These results emphasize the
importance of optical dosimetry in the early stages of PDT
clinical trials. Our research plans include the development of
algorithms for extracting SO2 from off-surface measurements
and characterization of the tissue volumes interrogated by
spectroscopy using this probe.
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