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Abstract. Photodynamic therapy �PDT� is a promising cancer treat-
ment that involves optical excitation of photosensitizers that promote
oxygen molecules to the metastable O2�a1�� state �singlet oxygen�.
This species is believed to be responsible for the destruction of can-
cerous cells during PDT. We describe a fiber optic-coupled, pulsed
diode laser-based diagnostic for singlet oxygen. We use both temporal
and spectral filtering to enhance the detection of the weak O2�a
→X� emission near 1.27 �m. We present data that demonstrate real-
time singlet oxygen production in tumor-laden rats with chlorin e6
and 5-aminolevulinic acid-induced protoporphyrin photosensitizers.
We also observe a positive correlation between post-PDT treatment
regression of the tumors and the relative amount of singlet oxygen
measured. These results are promising for the development of the
sensor as a real-time dosimeter for PDT. © 2008 Society of Photo-Optical Instru-
mentation Engineers. �DOI: 10.1117/1.3042265�
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Introduction
hotodynamic therapy �PDT� is an emerging cancer treatment

hat uses photosensitizers activated with visible wavelength
ight. The photoactivated photosensitizer �PS� excites oxygen
o the �a1�� state via the type-II photochemical pathway.1

revious studies have provided strong evidence that singlet
xygen is the active species in cancer cell or endothelial cell
ecrosis.2–6 Thus, a device that facilitates the measurement of
he singlet oxygen in vivo could provide a crucial parameter in
DT dosimetry and the potential of improved and even indi-
idualized therapeutic design.

There has been considerable interest in developing a sen-
or for singlet oxygen that could be used as a real-time do-
imeter during PDT treatments.7–19 Correlations of the singlet
xygen produced with treatment efficacy could be one impor-
ant use of such a sensor. Some researchers have attempted to
evelop dosimeters based on the prompt, radiatively allowed
uorescence of the PS in the tumor, but simple PS fluores-
ence detection may not accurately reflect the complex and
ynamic interactions that lead to the therapeutic effect.3

ogue et al.11 used small electrodes to measure total oxygen
ontent in tumors during PDT in animal studies and demon-
trated deoxygenation during treatments. Other researchers
ave shown that oxygenation of tissue can enhance PDT
fficiency.12–14

Some of the earlier work used sensitive but slow �band-
idths on the order of 10−3 s� detectors for the 1.27-�m sin-

ddress all correspondence to: Seonkyung Lee, Physical Sciences Inc., 20 New
ngland Business Center, Andover, MA 01810; Tel: 978-689-0003; Fax: 978-
89-3232; E-mail: lee@psicorp.com
ournal of Biomedical Optics 064035-
glet oxygen emission. While these proved useful for in vitro
studies, this approach was unsuccessful in vivo due to the
slow detector response. Recently, a high quantum efficiency,
high speed ��7 ns�, low dark current photomultiplier tube
�PMT� became commercially available, and this greatly en-
hanced detection of the weak singlet oxygen emission near
1.27 �m. Using this detection method, we have developed a
sensitive, diode laser-based monitor for singlet oxygen pro-
duced by PDT.15–17 In Fig. 1, we illustrate our detection strat-
egy that includes both temporal discrimination and spectral
filtering to maximize the sensitivity of our system to singlet
oxygen emission. The pioneering work of Wilson, Patterson,
and Lilge8 has also described a singlet oxygen monitor based
on similar detection methods. However, there are significant
differences between the two approaches. Wilson’s group
used a Q-switched, frequency-doubled, Nd:YAG laser
�pulse lengths �10 ns� in contrast to our relatively long
��1 to 10 �s� pulses. Diode laser pulses do not produce sig-
nificant energy compression, and the peak power of the diode
laser ��300 mW� is much less than that of Q-switched de-
vices. In addition, our system is fiber coupled; the diode laser
beam delivery and the singlet oxygen collection are both fa-
cilitated by fiber optic cables, where Wilson, Patterson, and
Lilge used free-space optics. More recently, Maisch et al.18

used a Q-switched Nd:YAG laser and the PMT approach to
detect singlet oxygen produced by PDT in bacteria. Yama-
moto et al.19 have used a Q-switched Nd:YAG laser-pumped
dye laser to produce and monitor singlet oxygen both in vitro
and in vivo.

1083-3668/2008/13�6�/064035/8/$25.00 © 2008 SPIE
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Previously, we described an early version of our singlet
xygen monitor and demonstrated that we could measure the
roduction of singlet oxygen in a variety of singlet oxygen
uenching media including water, methanol, acetone, and
rotein-rich aqueous solutions.15–17 Here we report the detec-
ion of singlet oxygen on tumor-laden rats with the photosen-
itizers chlorin e6 �Cl-e6� and 5-aminolevulinic acid-induced
rotoporphyrin �ALA-induced Pp IX�. We observed a positive
orrelation between the observed singlet oxygen signal and
he post-treatment regression of tumors on several rats.

Method
.1 Apparatus and Measurement of Singlet Oxygen
e used time-resolved emission measurements and optical

ltering to enhance the sensitivity for detecting the singlet
xygen, as shown in Fig. 1. The temporal filtering method is
utlined in Fig. 1�a�, and the spectral filtering to further iso-
ate the singlet oxygen emission �near 1.27 �m� from long
avelength PS fluorescence and/or phosphorescence is shown

n Fig. 1�b�. It is well established that singlet oxygen is se-
erely quenched in aqueous media. Indeed, the lifetime is
educed from about 60 min in the gas phase to approximately
�s in aqueous media. In biological media, however, the

ifetime is further reduced to around 100 ns.13,14 This is one of
he major challenges of detecting singlet oxygen both in vitro
nd in vivo. The high bandwidth, near infrared �IR� PMT and
temporally gated detection system help isolate the longer

ived singlet oxygen emission from the much faster PS fluo-
escence. Two diode lasers were used in the singlet oxygen
ensor: 1. 655-nm, 5-�s pulse width, 1-kHz repetition rate
or Cl-e6, and 2. 635-nm, 5-�s pulse width, 10-kHz repeti-
ion rate for ALA.

The singlet oxygen detection system includes: 1. the diode
aser module; 2. optical filters/PMT detection system; and 3.
he data acquisition system with a photon counting board.
oth the pulsed diode laser light delivery and singlet oxygen
mission collection are fiber optic-coupled via a bifurcated
robe, and this facilitates application of the sensor to in vivo
tudies. The excitation light was delivered to the site being
xamined by one leg of the fiber optic, and the near-IR emis-
ion was collected by the other leg. The detected emission
ncluded the singlet oxygen signal and other possible near-IR

(a)

Time

Modulated
Laser Inten

"Prompt" P
Fluorescen
Fluorescen
from Long
Lived Sing
Oxygen
Viewing T

ig. 1 Detection scheme for singlet oxygen emission with a short puls
ypical spectra for photosensitizer fluorescence, singlet oxygen emissi
xygen emission.
ournal of Biomedical Optics 064035-
radiation such as PS fluorescence, phosphorescence, and tis-
sue autofluorescence. At the distal end of the detection fiber,
the near-IR radiation was collimated and sent through a series
of three narrow bandpass filters �15-nm bandwidths and
transmission center wavelengths of 1.22, 1.27, and
1.315 �m� contained in a sliding filter holder configuration.
At each bandpass filter wavelength, the signal was accumu-
lated over 30,000 laser pulses, typically 3 sec with 10-kHz
operation. The filters provided spectral discrimination of the
singlet oxygen emission from the interferences mentioned be-
fore. The emission feature of singlet oxygen is centered in the
wavelength region of 1.27 �m�10 nm. The two filters cen-
tered at 1.22 and 1.315 �m provided measurements of the
background emission that did not contain singlet oxygen
emission. The optical radiation transmitted by the filters was
detected by a thermoelectrically cooled PMT �Hamamatsu
model H9170-45, NJ, USA� run in a photon counting mode.
The output current pulses from the PMT were amplified with
a high bandwidth amplifier and fed to the data acquisition
system. We combined the acquisition system with a fast pho-
ton counting board �Becker and Hickl model MSA-300, MA,
USA� that can handle up to a 20-kHz operation rate for our
system configuration.

For our initial in vivo measurements with Cl-e6, we used
only one filter centered at a wavelength of 1.27 �m. The
background signal subtraction was done with a signal mea-
sured at an off-tumor site distinct from the tumor site. The
off-tumor site retains much less PS, so the detected signal is
predominantly due to scattered light from the irradiated tissue.
However, we found large variations of background signal due
to differing skin optical characteristics at different locations
within the same animal. With only one optical filter at
1.27 �m, these variations severely affected the background
subtraction method used to extract the singlet oxygen emis-
sion signal, especially for weaker singlet oxygen signals.
Thus, to minimize signal variations due to skin optical char-
acteristics and to enhance the detection sensitivity, we intro-
duced the three filter method. This allowed measurement of
both the singlet oxygen and background emissions over the
same area of skin.

Our system produces the detected singlet oxygen emission
by the type-II process. The pulsed diode laser in our sensor is
distinct from the cw PDT treatment laser. The pulsed diode
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aser produces singlet oxygen from ground state oxygen
ithin the tissue that is available at various times before, dur-

ng, and after the treatments by the cw PDT laser. The singlet
xygen that we measure is proportional to the product of the
vailable ground state oxygen concentration multiplied by the
S concentration �i.e., �1O2�� �PS�� �O2��. In our system,

his measurement is done at various times before and during
he PDT treatments. The cw treatment laser is shut off for a
hort period ��30 s�, and the pulsed diode laser is used to
roduce singlet oxygen. Thus, our monitor measures the ca-
acity of the irradiated tissue to produce singlet oxygen, and
he measured signal is assumed to be proportional to the sin-
let oxygen produced when the PDT treatment laser is on. In
uture work, we plan to pulse the treatment laser to provide
inglet oxygen emission signals directly during PDT
reatment.

.2 Protocol for Animal Study
e measured singlet oxygen production in tumor-laden rats

uring PDT treatment using the singlet oxygen monitor at the
ellman Laboratories of Photomedicine at Massachusetts
eneral Hospital �MGH�. The animal model used the R3327-
atLyLu prostate cancer cell line that somewhat follows the

uman disease pattern and metastasizes into lymph nodes and
ungs. Since the R3327-MatLyLu cells are syngeneic, there is
o need for immune suppression in the rats, which enhances
he model’s clinical relevance. This study was performed un-
er MGH protocol and was reviewed and approved by the
GH Subcommittee on Research Animal Care �SRAC�-OLW
ssurance �title of protocol: Measurement of Singlet Oxygen
ormation During Photodynamic Therapy Using a Diode
aser-Based System: Rats Model�.

Tumors were induced by subcutaneous injection of a sus-
ension of 105 R3327-MatLyLu cells into the flanks of two-
onth-old male Copenhagen rats of 150- to 200-g weight.
nce the tumors had reached treatment size, the animals re-

eived an injection of either intravenous Cl-e6 or intraperito-
eal ALA. After a waiting period of 3 h that allows for accu-
ulation of PS in the tumor, light exposure was done in the

nesthetized animals through the shaved skin.20,21 Treatment
rradiations of the tumors were performed using cw diode
aser sources �HPD, Incorporated� with a wavelength that

atched the absorption profile of the PS; 655-nm diode laser
or Cl-e6, and 635-nm diode laser for ALA. The incident
ower density of the treatment laser was 100 mW /cm2.

The singlet oxygen probe was placed 1.5 mm above the
kin of the subject animals. The singlet oxygen emissions
ere recorded at several times: 1. before infusion of a PS, 2.

mmediately before starting the therapeutic light exposure but
fter the PS had spread systemically for a specific PS incuba-
ion time period, 3. at several separate times during the thera-
eutic irradiation, and 4. at the end of the light exposure. Each
easurement contained 30,000 pulses from the diode laser

ource. The measurement required interrupting the therapeutic
ight exposure, but only for approximately 10 to 30 s. Using
he singlet oxygen monitor in this way does not influence
DT treatment protocols.

We recorded tumor growth after PDT treatment with a con-
rol group and different ALA dosage groups: 100 and
00 mg /kg body weight of ALA, and 50 and 25 J /cm2 of
ournal of Biomedical Optics 064035-
total light dosage. For the tumor regression study, implant
sizes were repeatedly assessed by caliper measurement. Tu-
mor volumes �V� were calculated using the formula for the
ellipsoid V=length�width�height�0.5236 �� /6�. Tu-
mors were observed while growing to treatment dimensions
of about 0.3 cm3, which requires approximately 8 to 10 days.
The animals were sacrificed at 14 days from the day of PDT
treatment.

3 Results and Discussion
3.1 Kinetic Model for Singlet Oxygen
We interpret the observed signals of the singlet oxygen emis-
sion using a kinetic model described earlier17 and summarized
next. Assuming that the singlet oxygen is produced via the
type-II mechanism and treating the excitation pulse as an “in-
stantaneous” source, leads to a time-dependent solution for
the singlet oxygen concentration �O2�1���t in cm−3 after the
termination of the excitation pulse, given by:

�O2�1���t = N��So�	�


�


T − 
�

�exp − �t/
T� − exp�− t/
��� ,

�1�

where N is the number of photons per cm2 in the excitation
pulse incident on the sample, � is the absorption cross section
of the PS in cm2, �So� is the concentration of PS ground state,
	� is the quantum yield of singlet oxygen, and 
T and 
� are
lifetimes of PS triplet state and singlet oxygen, respectively.

This is identical to the result discussed in Refs. 8–10,
where they used a Q-switched, frequency-doubled, Nd:YAG
laser or an optical parametric oscillator as the excitation
source. Both produce very short pulses ��10 ns�, and Eq. �1�
is an adequate description. However, our diode laser approach
uses much longer pulses �1 to 10 �s�, and the instantaneous
excitation model is no longer valid while the diode laser is on.
In our case, the diode laser intensity is constant over the du-
ration of the pulse, and the kinetics of singlet oxygen produc-
tion and destruction during the laser pulse become non-
negligible. To gain a better understanding of this long pulse
limit, we solved this kinetic model numerically using Math-
CAD. An example of this model study is shown in Fig. 2.
During the diode laser pulse, the population of the PS singlet
state quickly reaches a steady state value �Fig. 2�a��. The PS
triplet state population grows and populates the oxygen sin-
glet state via energy transfer collisions during the laser pulse
�Fig. 2�b��. The total temporal profile �Fig. 2�c�� is the sum of
the emissions from both the PS and the singlet oxygen. We
readily observed these processes in several in vitro studies, as
shown in Fig. 2�d�.17 Some data observed in the present in
vivo studies also displayed both the growth of the singlet oxy-
gen signal in the early part of the diode laser pulse and its
decay subsequent to the laser pulse.

Figures 2�e� and 2�f� show comparisons of this model to
our data from aqueous solutions with two different excitation
pulse widths: 1 and 5 �s. �Note that we collect data for 6 �s
prior to the initiation of the diode laser pulse to provide a
“zero” level for the subsequent data reduction.� Many photo-
sensitizers produce some prompt PS singlet state emission
even at the singlet oxygen emission wavelength of 1.27 �m.
November/December 2008 � Vol. 13�6�3
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his PS fluorescence decays in a few nanoseconds after the
iode laser pulse is terminated, as shown in both our model
nd experimental measurements. Using PDT treatment param-
ters such as PS concentration, laser intensity, PS triplet life-
ime, singlet oxygen lifetime, and energy transfer rates, the

odel provides a guide for the interpretation of the singlet
xygen production in the solution phase. The model also im-
lies that there may be an optimum diode laser pulse width to
aximize the singlet oxygen produced per pulse, and this
ay enable one to develop optimized conditions of PDT

reatments.

.2 Singlet Oxygen Detection in Tumor-Laden Rats
ur first experiments to investigate the detection sensitivity

or singlet oxygen in vivo used Cl-e6 and only the 1.27-�m
andpass filter for spectral discrimination of the singlet oxy-
en emission. We recorded the temporal evolutions of the

0

3E+15

6E+15

9E+15

1.2E+16

0 10 20 30 40
time ( s)

S1(t)

PS*
"prompt" PS fluorescence

In
te
ns
ity
(a
.u
.)

0

4E+15

8E+15

1.2E+16

1.6E+16

0 10 20 30 40 5

In
te
ns
ity
(a
.u
.)

Total Temporal Profile

PS and O2* Emission

O2* Emission

time ( s)

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40

In
te
ns
ity
(a
.u
.) 5

1

pulse width (

time ( s)

(a)

(c)

(e)

ig. 2 Kinetic model predictions compared to experimental emission p
rocess for long pulse �5 �s� diode laser excitation; and �d� data fro
inglet oxygen in water with different laser pulse widths: �e� predictio
xperimental results with Cl-e6 in aqueous solution.
ournal of Biomedical Optics 064035-
emission at 1.27 �m and integrated the emission signal
counts over the time interval of 2 to 4 �s after the termina-
tion of the diode laser pulse. The singlet oxygen and back-
ground signals were measured at two distinct locations on
each rat. The background emission signals were recorded at a
location that did not include tumor tissue. The singlet oxygen
emission plus any background signals were measured on the
tumor site. The signal of singlet oxygen produced from the
tumor site was calculated by subtracting the background emis-
sion �off-tumor site� from the emission observed on the tumor
site. This measurement �in photoelectron counts� provided a
relative value for the singlet oxygen concentration produced
by the pulsed diode laser. For the in vivo studies, we used two
diode laser sources: a continuous wave �cw� treatment laser
and a pulsed laser for the singlet oxygen measurements. We
controlled the total PDT treatment light fluence of the cw
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aser, and made the singlet oxygen measurements during short
eriods of time when the cw laser was off.

Figures 3�a�–3�c� show typical temporal profiles �back-
round subtracted� in photoelectron counts at 1.27 �m imme-
iately after a 10 J /cm2 light treatment with a 655-nm diode
aser for three tumor-laden rats. One had no Cl-e6, one was
nfused to a Cl-e6 concentration of 0.5 mg /kg body weight,
nd the third was infused to a Cl-e6 concentration of

mg /kg body weight. The data indicate a correlation be-
ween the temporal profiles of singlet oxygen emission and
he initial concentrations of the infused Cl-e6. Figure 3�d�
ummarizes the observed singlet oxygen production with dif-
erent PDT light irradiations for three tumor-laden rats with
l-e6. These data represent the summation of photoelectron

ounts �after background subtraction� at 1.27 �m. For these
ata, the singlet oxygen was measured at two locations on the
umor in each rat, and the data show the two-site average
ignal of the singlet oxygen production as a function of total
DT treatment light fluence. We observed photoelectrons that
e interpret as being due to singlet oxygen emission in the

ontrol group that had no Cl-e6. This is most likely due to
inglet oxygen production from naturally existing porphyrins
n the skin, as reported by other groups.10 After 10 J /cm2 of
DT treatment with the cw treatment laser, there was a dis-

inct increase in the singlet oxygen signal. Subsequent to fur-
her treatment, the data show a reduction of the singlet oxygen
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ournal of Biomedical Optics 064035-
signal as the total light dose was increased. The causes of this
diminution are likely a combination of tumor hypoxia and
Cl-e6 photobleaching.

While the background subtraction method was adequate
for the Cl-e6 photosensitizer that produced relatively large
singlet oxygen emissions, other photosensitizers, e.g., ALA,
produce considerably smaller singlet oxygen signals as we
observed in previous in vitro studies.15–17 Consequently, to
enhance the sensitivity of the singlet oxygen monitor, we
added two optical filters that pass near-IR radiation at 1.22
and 1.315 �m �shorter and longer wavelengths than the sin-
glet oxygen emission wavelength�. All three filters were con-
tained in a sliding filter holder to allow rapid and reproducible
insertion of each filter into the optical detection path. The
observed signals with the bandpass filters centered at 1.22 and
1.315 �m were used to improve the background subtraction
routine and provide more accurate determination of the singlet
oxygen signal. The average value of the signals at 1.22 and
1.315 �m was subtracted from the signal recorded with the
1.27-�m bandpass filter to obtain the singlet oxygen signal.
These measurements were made sequentially but at the same
location on the rats. The background signals may contain pho-
tosensitizer fluorescence, phosphorescence, and autofluores-
cence of any of the optical components, including the collec-
tion fiber optics.
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In the ALA study, we used this three-filter detection
ethod and a 635-nm diode laser for the PDT treatment light

ource. The singlet oxygen production was measured with a
35-nm pulsed diode laser 1. before ALA injection, 2. just
efore PDT treatment after 3 h of ALA incubation time pe-
iod, 3. between the PDT treatment, and 4. at the end of the
DT treatment. The tumor size was recorded for 14 days fol-

owing PDT treatment.
Figures 4�a� and 4�b� show fits to data for a single animal

ut are typical for the ALA study. Figure 4�a� shows the av-
rages of 30,000 diode laser pulses prior to injection with
LA, each at the three wavelengths transmitted by the narrow
andpass filters. These data demonstrate that optical signals
re observed at all three wavelengths, probably due to broad-
and PS fluorescence and phosphorescence. Since we extract
he singlet oxygen signal using the difference between the
ignal at 1.27 �m and the average of the two signals at 1.22
nd 1.315 �m, Fig. 4�a� implies essentially no detectable sin-
let oxygen signal. In contrast, Fig. 4�b� shows similar data,
ut after injection with ALA and after 50J of PDT treatment.
he signal at 1.27 �m is clearly larger than at the other two,
ff-band wavelengths and persists for a longer time.

During the PDT treatments, the optical fiber probe of the
inglet oxygen monitor was moved to allow unimpeded ac-
ess of the tumor by the cw treatment laser beam that covered
he entire area of the tumor site ��1 cm diam�. Subsequent to
he delivery of a selected treatment fluence, the cw laser was
hut off, and the fiber probe of the singlet oxygen monitor was
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repositioned �1.5 mm from the tumor site. The diameter of
the monitor diode laser beam on the tumor site was
�2 to 3 mm. This removal and repositioning of the monitor
beam before and after a treatment caused variations in the
observed signal levels, presumably due to nonuniformities in
the optical properties of the tissue �including the skin� of the
subject animal. However, we measure the difference between
the average of the two, out-of-band �with respect to singlet
oxygen� emissions at 1.22 and 1.315 �m and the in-band
signal at 1.27 �m to determine the relative singlet oxygen
concentration. This variation is clearly shown in Figs. 4�a�
and 4�b�. In Fig. 4�a� �no PS�, we observed signals at all three
wavelengths that were nearly identical and larger than those
of Fig. 4�b� �with PS�. However, the signal detected at
1.27 �m is larger than the signals at 1.22 and 1.315 �m in
Fig. 4�b�. This is consistent with the production of singlet
oxygen in the tumor.

The singlet oxygen signal was monitored in each animal,
and Figs. 4�c� and 4�d� show the singlet oxygen production
�the measured counts at 1.27 �m minus the counts averaged
at 1.22 and 1.315 �m� for two rats as a function of PDT light
dosage. The data shown in Fig. 4�d� indicate a negative value
for the singlet oxygen concentration for the no ALA case. This
is a result of the background subtraction routine described
before and represents the systematic uncertainty for the weak
signals observed in the absence of a PS. The singlet oxygen
signal was clearly higher after the initial PDT treatment. This
may be due to increased oxygenation or blood flow to the
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reated area. Indeed, several groups have reported enhanced
lood flow and increased ground state oxygenation early in
he PDT treatment process.13,14 Cottrell et al. have also re-
ently observed a formation of a photoproduct during ALA
hotobleaching, and the photoproduct is a PDT active species
roducing singlet oxygen.22 They reported that this process
ncreased the concentration of the photoproduct until about
5 J /cm2 of fluence had been delivered. Note that some
esearchers23,24 have attempted to develop PDT dosimeters
ased on the fluorescence intensity of the PS in the tumor, but
hotobleaching of the PS precludes this as an accurate
ethod. The singlet oxygen production depends on all the

arameters that affect PDT treatment: �PS�, light dosage, and
O2�.

.3 Tumor Regression Study
ollowing the PDT treatment with different ALA dosages and

ight dosages, the tumor size was measured each day for
4 days. In Fig. 5, we present results of tumor growth and
egression following the treatment. Figure 5�a� illustrates the
umor regression measured for three rats as a function of the
inglet oxygen measured during the PDT treatment. One was
n a control group that had no PDT treatment light or ALA.
ne rat produced a relatively small singlet oxygen signal of
55 counts and showed steady tumor growth similar to the
ontrol. The rat that produced the most singlet oxygen of 921
ounts �approximately six times that of the one with 155
ounts singlet oxygen� showed a tumor regression of �90%
wo days after the treatment. Tumor growth then began again.
he treatments were not intended to be curative.

In Fig. 5�b�, we plot the tumor regression as a function of
he singlet oxygen measured during the PDT light treatment in

group of seven rats. This plot shows a positive correlation
etween singlet oxygen production and tumor volume regres-
ion. The error bars represent the estimated statistical uncer-
ainties in measuring tumor size and the standard deviations
f the number of singlet oxygen photoelectrons detected. The
ata indicate larger systematic uncertainties in singlet oxygen
roduction and tumor regression for different animals. Even
ith the rather large uncertainties and our very limited study,
e observed a clear trend of larger tumor volume removal
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ig. 5 Tumor regression data: �a� three rats including one control, and
ohort of seven rats. Singlet oxygen counts are the cumulative values
ournal of Biomedical Optics 064035-
with more singlet oxygen production during PDT light treat-
ment. While these are preliminary data from a limited number
of animals, there does appear to be a positive correlation of
the volume of tumor regression and the amount of singlet
oxygen produced. An extensive animal study is planned to
further investigate this relationship with the goal of develop-
ing a statistically significant database.

4 Summary
We described a novel, fiber-coupled, diode laser-based system
for measuring the production of singlet oxygen during PDT,
and successfully applied this device to measure PDT pro-
duced singlet oxygen in vivo. Using tumor-laden rats, we ob-
served singlet oxygen produced by PDT treatments with both
Cl-e6 and ALA. We also observed tumor regression that cor-
relates with the measured singlet oxygen produced. Although
these initial results display only moderate signal-to-noise ra-
tios, there is a clear relationship between singlet oxygen pro-
duction and tumor regression. This could potentially provide
the critical parameter in PDT dosimetry and facilitate indi-
vidual therapeutic design. We plan to enhance the sensitivity
of the monitor and will complete a much more extensive ani-
mal study to further test the capability of monitoring singlet
oxygen in vivo.
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