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Abstract. Monitoring of the tissue response to photodynamic therapy
�PDT� can provide important information to help optimize treatment
variables such as drug and light dose, and possibly predict treatment
outcome. A urinary bladder cancer cell line �AY-27� was used to in-
duce orthotopic transitional cell carcinomas �TCC� in female Fischer
rats, and hexyl 5-aminolevulinate �HAL, 8 mM, 1 h�-induced PDT
was performed on day 14 after instillation of the cancer cells
�20 J /cm2 fluence at 635 nm�. In vivo optical reflectance and fluores-
cence spectra were recorded from bladders before and after laser
treatment with a fiberoptic probe. Calculated fluorescence bleaching
and oxygen saturation in the bladder wall were examined and corre-
lated to histology results. Reflectance spectra were analyzed using a
three-layer optical photon transport model. Animals with TCC treated
with PDT showed a clear treatment response; decreased tissue oxy-
genation and protoporphyrin IX �PpIX� fluorescence photobleaching
were observed. Histology demonstrated that 3 of 6 animals with treat-
ment had no sign of the tumor 7 days after PDT treatment. The other
3 animals had significantly reduced the tumor size. The most
treatment-responsive animals had the highest PpIX fluorescence prior
to light irradiation. Thus, optical spectroscopy can provide useful in-
formation for PDT. The model has proved to be very suitable for blad-
der cancer studies. © 2008 Society of Photo-Optical Instrumentation Engineers.
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Introduction
rinary bladder cancer causes more than 130,000 deaths ev-

ry year worldwide.1 The strongest known risk factor for
ladder cancer is smoking, probably due to the high content
f carcinogenic arylamines in cigarette smoke. The bladder
onsists of three layers: a mucous layer of epithelial cells
urothelium�, the underlying submucosa, and the outer mus-

ddress all correspondence to: Eivind L.P. Larsen, Norwegian University of Sci-
nce and Technology, Department of Electronics and Telecommunications,
-7491 Trondheim, Norway; Tel: +4773592776; Fax: +4773591441; E-mail:
ivind.larsen@iet.ntnu.no.
ournal of Biomedical Optics 044031-
cular layer. Bladder cancer usually originates in the epithelial
lining and can continue to grow through the submucosa into
the muscular layer, then invade surrounding tissues and the
lymph vessels, giving rise to metastasis. Treatment of bladder
cancer depends on the stage of the disease, the type of cancer,
and the patient’s age and general health condition. Treatment
options include surgery, endoscopic resection, chemotherapy,
and immunotherapy.

Photodynamic therapy �PDT� is a treatment modality that
has been shown to be effective for both malignant and non-

1083-3668/2008/13�4�/044031/9/$25.00 © 2008 SPIE
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alignant diseases.2 PDT is based on photochemical reactions
etween a photosensitizer and light, where the sensitizer ac-
umulates in the tissue and is activated by light of an appro-
riate wavelength. This in turn induces cell death in the tissue
y the production of singlet oxygen and other reactive oxygen
pecies �ROS�.3 Since cancer cells have a higher accumula-
ion of sensitizer than normal cells,4 PDT is a selective treat-

ent modality. To achieve curative treatment with PDT, it is
rucial to find the right balance between the drug doses and
ight doses to destroy cancerous tissue and avoid irreparable
amage to surrounding tissues.

A number of photosensitizers are currently available,
mong which 5-aminolevulinic acid �ALA� is a well-studied
rug for PDT. ALA is not a photosensitizer in itself, but it is a
recursor to the photosensitizer protoporphyrin IX �PpIX� via
he heme-biosynthesis. When ALA is taken up by cells, it is
ndogenously converted into PpIX.5 New ALA derivatives
uch as hexyl 5-aminolevulinate �HAL� may increase the ef-
ciency of PDT due to the high lipophilicity of the ALA esters
ompared to ALA, leading to better penetration into the cells
nd ultimately a higher concentration of PpIX.6–8

Optical spectroscopy �e.g., fluorescence, reflectance, near-
nfrared, and Raman spectroscopy� is commonly used for di-
gnostics in medicine and can provide important information
n the tissues studied. PpIX fluorescence has been used to aid
hite-light cystoscopy for the detection and diagnosis of blad-
er cancer, because the fluorescence demarcates the area of
arcinomas in situ, enhancing the detection sensitivity.9–12

pIX exhibits a characteristic dual-peaked fluorescence, with
main emission peak around 635 nm and a second emission

eak around 705 nm.13,14

Molecular oxygen is crucial for the sensitivity of tumor
ells to PDT and is consumed during irradiation. Since the
ytotoxic effects depend on oxygen, monitoring tissue oxy-
enation before and after PDT may predict the effect of the
reatment.15

The value of optical measurements depends strongly on
he method of analysis chosen. Empirically based formulas
hat use a set of wavelengths is the most common method to
valuate reflectance spectra. In most cases this approach is
ufficiently accurate. However, in complex systems involving
everal chromophores, such a method may cause problems. A
hoton transport model can be used to identify the various
onstituents present in the measured spectra by, e.g., simulat-
ng spectra with a given chromophore combination and com-
aring them iteratively to the measurements.

Superficial urinary bladder cancer is suited for effective
reatment by PDT because the bladder is easily accessible for
oth intravesical instillation and illumination. Intravesical in-
tillation has been shown to cause less damage to normal
issue than intravenous instillation and still yields the same
DT efficacy.16 Current limitations to ALA-based PDT is the
enetration depth in tissues of both the sensitizer and the il-
umination used in intravesical treatment. This limited pen-
tration depth suggests that PDT may be most effective on
ow-stage �superficial� cancers.17

The aim of the present study was to investigate whether in
ivo reflectance and fluorescence spectroscopy are useful
ethods in predicting the therapeutic efficacy of PDT, using
AL in a superficial urinary bladder cancer model.
ournal of Biomedical Optics 044031-
2 Modeling
2.1 Bladder Geometry and Light Fluence
The thickness of the rat bladder wall varies between 0.1 and
1.0 mm, depending on the absence or presence of a tumor.
The relative thickness of the muscular layer compared to
urothelium and submucosa is related to the degree of tumor
infiltration. For the calculation of light fluence, the rat bladder
is modeled as a sphere with a volume of 0.3 ml, correspond-
ing to an internal bladder surface area of 2.2 cm2.

During illumination, the light is multiply reflected inside
the bladder, which causes a locally higher effective irradiance.
This behavior is known as the integrating sphere effect, and
might cause a significantly higher light dose than the intended
dose without compensation it. The increased irradiance de-
pends on the optical characteristics �reflection factor �� of the
bladder tissue; however, there can be large variations of this
parameter between different bladders.18

The total fluence rate � inside the bladder is the sum of the
input light and the multiple reflected light:18

��r� = P� 1

4�r2 +
� − 1

4�R2� , �1�

where r is the radial distance to the diffuser, R is the actual
radius of the bladder cavity, P is the laser power, and � is the
ratio between the total light fluence and the nonscattered light
fluence rate, which is approximated to 1 / �1−��.

Light is necessary for the photochemical processes to pro-
duce ROS and cause cell damage. However, cell damage may
also be caused by factors other than the ROS. Thermal dam-
age or heat-induced necrosis �burns� can also contribute to the
resulting cell damage after illumination. Thus, the temperature
increase in the bladder during the illumination process must
be considered. The temperature will typically reach a steady-
state value after 5 minutes of exposure. To avoid thermal
damage �and pain�, the temperature should not exceed
45 °C.19 It is therefore necessary to evaluate the temperature
increase in the bladder during the illumination process. The
steady-state temperature distribution can be found from the
bioheat equation.20

Worst-case calculations �all light absorbed, no blood per-
fusion� for the fluence rate used in this experiment give a less
than 3 °C temperature increase, which does not exceed a tol-
erable level.

2.2 Simulations
A mathematical model was used to simulate the measured
spectra in order to extrude more information. The model is an
analytical photon transport model based on the diffusion
approximation21 and adapted to fit bladder parameters. The
model consists of two flat layers to represent the urothelium
and submucosa on top of a semi-infinite slab that represents
the muscular layer and underlying tissue. Data for the optical
properties of the bladder were found in the literature.22,23 The
boundary between the water and the urothelium was repre-
sented by refraction indices nwater=1.33 and nurothelium=1.36,
and the anisotropy factor g for the tissue scattering was set to
g=0.93 at 630 nm. The blood hematocrit for rats was set to
47%.24
July/August 2008 � Vol. 13�4�2
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Due to the short penetration length of light below 700 nm,
ost of the reflected light was from the bladder layers. With

he dimensions kept fixed, the blood volume �BV� fraction
nd the oxy-, deoxy,- and methemoglobin content in the
odel were iterated to yield the best fit with the measured

pectrum. The bladder dimensions used for analysis were
5 �m for the urothelium and submucosa, and 300 �m for
he muscle layer.

Materials and Methods
he efficacy of HAL-induced PDT was studied in an animal
ladder cancer model in which a superficial rat bladder cancer
ell line �AY-27� was instilled in rat bladders. Whole-bladder-
all PDT was performed on these rats after HAL was admin-

stered intravesically. The treatment was performed on day 14
fter initial instillation of the transitional cell carcinoma cells,
nd histology was performed on day 21. All animal experi-
ents were approved by the national animal research author-

ty.

.1 Chemicals
PMI-1640 medium, L-glutamine, fetal calf serum �FCS�,

ungizone, penicillin-streptomycine, trypsin, and phosphate
uffered saline �PBS� were obtained from Gibco BRL, Life
echnologies �Inchinnan, Scotland�. Gentamicin sulphate was
btained from Schering Corp �Kenilworth, NJ�, and HAL was
upplied by Photocure ASA �Oslo, Norway�. Ultra-purified
ater, Milli-Q PLUS �Millipore, Molsheim, France� was used

hroughout the study.

.2 Animals and Tumor Cell Line
emale Fischer F344 rats �purchased from Möllegard, Skens-
end, Denmark� with a body mass of 170 to 230 grams were
sed for all experiments. The animals were anaesthetized with
mixture of Haldol �16.7%�, Fentanyl �25%�, and Midazolan

25%� in water, 0.4 ml /100 g.
The AY-27 TCC cell line was grown in RPMI-1640 me-

ium containing 10% v/v FCS, L-glutamine �80 mg / l�, peni-
illin �100 U /ml�, streptomycin �100 U /ml�, and fungizone
0.25 mg /ml�. The cancer cells were subcultured approxi-
ately twice a week and grown at 37°C in a humidified

tmosphere containing 5% CO2. A preliminary study on
Y-27 cell suspensions confirmed that they produced PpIX
ndogenously when exposed to HAL. The cells were seeded
n medium at a density of 0.30 to 0.45�106 in 75 cm2 cell
ulture dishes. After anaesthetization and catheterization, the
ats received an acid/lye wash where the bladder was filled
ith HCl �0.3 ml, 0.1 M� for 15 seconds followed by NaOH
eutralization �0.3 ml, 0.1 M, 15 s�, then washed with PBS
3�0.6 ml� before AY-27 cell instillation �4�106 / rat, 1 h�
s described by Xiao et al.25 To ensure homogenous distribu-
ion of the AY-27 cells inside the bladder, animals were ro-
ated 90 deg every 15 minutes during the one-hour instilla-
ion period.

To determine the optimal point in time for PDT treatment
f AY-27 urinary bladder TCC, a pilot study was performed
ith histological examinations on days 7, 14, and 28 after cell

nstillation. The results showed that the thickness of the blad-
er wall was best suited for PDT treatment at 14 days after
nstillation �data not shown�.
ournal of Biomedical Optics 044031-
All animals showed normal behavior �eating, urinating, ac-
tivity� during the test period of 21 days �28 days for pilot
study�.

3.3 PDT Treatment
On day 14 after AY-27 instillation, the animals were anaesthe-
tized and catheterized with an 18 G catheter. The HAL solu-
tion �8 mM, 0.3 ml� was instilled in the bladder for 1 hour
�animals were rotated 90 deg every 15 minutes�. The light
treatment was performed two hours after the end of HAL
instillation, corresponding to the peak PpIX accumulation in
the bladder tissue.17

The irradiation source consisted of an Argon-pumped �In-
nova 70, Coherent, Santa Clara, CA� dye laser �model 375,
Spectra-Physics, Mountain View, CA� centered at 635 nm.
Light was coupled into a 200-�m fiber applicator with an
isotropic diffuser tip �PDT Systems, Santa Barbara, CA�. The
applicator was inserted through the 18-G catheter to illumi-
nate the bladder, as shown in Fig. 1. The fluence rate was set
to 20 mW /cm2 for all animals �and corrected for the integrat-
ing sphere effect�, then measured with an integrating sphere
setup and a laser power meter �FieldMaxII-TOP, Molectron
Corp., Sunnyvale, CA�. Total light fluence was 20 J /cm2. The
bladders were filled with 0.3 ml saline to keep them distended
during irradiation. All animals were kept anaesthetized and
laid on a warming pad to maintain body temperature during
the treatment period.

3.4 In Vivo Optical Spectroscopy
A forward-viewing fiber-optic probe was constructed to per-
form optical reflection and fluorescence spectroscopy of the
rat bladders in vivo. The probe was constructed of three
200-�m optical fibers �FG-200-LCR/FT-200-EMT, Thor-
Labs, Newton, NJ�, two illumination fibers, and one collection
fiber. Fibers were mounted side by side in a triangle configu-
ration, inserted in a 20-G needle as shown in Fig. 2, and
cemented in place using UV-curing glass adhesive.

The length of the probe was constructed to be 1 mm
longer than the 18-G catheter when fully inserted to ensure
the same placement in the bladder and to standardize the mea-
surements. However, the fiber placement and tip-to-wall dis-
tance was also dependent on the placement of the catheter and
the geometry of the bladder. To ease handling, the fiber pig-
tails were placed inside protective jackets. The fibers were

Fig. 1 Photograph showing rat with fiberoptic probe for measurement
�left�, and rat with fiber applicator during light irradiation �right�.
July/August 2008 � Vol. 13�4�3
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erminated with SMA 905 connectors compatible with the
easurement equipment. A preliminary study showed that if

he probe was placed in direct contact with the bladder wall,
he increased perfusion due to the mechanical irritation was
isible in the reflectance spectra. However, light contact be-
ween the probe and tissue did not cause injury to the bladder
ining. Erroneous measurements due to practical difficulties in
ome animals �bladder contraction, blood in bladder� were
xcluded.

The measurement setup consisted of a fiber-coupled spec-
rometer �SD2000, Ocean Optics, Duiven, The Netherlands�, a
hite light source �LS-1, Ocean Optics�, and a pulsed 337-nm

6 mW at 20 Hz� nitrogen laser �VSL-337ND, LaserScience
nc., Franklin, MA�. Each one was coupled to a fiber on the
robe. Before the reflectance measurements, the fiber probe
as calibrated by inserting it into a small cylinder that was
laced in close contact with a Spectralon reflectance standard
Ocean Optics�. The cylinder ensured that no ambient light
ntered the detection system, and it kept a fixed distance be-
ween the probe tip and the standard. For fluorescence mea-
urements, the fiber probe was positioned to maximize the
uorescence. The animals were covered by black felt to avoid

nterference from other light sources during measurements.
ue to the small size of the urethra, the fiber probe had to be

emoved when the illumination fiber applicator was inserted,
hen reinserted after the laser treatment process. Hence, the
rst spectra recorded after laser treatment were collected
ithin two minutes after illumination was terminated. The

otal detected fluorescence was the sum of the fluorescence
ontribution from PpIX and that of tissue autofluorescence.
he PpIX fluorescence intensity �If� was calculated by nor-
alizing spectra at 600 nm, and subsequently fitting a poly-

omial line between 600 and 660 nm as a baseline to repre-
ent tissue autofluorescence. The PpIX fluorescence was
efined as the area above this baseline �see Fig. 3� in the
nterval between 615 and 655 nm �peak at 635 nm�.

.5 Oxygen Saturation
emoglobin is the most evident chromophore in perfused tis-

ue. Various species of hemoglobin can be identified from the
eflectance spectra, with oxygenated and deoxygenated hemo-
lobin being the two most common. Thus, knowing the ab-
orbtion spectra of these chromophores makes it possible to
alculate the oxygen saturation �OS� in the tissue,

ig. 2 Illustration of the forward-viewing fiberoptic probe, showing
he three fibers protruding from the 20-G needle �not to scale�.
ournal of Biomedical Optics 044031-
OS =
HbO2

Hbtotal
· 100 % , �2�

where HbO2 denotes the oxygenated hemoglobin, and Hbtotal
is the sum of all hemoglobin species in the blood. Due to the
low collection efficiency of the fiber probe above 700 nm,
and to the fact that oxygenated and deoxygenated hemoglobin
have clear absorption peaks in the 520 to 590 nm region, this
wavelength region was used to calculate the oxygen satura-
tion. Measured spectra were simulated to yield the OS based
on the hemoglobin absorption spectra.26 Zijlstra et al. showed
that rat hemoglobin had similar absorption spectra character-
istics as human hemoglobin in this wavelength region.27

3.6 Treatment Protocol
The animals were divided into six groups, and each group
received the treatment shown in Table 1. Three additional
groups—no treatment �n=3�, only-HAL treatment �n=3�,
and only light treatment �n=2�—were tested as controls.

Photosensitizer and light doses were kept equal for each
animal: 8 mM of HAL combined with a light fluence of
20 J /cm2, the amount shown to be optimal by Khatib et al.
for treatment of superficial bladder cancer.17

Reflectance and fluorescence spectra were recorded for all
groups shown in Table 1.

3.7 Statistical Analysis
Nonparametric methods were used to evaluate the fluores-
cence data due to a marked heterogeneity of variance between
the different groups �the Levelene’s test for equality of vari-
ance�. Comparisons between groups of interest were carried
out using Kruskal-Wallis �several groups� and Mann-Whitney
U �two groups� tests, respectively. The changes in fluores-
cence level before and after laser treatment were evaluated
using the Wilcoxon test. Parametric tests were used for nor-
mally distributed variables �OS values� using an unpaired
t-test to compare between two groups, and paired sample
t-tests to analyze for significant changes before and after laser
treatment.
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Fig. 3 Representative fluorescence spectra from one animal in group
VI showing both pre- �line� and post- �dash� laser treatment. The main
PpIX fluorescence peak at 635 nm �vertical, dot� and the calculated
baseline �dash-dot� for tissue autofluorescence are also shown.
July/August 2008 � Vol. 13�4�4
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Non-normally distributed variables were expressed as me-
ians �25th and 75th percentiles� and normally distributed as
eans � standard deviation �SD�. Significance was defined as
p-value of less than 0.05 �two-tailed�.

.8 Histological Examination of Bladders
he animals were sacrificed 7 days after the PDT treatment.
ach bladder was collected, instilled with buffered 4% form-
ldehyde for 24 h, and embedded in paraffin. Sections were
ut through each tissue block at 4-�m thickness and stained
ith hematoxylin, eosin, and saferin �H.E.S� for histological

xamination. Sections were evaluated at low magnification
10� � for the entire section, and at high magnification
40� � for details of tissue destructions. The profile area
mm2� of the tumor was measured by software �Nikon NIS-
lements Basic Research, Inter Instrument AS, Høvik, Nor-
ay�. The evaluation was performed by a histologist blinded

o the sample source.

Results
.1 Fluorescence Spectra
luorescence measurements on group VI animals revealed

hat PpIX fluorescence decreased following laser treatment. A
epresentative PpIX fluorescence spectrum from pre- and
ost-laser treatment for one group VI animal is shown in Fig.
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ig. 4 Individual PpIX fluorescence values �%� before the laser treat-
ent for groups I through VI.

Table 1 Treatment protocol, w

Group No. of animals Acid/lye wash

I 6 +

II 6 +

III 8 +

IV 9 +

V 7 −

VI 18 +
ournal of Biomedical Optics 044031-
3. Pre-laser treatment PpIX fluorescence at 635 nm was ob-
served in all groups as shown in Fig. 4 �differences in number
of animals n from Table 1 are due to erroneous measurements
that are excluded�. PpIX fluorescence was also observed in
HAL-treated animals despite the fact that they did not receive
the AY-27 cells.

Figure 5 represents the pre-/post-PpIX fluorescence for
groups III through VI. There was a significant decrease in
PpIX fluorescence before and after laser treatment for group
IV �p=0.031�, group V �p=0.008�, and group VI �p
�0.0005�. Fluorescence measurements 24 h after PDT in
group VI animals did not show any sign of PpIX in the
bladders.

4.2 Reflectance Spectra
Figure 6 shows reflectance spectra from groups V �HAL
+light� and VI animals compared to a control animal �no
treatment�. The characteristic absorption peaks of oxyhemo-
globin at 542 and 576 nm were clearly visible in the spectra
recorded before the laser treatment. These peaks were not as
evident in the spectrum recorded after laser treatment. Oxy-
gen saturation of the bladder tissue was calculated from the
reflectance spectra. No significant OS differences were ob-
served in animals with only acid/lye washing before and after
laser treatment. However, OS was slightly decreased in group

denotes treatment received.

, cells HAL 8 mM �1 h� Laser 20 J/cm2

+ − −

+ + −

+ − +

− + +

− + +

+ + +
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Fig. 5 PpIX fluorescence �%� pre- �dashed� and post- �solid� laser
treatment for groups III through VI. The boxplot shows the 25th, 50th
�median�, and 75th percentiles, and the vertical lines outside the box
represent the largest and smallest values.
here +

AY-27
July/August 2008 � Vol. 13�4�5
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V animals �acid/lye wash+HAL+light� after laser treatment,
hile it slightly increased after laser treatment for group V

nimals �HAL+light�. None of the animals in these groups
ad carcinomas in the bladder. In contrast, all group-VI ani-
als showed a clear decrease in tissue oxygenation following

he laser treatment.
Figure 7 shows the oxygenation data calculated from the

eflectance spectra. There was a significantly lower OS in ani-
als implanted with AY-27 cells �groups I through III and VI�

ompared to animals without AY-27 cells �groups IV and V�.
ean values were 64.5�13.4% and 72.5�11.6%, respec-

ively �p=0.047�. Oxygen saturation significantly decreased
n group VI after laser treatment �p=0.0001�, but no signifi-
ant difference was observed in the remaining groups. Meth-
moglobin �MetHb� was identified from the reflectance spec-
ra of certain group VI animals. These animals also had the

ost marked deoxygenation of the bladder tissue after laser
reatment.
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Fig. 6 Representative reflectance spectra of group V and VI animals.
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ig. 7 Oxygen saturation �%� from pre-laser treatment �groups I and
I�, and from pre- and post-laser treatment �groups III through VI�,
resented as mean±SD.
ournal of Biomedical Optics 044031-
4.3 Macroscopic Examination
Macroscopic inspection of the cancerous bladders revealed
that the cells had attached to the bladder wall and cancer had
developed as islands of tumor cells inside the bladders. In a
preliminary experiment, fluorescence measurements were per-
formed on excised bladders that had cancer and received HAL
instillation. PpIX fluorescence was not detected outside the
cancerous islands �data not shown�, confirming the high se-
lectivity of HAL.

There were variations in the cancer masses that developed
between different animals. The mean mass of cancerous blad-
ders was 0.179 g, compared to 0.098 g for healthy
bladders—an increase of 82.3%.

4.4 Histopathological Findings of the Urinary
Bladder TCC

Tumors were found on the wall of the urinary bladder from all
6 rats in the AY-27 cell implantation group without PDT treat-
ment �group I, Fig. 8�a��, and in 3 of 6 in the PDT-treated
AY-27 cell implantation group �group VI, Fig. 8�b��. The tu-
mors were characterized by displaying high mitotic activity,
high nuclear-to-cytoplasmic ratio, and marked nuclear pleo-
morphism �see Fig. 8�. Most tumors �from both groups� ap-
peared intraepithelial, and sometimes papillary tumors and/or
lymphocytic and mononuclear cell infiltration around the tu-
mor could be observed. The tissue outside of the tumor is-
lands appeared to be normal in the untreated group. In the
PDT-treated AY-27 implantation bladders, healed necrosed
urothelium with complete regeneration of urothelium was ob-
served in all rats. In the 3 of 6 bladders with remaining tu-
mors, partial tumor damage was seen and the tumor area was
severely reduced �see Table 2�. No tumors were found in the
control or PDT-treated normal rats �group V�.

Differences in fluorescence intensity may partly explain
the differences in tumor destruction of group VI. The 3 of 6
fully responsive animals in group VI corresponded to the ani-
mals that exhibited the largest prelaser-treatment PpIX fluo-
rescence �If =206%, 242% and 273%, mean 240�33%�. The
other 3, not fully responsive animals did not exhibit as high of
a pretreatment fluorescence �If =126%, 198% and 148%,
mean 157�36%�.

4.5 Simulation Results
Simulated spectra suggested a large BV increase in the top
layers of the model following HAL instillation, and this was

(a) (b)

Fig. 8 Representative micrographs showing transitional cell carci-
noma in bladders 21 days after AY-27 cell implantation. �a� No PDT
treatment; �b� 7 days after PDT treatment. �H.E.S. staining, photos
taken at 10�.�
July/August 2008 � Vol. 13�4�6
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argely independent of the various layer thicknesses. A mea-
ured simulated spectra pair from a representative group VI
nimal is shown in Fig. 9. The dip in the reflection spectrum
t 635 nm was only reproduced in the simulated spectrum by
he introduction of MetHb.

Discussion and Conclusions
LA ester derivatives have better diffusion properties than
LA alone as a result of their enhanced lipophilicity.6,28 By

pplying HAL exogenously to cells, the esterase activity leads
o the formation of 5-ALA, which will enter the heme-
iosynthetic pathway. Gaullier et al. demonstrated �in vitro�
hat esterification of 5-ALA by long-chain aliphatic alcohols
C6 to C8� on the carbonyl group considerably increased the
pIX production.6 An in vivo demonstration on a human blad-
er cancer confirmed these results.11

The results from the present study confirmed the endog-
nous production of PpIX in animals with bladder cancers
nstilled with HAL. However, porphyrins were detected not
nly in the group VI animals, but also in HAL-treated animals
ithout cancer. A possible explanation for the observed PpIX

Table 2 TCC histological findings. Means±SD.

roup Treatment No. of animals TCC
TCC area in specimen

�mm2�

Control 6 0/6 0

AY-27 6 6/6 1.016±0.207

PDT 6 0/6 0

I AY-27+PDT 6 3/6 0

3/6 0.268±0.019

ig. 9 Measurement of group VI animal �post-laser treatment� and
orresponding simulated spectrum �OSurothelium=OSsubmucosa=20%,
Smuscularis=50%, BVurothelium=26%, BVsubmucosa=40%, BVmuscularis
20%, MetHb=40%�.
ournal of Biomedical Optics 044031-
fluorescence in these animals without cancer may be due to
the accumulation of HAL, and subsequently PpIX, in scars or
small wounds in the bladder. These wounds may have been
caused by the acid/lye wash or by the catheter/fiber probe.
Preliminary measurements confirmed the high selectivity of
HAL, because no PpIX fluorescence was detected outside the
cancerous islands in the bladder. Very low PpIX fluorescence
might be expected in normal bladder tissue, but this could not
be detected with the present measurement system. In a previ-
ous work, Gederaas et al. measured the concentration of PpIX
in ALA-stimulated WiDr cancer cells �in vitro� using high-
pressure liquid chromatography �HPLC� techniques and found
that the ALA-stimulated cells had about 25 times higher PpIX
concentration than the control cancer cells.29 Extracts of other
cancer cell lines have also been analysed using fluorescence
detection in solutions, but no PpIX fluorescence could be de-
tected in control cells using a standard fluorescence
spectrophotometer.30

As shown by others, photobleaching alone may not always
be an appropriate measurement of singlet oxygen production
and PDT dosimetry, and can even be unrelated.31 Our results
clearly show the photobleaching effects of PpIX fluorescence.
Interestingly, from histology, the 3 of 6 fully responsive ani-
mals corresponded to the animals that exhibited the highest
pretreatment PpIX fluorescence. The other 3 of 6 not fully
responsive animals did not exhibit such a high pretreatment
fluorescence, indicating that PpIX fluorescence may be used
to predict the therapeutic effect of PDT. However, the number
of animals histologically examined in these experiments was
small, and certain physical aspects must also be accounted for.
Due to the configuration of the measurement probe and the
uncertain positioning of the probe inside the bladder, the re-
corded spectra may be influenced by both healthy and cancer-
ous tissue. Hence, there was an element of uncertainty about
whether the tumors inside the bladder were in the field of
view of the probe. To some extent this was compensated for
by moving the fiber probe inside the bladder during measure-
ments, but this was a large limitation of the fiber probe and
must be considered for future improvement of the probe.

Prior to laser irradiation, animals with carcinomas indi-
cated a significantly lower oxygenation in the bladder com-
pared to animals without carcinomas. This lower oxygenation
was probably due to the microvasculature of the cancerous
tissue, leading to a slightly hypoxic state. Following laser
treatment, the observed OS decrease in group IV �acid/lye
wash+HAL+light� might be due to the small levels of PpIX
present. However, this does not explain the OS increase after
laser treatment for group-V animals �HAL+light�, which
may be due to increased perfusion in the bladder wall as a
result of an inflammatory response due to irritation of the
bladder lining. The large OS decrease in group-VI animals
following laser irradiation clearly showed that oxygen-
consuming processes took place during treatment.

Solid tumors consist of regions with large numbers of hy-
poxic cells compared with the surrounding normal tissue. The
hypoxic fraction varied between 1% and 79% of the total
tumor volume in 42 experimental tumor models.32 Tissue hy-
poxia is due to inadequate blood supply and is supposed to
occur very early during tumor development.33 The process of
generating hypoxia may include various mechanisms of im-
paired intratumoral oxygen delivery �e.g., vascular abnormali-
July/August 2008 � Vol. 13�4�7
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ies, intratumoral pressure gradients, acute/chronic anemia�
nd consumption.34

Simulations of reflectance spectra suggest an increased
lood perfusion to the bladder lining. This may indicate an
ncreased blood perfusion close to the bladder lining, suggest-
ng a reaction or inflammatory response to the drug. However,
t was also possible that blood inside the bladder might have
ffected the measurements, since bloody urine was observed
n some animals that most likely originated from small
ounds due to the catheterization process. MetHb was found

n only one batch of the group-VI animals �the experiment
as performed three times with the same number of animals�.
hese animals were also the most deoxygenated after laser

reatment. This might be attributed to small variances in the
naesthetization of animals. MetHb is an indication of oxida-
ive stress to the hemoglobin molecule, and can be formed by
ltraviolet radiation �UV-B�,35 or thermally by heating or laser
hotothermolysis.21 The production of MetHb also may be
ue to oxidative stress caused by reactive oxygen species.36

ince MetHb was observed only in animals with the lowest
xygenation after treatment, it suggests that the formation of
measurable� MetHb requires the relatively large production
f singlet oxygen, or it may result from an oxygen-
ndependent process. Thus, MetHb formed during PDT might
e used as an indirect measure of the photochemical pro-
esses. Whether the formation of MetHb may be used as a
redictor for the treatment outcome still remains unresolved.
ue to the partial overlap between MetHb and oxy/
eoxyhemoglobin absorption spectra, the presence of MetHb
if not accounted for� may affect OS calculations.

During the laser treatment of the group-VI animals, saline
eeping the bladder distended slowly leaked out. This sug-
ests that HAL may have penetrated into the muscle layer of
he bladder, causing bladder contractions as a response to the
reatment. In one animal it was even impossible to refill the
ladder with saline after the laser treatment, which might be
artly due to diminishing anesthetics. A smaller bladder vol-
me alters the light dosimetry parameters, because the
ecreased area leads to a higher light fluence rate, causing
ncreased irradiation of the tissue.

Photobleaching of PpIX fluorescence and a local increase
f oxygen consumption in the tumors demonstrate the produc-
ion of ROS during PDT. There were traces of PpIX after laser
reatment, so there was still a potential for more PDT-induced
amage of the tissue. However, the remaining PpIX might be
ttributed to an insufficient light fluence or a reduced oxygen
vailability in the tissue, thus limiting the efficacy of the treat-
ent.
Histology has shown that a fluence of 20 J /cm2

20 mW /cm2� combined with 8 mM of HAL �1 h� is an ap-
ropriate dose for HAL-based PDT treatment of rat TCC..
owever, optimization is required to achieve better treatment

esults. Optical spectroscopy can be a useful tool in tailoring
ndividual treatment parameters for each patient.

Instillation of AY-27 cells through a catheter following an
cid/lye wash has proven to be a very suitable method for
ladder cancer studies. This study does not provide informa-
ion on the penetration depth of HAL through the plasma

embrane �passive diffusion�, but histological data on rat
ladders indicate that the tumor penetration level at 14 days
rom initial instillation should be ideal for such experiments.
ournal of Biomedical Optics 044031-
Optical spectroscopy can provide important information for
PDT treatment, but more research is necessary to identify the
most important factors for PDT optimization of bladder can-
cers.
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