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Abstract. A homogeneous illumination of intra-abdominal organs is essential for successful photodynamic therapy
of the abdominal cavity. Considering the current lack of outstanding light-delivery systems, a new illumination
procedure was assessed. A rat model of peritoneal carcinomatosis was used. Four hours after intraperitoneal injec-
tion of hexaminolevulinate, a square illuminating panel connected to a 635-nm laser source was inserted vertically
into the abdominal cavity. The abdominal incision was sutured and a pneumoperitoneum created prior to illumi-
nation. Light dosimetry was based on the calculation of the peritoneal surface by MRI. The rats were treated with a
light dose of 20, 10, 5 or 2.5 J∕cm2 administered continuously with an irradiance of 7 mW∕cm2. The homogeneity
of the cavity illumination was assessed by quantification of the photobleaching of the tumor lesions according to
their localization and by scoring of that of the liver and of the bowel immediately after treatment. Photobleaching
quantification for tumor lesions relied on the calculation of the fluorescence intensity ratio (after/before treatment)
after recording of the lesions during blue-light laparoscopy and determination of their fluorescence intensity with
Sigmascan Pro software. The procedure led to a homogeneous treatment of the abdominal cavity. No statistical
difference was observed for the photobleaching values according to the localization of the lesions on the perito-
neum (p ¼ 0.59) and photobleaching of the liver and of the intestine was homogeneous. We conclude that this
procedure can successfully treat the major sites involved in peritoneal carcinomatosis. © 2012 Society of Photo-Optical

Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JBO.17.3.038001]
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1 Introduction
During their progression, gynecological and digestive cancers
extend from the initial tumor site to other intra-abdominal
organs. This metastatic evolution results in disseminated
peritoneal lesions corresponding to what is called peritoneal
carcinomatosis. The treatment of this condition usually relies
on an extensive surgical resection of the tumor lesions along
with chemotherapy. This treatment can be difficult to perform
and comes with serious side effects; the prognosis of the disease
remains poor.1–5 Photodynamic therapy (PDT) is an investiga-
tional alternative to the conventional therapeutic strategies for
the management of this often incurable disease.

The illumination of the different intra-abdominal organs,
covered in potentially cancerous peritoneum, is one of the main
challenges for PDT of the abdominal cavity. The abdominal
cavity represents a complex association of volumes that need to
be illuminated as completely as possible during PDT to eradi-
cate all tumor implants.

Previous preclinical studies reported encouraging results of
PDTof the peritoneal cavity, but the treatment prolonged the life
of the animals without leading to their cure,6–10 thus bringing
into question the thoroughness of the treatment.

So far, different devices aiming to improve light distribution
inside the abdomen have been described. They include flat opti-
cal fibers, refracting prisms, inflatable balloons, and rectangular

blocks.8,10–12 Lipid emulsions are also widely used to fill the
abdominal cavity during treatment and act as a diffusing med-
ium.13–15 Their efficacy in terms of areas illuminated is scarcely
discussed, despite its potential influence on the effectiveness and
safety of PDT for peritoneal carcinomatosis.

In their clinical study, Sindelar et al.15 treated patients by suc-
cessively exposing the bowel and the mesentery to laser light
using flat-cut optical fibers, then treating the rest of the cavity
with a fiber placed in an inflatable balloon after filling the cavity
with an Intralipid solution. They also performed real-time
photometry to adapt their treatment. However, despite a long
and aggressive technique, the results remained modest, with
only six in 23 patients free of recurrence eight to 18 months
after PDT.15

Lilge et al.16 evaluated the distribution of light within the
abdominal cavity of a murine model during PDT with optical
fibers of different designs placed in different locations. Their
photometry results showed that none of their procedure options
led to a homogeneous illumination, a finding which was con-
firmed by the mapping of the residual tumor burden three
days after PDT.16

Considering this lack of optimized illumination techniques,
we developed a new illumination procedure for PDT of the
abdominal cavity. This procedure was tested on Fischer 344
female rats with induced peritoneal carcinomatosis.

The photosensitizer used for the experiments was already
documented. Hexaminolevulinate is already approved and its
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use recognized for photodiagnosis of early bladder cancer;17 it
has also proved its efficacy for photodiagnosis of peritoneal
carcinomatosis and for treatment of this disease on a limited
peritoneal surface, including with continuous illumination with
red light.18,19 The other aspects of the procedure were newly
developed.

An illuminating panel was inserted into the abdominal cavity.
The cavity was continuously illuminated with a 635-nm laser
light, with a fluence rate of 7 mW∕cm2 on the peritoneal
surface. Light dosimetry was performed by calculation of the
peritoneal surface by MRI. Illumination times were determined
so as to reach fluences ranging from 2.5 to 20 J∕cm2, and
treatments respectively lasted from five to 50 minutes. These
parameters were chosen based on previous studies,9,14,20 so as
to guarantee that PDT would have an effect on tumor lesions
and, consequently, that the illumination procedure could be
properly assessed.

Indeed, instead of evaluating the efficacy of light distribution
by complex in vivo dosimetry systems, we assessed light distri-
bution by the response of different intra-abdominal structures to
PDT. A homogeneous clinical response throughout the abdom-
inal cavity was considered a more useful criterion to observe
than homogeneous light measurements that might not necessa-
rily be correlated with clinical response. It was previously
shown in the same rat model that the importance of photobleach-
ing correlated well with the response to PDT.21 The same obser-
vation was made in PDT of the esophagus and of the skin.22,23

Photobleaching of the lesions of the abdominal wall and of
the diaphragm, as well as photobleaching of the liver and of the
intestine immediately after treatment were thus used as the
assessment criteria.

As described by Ascencio et al., photobleaching was
assessed after recording of the lesions, before and after PDT,
during a laparoscopy in blue-light mode.21 The intensity of
fluorescence of the lesions was calculated offline with a specific
software. The photobleaching was then quantified by calculat-
ing the fluorescence intensity ratio after/before treatment (the
“photobleaching value”). Where pathologic examinations might
not have allowed an immediate postoperative evaluation or a
complete exploration of the abdominal cavity, this technique
allowed an early and exhaustive assessment of the homogeneity
of the illumination within the abdominal cavity.

Once the performance of this illumination procedure is
finally proven, its efficacy can be assessed in the long term.

2 Methods

2.1 Animal Model

NuTu-19 is a syngenic adenocarcinoma used to develop ovarian
cancer in an immune-competent Fischer 344 rat model. It is a
poorly differentiated adenocarcinoma originally derived from a
female athymic mouse after injection of Fischer 344 ovarian sur-
face epithelial cells that spontaneously underwent malignant
transformation in vitro.24

NuTu19 cells were grown in Dulbecco's modified eagle med-
ium (DMEM) (Gibco Life Technologies, Grand Island, NY,
USA) supplemented with 10% heat-inactivated fetal bovine
serum, 1% penicillin and 1% streptomycin. Culture plates
were maintained in an incubator at 37°C in an atmosphere of
5% carbon dioxide.

Cells were harvested for injection when they were 80% to
100% confluent. For tumor cells’ harvest and transplantation,

cells were trypsinized (tripsyn-EDTA, Gibco Life Technolo-
gies), centrifuged at 1200 rpm for 10 min and re-suspended
in phosphate-buffered saline (PBS) (Gibco Life Technologies).
Cells were counted and their viability tested using the trypan
blue exclusion test. Cells were considered for transplantation
if the survival rate was at least 95%. The suspension volume
was then adjusted to a concentration of 6 · 106 cells∕mL.

Pathogen-free Fischer 344 female rats (Charles River
Laboratories, L’Abresle, France) weighing 140 to 160 g were
given intraperitoneal (IP) injection with 6 · 106 cells∕mL
from the NuTu19 cell line. The rats were housed throughout
the whole experiment in a pathogen-free facility with commer-
cial basal diet and water ad libitum and received proper care and
maintenance.

They were monitored daily for signs of tumor growth. Ani-
mals showing an evident excessive tumor burden (abundant
ascites, icterus, discolored eyes) were excluded from the experi-
ments and were sacrificed.

The experiments were started between six and nine weeks
after injection of the cells, because it has been shown that the
injection of a 1-mL suspension containing 6.106 cells resulted in
a reproducible disease progression in vivo and that peritoneal
carcinomatosis was present from six weeks after the injection.

The protocol was approved by the animal use and
ethics committee of Département Hospitalo-Universitaire de
Recherche Expérimentale, Lille University, France.

2.2 Photosensitizer

Cristalline 5-aminolevulinic acid hexylester hydrochloride
(HAL; Photocure ASA, Oslo, Norway) was stored in powder
form and kept refrigerated. Samples were prepared immediately
prior to use by dissolution of the powder in PBS, so as to obtain
a concentration of 100 mg/mL, and were sheltered from light.
Each animal received an IP injection of 100 mg∕kg of HAL four
hours prior to PDT.

2.3 PDT Procedure

The rats were anesthetized by IP injection of ketamine
(50 mg∕kg; Virbac, Carros, France) and Xylazine (50 mg∕kg;
Bayer Health Care, Puteau, France). They were placed in the
supine position and a blue-light mode laparoscopy was per-
formed for fluorescence analysis (cf. infra).

After photodiagnosis, the laparoscopy device was removed
and a lower midline laparotomy was performed. A square illu-
minating panel (Lumitex, Strongsville, USA) was introduced
vertically inside the abdominal cavity and was connected to a
635-nm laser source.

The panel was made of acrylic optical fibers which were
abraded with a computer-controlled proprietary process
known as UniGlo. The micro-abrasions disrupted the cladding
to let the light out. By controlling the depth of the abrasions, the
light was made uniform across the panel. The fibers were lami-
nated directly onto a back reflector. The optical fibers extended
from the panel in cable form and were bundled into a specifi-
cally manufactured highly polished brass ferrule. This ferrule
was connected to the 635-nm diode laser (Dilas, Germany)
[Fig. 1(a)]. The panel itself measured 2.54 by 2.54 by
0.1 cm and both sides illuminated homogeneously and continu-
ously over time with a fluence rate of 45 mW∕cm2.

After the insertion of the panel, a 14-G catheter connected to
the insufflation device used during the laparoscopy procedure
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was also inserted inside the abdominal cavity through the
laparotomy incision. The laparotomy incision was hermetically
sutured around the panel connector and the insufflation catheter
and a 3-mmHg pneumoperitoneum was created [Fig. 1(b)].

The distance from the light source to the abdominal wall was
maintained constant with the pneumoperitoneum. The insuffla-
tion catheter was maintained within the abdominal cavity
throughout treatment and the pneumoperitoneum pressure was
set at 3 mmHg on the insufflation device. Insufflation devices
continuously monitor intra-abdominal pressure so that they
immediately adapt their flow to pressure modifications in
order to keep the flow constant. The abdominal incision created
to insert the panel inside the abdominal cavity was sutured as
hermetically as possible to avoid leaks. The fact that the incision
was hermetically sutured was checked before starting the
illumination by verifying that the intra-abdominal pressure
was stable.

The rats were divided into four groups. Each group included
three rats that were treated until a fluence of 20, 10, 5 or
2.5 J∕cm2 was reached with continuous illumination with a
fluence rate of 7 mW∕cm2 on the peritoneal surface. After
PDT and suturing of the laparotomy incision, a laparoscopy
was performed in blue-light mode to assess the results of the
treatment (cf. infra).

A fifth group of five rats underwent a sham procedure,
receiving an injection of PBS (1 mL∕100 g) instead of HAL
four hours prior to light exposure. They were treated with a
fluence of 20 J∕cm2. Three rats were sacrificed 48 hours after
the procedure and two rats three weeks after, in search of early

and late adverse events. After sacrifice, the rats underwent an
autopsy and sampling of the intra-abdominal and thoracic
organs for pathologic examination.

2.4 Light Dosimetry

The illumination time required to reach the desired fluence was
calculated on the basis of an estimation of the peritoneal surface
by MRI in a different set of rats.

2.5 Preliminary Study

Six to nine weeks after the injection of 6.106 NuTu19 cells,
Fischer 344 female rats were weighed and anesthesized by IP
injection of ketamine and xylazine. A 3-mmHg pneumoperito-
neum was created by means of a 14-G catheter connected to
the laparoscopy insufflation device (Karl Storz, Tuttlingen,
Germany) and inserted into the abdominal cavity. At this step,
the absence of bloody ascite was verified. It was confirmed by
the absence of back-flow in the catheter before insufflation.

After obtaining the desired pneumoperitoneum, the catheter
was removed and the opening was hermetically sutured. The rats
were placed in the supine position in a 7-Tesla MRI machine
(Biospec Bruker, Wissembourg, France). Ninety 1-mm-thick
cross-sections covering the whole abdominal cavity were
acquired in T1 sequence. TR/TE was 2033∕9 ms; the axial field
of view was 6 by 6 cm; and the axial resolution was 0.0234 cm
per pixel.

The sections were entered in the Osirix software and the
abdominal cavity, materialized by the pneumoperitoneum,
was outlined on each section (Fig. 2). The abdominal cavity
perimeters determined on each section were collected and the
peritoneal surface exposed by the pneumoperitoneum was
deducted from the addition of all the elementary surfaces calcu-
lated using the equation: perimeter x thickness of the section.
The peritoneal surfaces were then correlated to the weight of
the rats.

2.6 Dosimetry During the PDT Procedure

Before starting PDT, each rat was weighed if necessary after
evacuation of ascites. Their peritoneal surface was calculated
according to the results of the preliminary MRI study.

The fluence rate received by the peritoneal surfaces was
determined by reporting the total power of the panel to this sur-
face. It was calculated with the equation: FR ¼ P∕SP (where FR
was the fluence rate inmW∕cm2 ; P was the power of both sides
of the panel and equal to 581 mW; and SP was the peritoneal
surface of the rat determined by the MRI study).

The illumination time was calculated using the equation:
IT ¼ F∕FR (where IT was the illumination time in seconds;
F was the desired fluence in mJ∕cm2; and FR was the fluence
rate previously determined in mW∕cm2).

To check the coherence of the fluence rate calculated with the
help of the MRI results, an in vivo photometry was performed
on the rats undergoing PDT. An isotropic probe (Model IP,
Medlight SA, Ecublens, Switzerland) was inserted into the
abdominal cavity via the laparotomy incision and sutured to the
middle of one of the sides of the rat. The extremity of the probe
was placed 2 cm left of the midline and at mid-height of the
abdominal cavity. The probe was connected to a hand-held
optical power and energy meter (Model 841 PE, Newport,
Irvine, CA, USA). Measurements were performed five minutes

Fig. 1 Illuminating panel (Lumitex, Strongsville, USA). (a) Description
of the illuminating panel. Illuminating surface inserted into the perito-
neal cavity. Ferrule for connection to the laser source. (b) Illuminating
panel placed vertically inside the abdominal cavity. The abdominal
incision performed for its insertion was sutured and a 3-mmHg pneu-
moperitoneum was created. Illuminating panel covered in a transparent
protection cover. Anterior abdominal wall. Diaphragm. Stomach.
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after the beginning of the treatment. A measure of the power at
the contact of the panel was also taken before each in vivo mea-
surement by placing an isotropic probe at its center. The fluence
rate on the surface of the peritoneal membrane was calculated
with the equation: FRps ¼ FRpcðPps∕PpcÞ. FRps and Pps were
respectively the fluence rate and the power measured on the
peritoneal membrane; FRpc and Ppc were respectively the
fluence rate and the power measured on the panel.

2.7 Fluorescence Analysis

The efficacy of the illumination procedure was assessed by the
analysis of the photobleaching of the lesions. Fluorescence was
monitored by laparoscopy before and after PDT as previously
described.21 A rigid 5-mm laparoscope (Karl Storz, Tuttlingen,
Germany) was introduced through a trocar inserted in the lower
midline. A 4-mmHg pneumoperitoneum was created and photo-
diagnosis of the peritoneal carcinomatosis was performed. The
abdominal cavity was explored clockwise in white and in blue
light mode (380–440 nm). The diaphragm, the midline and the
sides (from the diaphragm to the upper part of the pelvis) were
explored, as well as the liver and the bowel. A grip, inserted
through a second trocar put on the laparotomy incision line,
was used to help unroll the bowel and explore the liver.

In blue-light mode, tumor lesions were visualized as red
fluorescent spots on a nonfluorescent peritoneum and were
recorded on a digital recorder (DVR 30, Sony, Tokyo, Japan)

connected to the laparoscope camera for photobleaching
analysis.

Tumor lesions easily identifiable were recorded before and
immediately after PDT. They were processed offline using
Vpaint Sigma Scan Pro software (Systat version 5, San Jose,
CA). The lesions were outlined and fluorescence intensities
were measured at the center of each lesion as counts per
pixel, in arbitrary units.

The photobleaching value corresponded to the ratio between
the fluorescence intensity before illumination and the fluores-
cence intensity after illumination and was expressed as a percen-
tage. Under 0.4 (i.e., when the residual fluorescence intensity
was lower than 40% of the initial fluorescence intensity), the
treatment was considered to be effective.21 Photobleaching
was analyzed according to the PDT protocol and to the localiza-
tion of the lesions in the group of rats treated with a fluence
of 10 J∕cm2.

The photobleaching of the liver and of the intestine was
assessed by means of a score (Table 1). The fluorescence of
both organs was subjectively evaluated before and just after
PDT during the laparoscopy in blue-light mode. The intensity
of fluorescence was categorized as no residual fluorescence (0),
or low (1þ), moderate (2þ) or high (3þ) intensity of fluores-
cence. Fluorescence was considered to be incomplete if it did
not involve the entire organ and in case of incomplete fluores-
cence, the zone of highest intensity was taken into account. The
subjective assessment of fluorescence had been correlated with

Fig. 2 Modeling of the peritoneal cavity with MRI after creation of a 3-mmHg pneumoperitoneum, rat laying on the back. (a) Example of peritoneal
cavity outlining on an MRI abdominal cross-section with Osirix software. (b) Parasagittal section of a reconstruction of the peritoneal cavity volume
based on MRI cross-sections. It shows the intra-abdominal surfaces exposed by the pneumoperitoneum. The upper part of the cavity is on the left; the
midline is on top. (c) External view of the reconstructed peritoneal cavity volume. For the photobleaching analysis, different parietal areas were indi-
vidualized: the diaphragm (D), the midline (ML), the sides (S) and the pelvis (P). (d) Peritoneal cavity revealed by panel illumination during PDT.
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fluorescence-intensity measurements performed with the Sig-
mascan Pro software and validated by two different observers
in a preliminary study (data not shown).

2.8 Statistical Analysis

The Kruskall Wallis’s and Fischer’s tests were used for the
analysis of photobleaching results. The Spearman correlation
coefficient was used for the analysis of the correlation between
the weight of the rats and their peritoneal surface. A value of
p < 0.05 was considered significant.

3 Results

3.1 Dosimetry Results

Eleven ascites-free rats underwent an MRI to determine their
peritoneal surface. A correlation was found between the weight
of the rats and the measure of their peritoneal surface
(p < 0.0001, R2 ¼ 0.943; Fig. 3).

The peritoneal surface exposed by the 3-mmHg peritoneum
was calculated for each rat using the following equation, deter-
mined with the curve describing the relationship between weight
and peritoneal surface: SP ¼ 0.554 × weight − 25.48 (where
SP was the peritoneal surface in cm2).

Illumination times needed to reach different fluences in a rat
weighing 200 g are reported in Table 2. For instance, for a rat
weighing 200 g, the peritoneal surface was 85 cm2, the irradi-
ance was 6.8 mW∕cm2 and the rat was illuminated during
49 minutes to obtain a fluence of 20 J∕cm2.

The weight of the rats treated ranged between 185 and 210 g.
Owing to the difference in their peritoneal surfaces, we

calculated that if the same illumination time had been used for
all of them, there would have been a difference of 4 J∕cm2

between the fluence of the lightest and that of the heaviest rat.
When compared with the measures obtained with the in vivo

light dosimetry, the fluence rate on the peritoneal surface deter-
mined with the MRI results was coherent (Table 3).

3.2 Assessment of the PDT Procedure

3.2.1 Outcome after the sham procedure

The surgical procedure was easily performed and induced
neither per- nor postoperative complications. All the rats that
underwent this procedure were alive and well. In the three rats
that were sacrificed 48 hours after the procedure, the autopsy
and the pathologic examination were normal. The two rats
followed up for three weeks after the procedure were finally
sacrificed. No late adverse events related to the procedure
were observed.

3.2.2 Efficacy of the illumination procedure

Among the 12 rats undergoing a PDT procedure, neither
per- nor postoperative complications caused by the surgical
procedure were recorded. Between 25 and 32 lesions were
analyzed in each treatment group to assess the efficacy of the
procedure. The fluorescence quantification showed that photo-
bleaching significantly decreased (i.e., the photobleaching value
increased) with the decrease of the light dose (Fig. 4).

Among the rats treated with a fluence of 10 J∕cm2, 31
lesions of the midline, 43 lesions of the diaphragm and 40
of the sides were analyzed. Photobleaching ranged between
0.06 and 0.47 for the diaphragm, 0.09 and 0.45 for the midline
and 0.09 and 0.42 for the sides. There were fewer than two
lesions with a photobleaching above 0.4 for each location.
There was no statistical difference between the mean photo-
bleaching value for the different locations of the lesions
(p ¼ 0.59; Fig 5).

During the laparoscopy in blue-light mode performed before
PDT, a red fluorescence of the liver and of the intestine was
noticed. Four hours after the IP injection of HAL, the fluores-
cence of the liver and of the intestine was homogeneous and
assigned an intensity rating of 3þ. After treatment, the liver
and the intestine also experienced photobleaching, as reported
in Table 4. Most of the rats had either no or only low-to-
moderate partial residual fluorescence.

Table 1 Photobleaching scoring system for the liver and the bowel.

Residual fluorescence assessment Scoring

No residual fluorescence 0

Low fluorescence 1+

Moderate fluorescence 2+

High incomplete fluorescence 3+

Fig. 3 Relation between peritoneal surface and weight as determined
by MRI six to nine weeks after the injection of NuTu19 cells to Fischer
344 female rats.

Table 2 Treatment duration as calculated with the peritoneal surface
determination with MRI, for a rat weighing 200 g.

Desired fluence Treatment durationa

20 J∕cm2 49 minutes

10 J∕cm2 24 minutes 30 seconds

5 J∕cm2 12 minutes

2.5 J∕cm2 6 minutes

aCalculated with the equation: Duration ¼ Fluence∕ððtotal Power of
the panel∕Peritoneal SurfaceÞ × 60Þ.
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4 Discussion
This article describes a new illumination procedure for PDT of
the abdominal cavity. The procedure was both simple and quick
to perform, as the illumination times reported in Table 2 show.
In addition, the sham group demonstrated both the short- and
long-term safety of the procedure itself.

The failure of previously published PDT procedures to attain
a cure could be linked with a lack of homogeneity in the illu-
mination of intra-abdominal surfaces. Mastering control of the
light dose delivered to the rats is crucial to guaranteeing the
reproducibility of the illumination. Some authors performing
PDT of the abdominal cavity do not give precise dosimetry
data and describe their light doses according to the abdominal
quadrants to which light is administered.14,25 However, this
option precludes any verification of reproducibility and any
generalization of the experiments to other species than that
on which they were initially conducted.

A second option is to calculate light doses according to peri-
toneal surface values and take the body surface as an estimation
of the peritoneal surface.7,13 This approach could not be used for
our experiments because our procedure, which used a pneumo-
peritoneum to expose peritoneal surfaces, meant that only a part
of the peritoneal surfaces were directly exposed to laser light.
The surface exposed was thus much smaller than the complete
parietal and visceral peritoneal surfaces, and the rats would have
been at risk of a light overdose had the body surface been used
as an estimate.

A third possibility is to perform in vivo dosimetry with
photometry probes instead of calculating the light dose from
the peritoneal surface.8,26 With this aim in view, isotropic probes
are more accurate than flat photodiodes.27 However, it is difficult
to obtain a reproducible dosimetry with isotropic probes,
because the inframillimetric tip tends to get buried under fat
or peritoneal folds, and its placement inside a catheter only par-
tially prevents this drawback. Besides, the heterogeneity of the
optical properties of the tissues leads to substantial variability
of measurements (by a factor of at least 1.6).27 Though our
in vivo measures varied much in accordance with the previous
considerations, they allowed us to confirm the coherence of the
dosimetry deducted from the MRI study.

With MRI, a curve was obtained that allowed the determina-
tion of the peritoneal surface of each rat according to weight, and
thus the calculation of light doses. Nevertheless, this curve is
only valid in the described conditions and should be determined
again in case of change of species.

We chose to determine the illumination time for each rat
before treatment. Though the difference in peritoneal surfaces
between the smallest and the biggest rats only led to a difference
of 4 J∕cm2 between fluences, we wanted to eliminate as many
causes of variability in treatment as possible.

We chose to assess the efficacy of the procedure with the
quantification of the photobleaching of the lesions. Photo-
bleaching was previously shown to reflect accurately the action
of PDT on peritoneal carcinomatosis nodules, and in esophagus

Table 3 Results of the in vivo photometry and comparison of fluence rate calculation with in vivo photometry and with MRI.

Power measured at
the center of the
panel, in μW

Power measured on
one side of the rats,

in μW

Fluence rate on the peritoneal surface, in mW∕cm2

Calculated with the in vivo
power measurements

Calculated with the determination
of the peritoneal surface with MRIa

1.61 0.358 10 7.2

[1.54–1.66] [0.24–0.41] [6,7–11.7] [6.7–7.7]

aFor each rat, an in vivo light-power measure was performed and the fluence rate was determined with the help of the MRI results for calculation of the
treatment length.

Fig. 4 Comparison of the mean photobleaching value according to the
PDT protocol.

Fig. 5 Comparison of the mean photobleaching value according to the
location of the lesions.

Table 4 Photobleaching scoring results for the liver and the bowel.

Treatment
protocol

Number
of rats

Median liver
photobleaching

score

Median intestinal
photobleaching

score

Fluence of
10 J∕cm2

3 0.08 0.17

[0–0.25] [0–0.25]
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or skin diseases, where immediate photobleaching also
correlated with the response evaluated three months after
treatment.21–23

After PDT was performed, instant visual assessment (and
precise offline quantification) of the response of an important
number of lesions and tissues was allowed. With a conventional
strategy, this would require a pathological examination, which
could be neither as early nor as exhaustive.16

For the liver and the bowel, the development of a specific
scoring system was required to assess globally the action of
light on these organs. The aim was to check that all major
intra-abdominal areas had been properly exposed to light during
the PDT procedure. The calculation of the photobleaching value
would not have been accurate enough, as it requires the identi-
fication of precisely the same spot before and after PDT. In the
case of the liver or of the bowel, no spot could be categorically
recognized, especially as these organs’ surfaces lack landmarks
and the bowel could make spontaneous movements. Besides,
photobleaching could be heterogeneous between their different
zones, and the score took this specificity into account. The
subjective assessment of fluorescence was reliable and easy to
perform, but one should note that it was designed by observers
who had the experience of photodiagnosis of peritoneal carci-
nomatosis. Experience enabled the creation of a mental scale of
fluorescence intensities, as effective as objective measurements.

Photobleaching of peritoneal carcinomatosis lesions was
precisely quantified in the literature and is associated with
the importance of their necrosis after PDT. A threshold of 0.4
separates complete responders from nonresponders.21

In our study, the efficacy of the procedure increased in step
with the light dose. Taking the threshold of 0.4 to distinguish
photobleaching of the lesions that responded to PDT and that
of lesions which did not, we concluded that treatments using
a fluence of 20 J∕cm2 and 10 J∕cm2 were effective, whereas
fluences of 5 J∕cm2 and below did not induce a satisfying
response to the treatment. Besides, the majority of the lesions
treated with 10 J∕cm2 had a photobleaching value under 0.4,
which corresponds to a homogeneous response.

The fluence used in this experiment was chosen from the
results obtained in previous studies.9,14,20 The effective fluences
may seem low compared to those often reported in the literature
(frequently around 100 J∕cm2),8,11,18,28 but several authors
reported an increase in the efficiency of PDT with a decrease
in the fluence rate.29,30 The fluence rate used here was around
7 mW∕cm2 on the peritoneal surface, a value which corresponds
to what other authors report as a very effective fluence
rate.29,31,32 Such low fluence rates imply a prolonged treatment
in order to reach high fluences. However, their efficacy allows
one to reduce the total light dose, and our illumination times
remained short. The good results obtained with low fluence
rates can by a mechanism of reoxygenation of the treatment
site. Similarly, fractionated illumination during improves
tumor response.19 Three main mechanisms are thought to be
involved in the enhancement of PDT response by light fractio-
nation: reoxygenation of the treatment site, reperfusion injury
and PpIX relocalization. Reoxygenation of the treatment site
during the dark periods was proved to be essential. Oxygen
depletion induced during the initial light period by temporary
vascular constriction is reversed during the dark period. Curnow
et al. have monitored the tissue oxygen pressure during fractio-
nated and continuous illumination.33 They observed a rapid
decline in oxygen near the treatment site after beginning

illumination and a partial recovery in oxygen during the dark
period, whereas the decline in oxygen was irreversible during
continuous illumination. In the case of fractionated light
dose, this oxygen depletion during illumination is induced by
temporary vascular constriction that is reversed during the
dark period. Protoporphyrin IX relocalization could also
enhance effects of light fractionation. It could be the result of
local diffusion or reperfusion of plasma-bound PpIX.34 The
same processes could be involved in PDT with low fluence
rates, due to a slower consumption of oxygen and thus of
PpIX, allowing these components, which are essential to
PDT, to regularly reach the treatment site.

Along with the illumination parameters chosen, the efficacy
of our illumination procedure in terms of areas exposed to laser
light could also have been questioned. Indeed, no manipulation
other than a pneumoperitomeum was made to expose the differ-
ent peritoneal surfaces.

The procedure proved very effective at treating lesions loca-
lized on the diaphragm, the midline and the sides (including the
upper part of the pelvis). It could also induce an almost complete
photobleaching of the bowel and of the liver, despite the absence
of a specific procedure for the illumination of these organs. This
may be due to the depth of penetration of red light inside the
tissues and also to spontaneous movements of the intestinal
tube, with the implication that tumor lesions of the bowel and
the liver could also be treated.35

This study did not include the evaluation of the paracolic
gutters and of the retrohepatic space, because in our tumor
model, there were hardly any lesions in those locations unless
the peritoneal carcinomatosis was very advanced. A long-term
follow-up should allow confirmation of their treatment by
proving the cure of the animals or, if applicable, by listing the
preferential areas of recurrence.

The size of the device and the surgical procedure will require
adaptations in order to be able to fit the peritoneal cavity of
humans. The INSERM U703 laboratory is currently developing
textile light diffusers of large surface that might help to illumi-
nate the abdominal areas that are the most difficult to reach with
a more rigid system—for example, the retrohepatic space and
the paracolic gutters.36

A reliable calculation of the peritoneal surface that will be
illuminated must also be determined, but this experiment
shows that a standardized and reproducible treatment of perito-
neal carcinomatosis with PDT is indeed possible.

5 Conclusion
Our illumination procedure was easy to perform and successful
in treating the main localizations of peritoneal carcinomatosis.
The estimation of the peritoneal surface by MRI proved to be
possible and allowed for a reliable determination of the light
dose administered, a step which lead to a reproducible photo-
bleaching of all areas examined.
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