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Abstract: 

 

Introduction: Photodynamic therapy (PDT) appears to be a valuable new treatment modality 

for cancer therapy. Studies have reported the successful application of PDT for glioblastoma. 

Here, we introduce a new device dedicated to intraoperative PDT delivered early after fluoro-

guided resection combined with a transfer function that determines the treatment time based 

on the size of the surgical resection cavity. 

 

Methods: First, we describe the device, which is composed of a trocar, a balloon filled with a 

diffusing solution, and a fiber guide in which a cylindrical light diffuser is inserted. Ex vivo 

experiments were performed to measure the fluence rate inside biological tissues. A 

calibration factor was defined to convert power measurements into fluence rate values. Calf 

brains were used to simulate light propagation in human brain tissue, and the photosensitizer 

administration effect on optical properties was discussed. The temperature elevation during 

illumination was evaluated.  

 

Results: Light power was measured in tissues surrounding the device during ex vivo 

experiments. Using the previously characterized calibration factor, power measurements were 

converted to fluence rate values to obtain the transfer function. No thermal elevation was 

observed during a two-hour temperature test, and the impact of protoporphyrin IX on brain 

optical properties was considered negligible. 

  

Conclusions: A discussion of experimental precision is presented. The light duration 

determined by the abacus had a standard deviation of less than one minute. This value is weak 

compared with the total illumination time necessary to treat one patient. The main advantage 

of our device lies in its straightforward implementation of intraoperative PDT for 

neurosurgery with acceptable dosimetry and easy treatment time. 

 

Keywords: intraoperative PDT, instrumentation, fluoro-guided resection, glioblastoma, 

neurosurgery, medical device 
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I. Introduction 

Glioblastoma (GBM) is the most aggressive and common primary brain tumor. Its 

poor prognosis (median overall survival of 14.5 months) and incidence (approximately 5 new 

cases each year per 100,000 individuals) strongly encourage new adjuvant treatments [1]. 

Currently, photodynamic therapy (PDT) appears to be a valuable new treatment modality to 

improve the therapy of cancers at different locations [2]. In particular, many studies have 

reported that 5-aminolevulinic acid (5-ALA) PDT treats GBM [3-6]. Direct (apoptosis and 

tumor tissue necrosis) and indirect (angiogenesis inhibitor effect and immune response) 

effects contribute to the long-term destruction of the tumor.  

According to the standard management of GBM [7], maximum tumor resection is 

expected when achievable. To improve the extent of resection (EOR), fluoro-guided resection 

(FGR) has recently been proposed [8]. Gliolan® (5-ALA) is administered to the patient 

before surgery. 5-ALA is a precursor of protoporphyrin IX (PpIX), a photosensitizer (PS) that 

preferentially accumulates in GBM cells. The PS is activated by a light emission wavelength 

matching the highest PS absorption peak. Thus, under blue light (400-410 nm), GBM cells 

shine pink-purple. Surgery is followed by radiation therapy and concomitant and adjuvant 

chemotherapy with the aim of slowing down recurrence. Nevertheless, relapse occurs in the 

cavity margin in 85% of cases [9], justifying the improvement of local control by a maximal 

EOR and additional therapy delivered intraoperatively [10]. In this context, intraoperative 

PDT may be applicable for treating areas bordering the resection cavity. However, 

illumination of the cavity remains an issue since the device must be suitable for the shape of 

the cavity, and in that context, a deformable balloon is expected to meet this requirement.  

Previous studies have reported such a device for intraoperative GBM PDT. The first 

study conducted by Wilson et al. in 1986 [11] led to the creation of an irradiator able to 

replace the original volume of the removed tumor tissue. The device consisted of a balloon 

created from a glove middle finger and a stainless steel tube. The balloon was then filled with 

a diffusing solution (lipid emulsion (Abbott Laboratories Ltd, Chicago, IL, USA) 

concentrated at 0.1%). The balloon was dilated from a diameter of 3 to 5 cm. The optical fiber 

used was a frontal diffuser with a nominal numerical aperture of 0.4 coupled to a 7.5 W argon 

laser. The entire device was sterilized by heat. This irradiator was used in a phase I trial in 

which 9 patients were enrolled, with 4 having GBM. The administered PS was Photofrin 

(Photofrin Medical Inc.) at a dose of 2-2.5 mg.kg
-1

. The study concluded with the intention to 

optimize their device, including the use of a cylindrical diffuser as the source. 

In 2000, experiments with diffusing balloons reappeared by Dwyer et al. [12]. Their 

device was based on a laboratory-made balloon and a flexible nylon tube to handle the device 

during the surgery and carry the fiber. The balloon was filled with a saline solution. However, 

the silicone balloon was produced to induce reflections to homogenize the light distribution 

around the balloon. The optical fiber used was also a frontal diffuser coupled to a 3.5 W 

argon-ion laser. The device was cleaned with alcohol and gas sterilized. After 45 minutes of 

illumination at 3.5 W, a temperature of 51°C was measured. The authors claimed that this 

temperature did not create thermal damage to the tissues. However, their experiments were 

conducted with a 1-1.5 W power output. This device was not used in a clinical trial. The 

objective of this study was to demonstrate the ability to produce devices with different shapes 



3 

 

that best fit the shape of a resection cavity. This study was not dedicated to GBM treatment or 

to brain intraoperative surgery.  

To our knowledge, the latest study dedicated to PDT for GBM with a balloon was 

reported by Moseley et al. [13, 14] in 2007. The device was created from a catheter balloon 

with a fiber terminating in a cylindrical diffuser coupled to a Diomed PDT laser at 630 nm. 

The power emitted was not reported. Different liquids were tested to fill the balloon. A 

diffusing solution based on a lipid emulsion was reported to be the most suitable for 

increasing the scattering diffusion. Two different balloon sizes (diameters of 1.5 cm and 2.5 

cm) and different shapes (spherical and prolate spheroid) were studied. A small difference 

was measured between the two shapes. Different lengths of a cylindrical diffuser were used 

(1.2 cm, 2.5 cm and 5 cm). A 2.5 cm cylindrical diffuser length seemed to be more suitable 

for the spherical device, while the 5 cm one seemed to be more suitable for the prolate 

spheroid device. The authors concluded that the length of the cylindrical diffuser shall be the 

same as the device length. These devices were not used in a clinical trial but were steered 

toward brain surgery applications. 

In this study, we describe a new lighting device dedicated to intraoperative GBM 

photodynamic treatment [15]. PDT is applied early after FGR where the 5-ALA is already 

used as a diagnostic agent under blue light. Once this lighting device is inserted into the 

cavity, red light at a sufficient fluence rate is expected to activate the 5-ALA accumulated 

within remaining tumor cells and to induce a PDT effect. Dosimetry issues because of inter-

individual variability of the surgical cavity shape were addressed by introducing a transfer 

function that easily allows evaluation of treatment duration. 

In the following sections, we first introduce a methodology used to convert power 

measurements to fluence rate values with the help of a calibration factor and then describe ex 

vivo experiments performed to estimate the fluence rate in the tissue around the device. A 

temperature test was also conducted to evaluate thermal elevation. 

II. Material and methods 

Material 

The device consisted of two parts (see figure 1). The first part is a balloon coupled to a 

trocar, commercialized by Aesculap
®

 (Tuttlingen, Germany) and initially used in endoscopic 

operations in which tissue needs to be separated in the extraperitoneal space. This device is 

built from a sterilizable trocar body and a single-use only transparent balloon. A sluice gate is 

added to the trocar, allowing fluid insertion to inflate the balloon. The inflation of the balloon 

ranges from a 4 cm diameter for 40 mL of diffusing solution to a 9 cm diameter for 500 mL of 

injected diffusing solution. A silicone valve terminates the trocar to ensure permeability and 

pressure inside the device. 
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Figure 1 (a) Picture of the commercialized balloon with the addition of our fiber guide. 

(b) Picture of the optical fiber guide developed in the laboratory. (c) The whole device fixed 

on the optical bench.  

 

The second part, referred to as the optical fiber guide, was developed in our 

laboratory. This guide was built from an 8 mm diameter borosilicate glass tube closed at one 

end and inserted in a 10 mm stainless steel tube (see figure 2). This guide enables positioning 

of the optical fiber at the center of the balloon while ensuring complete permeability. The 

optical fiber used is a 70 mm long cylindrical diffuser (RD-ML 70, Medlight, Ecublens, 

Switzerland) that approximately matches the balloon length in its deflated state. Finally, a 

screw thread fixed at the top of the guide allows tightening of the optical fiber inside the 

guide. The fiber guide is entirely compatible with the ethylene oxide sterilization process. 
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Figure 2 (a) Expanded view of the fiber guide: a borosilicate glass tube (2) is inserted 

into the stainless steel tube (1); a stainless steel luer adaptor (3), a PTFE seal for 

impermeability (5) and a stainless steel spring tab (5) hold the fiber guide against the trocar. 

(b) Perspective view (generated by SolidWorks
®
) of the whole system: the fiber guide and the 

single-use balloon are inserted into the trocar; the whole device is placed into a surgical 

cavity. 

 

To set up the whole lighting applicator, a single-use balloon is first inserted into the 

trocar. Then, the fiber guide is placed in the trocar balloon. After being assembled, the device 

is set on a frame and guided inside the cavity of the patient. The balloon is filled with an 

emulsion composed of a 20% Intralipid (Fresenius Kabi France, Sèvres, France) diluted at a 

concentration of 0.1%. This emulsion exhibits weak absorption and strong diffusion of 635 

nm wavelength laser light [11, 13] and enables increased homogeneity of the light emitted 

from the source. Injection of diffusing solution into the balloon ends when the balloon wall 

reaches the brain-patient boundaries. This quantity of diffusing solution is the input value in 

our empirical dosimetry model that allows us to estimate the treatment duration. Indeed, a 

transfer function was modeled to estimate the light duration from the volume of diffusing 

solution injected to inflate the balloon within the surgical cavity. Finally, the 70 mm long 

cylindrical diffuser is inserted into the fiber guide. 

Ex vivo experiments 

The main purpose of the ex vivo study was to model a transfer function in such a 

manner that the treatment duration could be predicted from an abacus according to the 

quantity of diffusing solution injected into the balloon. The treatment time, deduced from the 

abacus, is expected to lead to a therapeutic fluence of 25 J/cm² at 5 mm inside surrounding 

brain tissues. The device was characterized with the same intraoperative PDT clinical 

conditions. The propagation of the light emitted from the balloon was quantified using several 
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ex vivo experiments. To mimic clinical treatment conditions, calf brains were used due to 

their optical properties (absorption and reduced scattering coefficients of 0.19 cm
-1

 and 20.09 

cm
-1

, respectively [16]) being close to those of the human brain (absorption and reduced 

scattering coefficients of 0.20 cm
-1

 and 20 cm
-1

, respectively) [3, 17, 18]. 

Methods 

All experiments were performed using a 635 nm 3 W Ceralas laser (Biolitec, Jena, 

Germany). However, an input power of 2 W was used, which corresponds to the admissible 

limit power of the cylindrical diffuser. 

Fluence rate values inside brain tissues around the balloon were measured to 

characterize our lighting device and to obtain the transfer function. Thus, we measured the 

light power propagation in tissues using an isotropic probe (IP85, Medlight, Ecublens, 

Switzerland) connected to a power meter to measure the power (1918-R, Newport, Irvine, 

United States) 10 mm around the balloon. The isotropic probe had to be calibrated to convert 

measured power values (Pmeasured, W) to the fluence rate values in biological media (media, 

W/cm²). 

i. Calibration factor in air 

A calibration factor in air (CFair) was computed to convert the power measurement to 

the irradiance in air. First, a frontal diffuser was used to create a uniform light beam (flat-top 

profile). A flat sensor (818-SL, Newport) with a sensitive area of 1 cm² was placed in front of 

the uniform light beam at a distance d, allowing us to obtain a homogenous beam inside the 

sensing area. At the same distance, an isotropic probe was fixed on a rotating support. The 

spherical tip of the isotropic probe was irradiated by the same uniform light beam under the 

same experimental conditions. 

Power was measured from both the flat sensor and from the isotropic probe according 

to the incidence angle ɵ between the isotropic probe and the beam’s direction (see figure 3). 

Angles where no data appear correspond to the distal part of the fiber (e.g., the part that was 

set up on the experimental bench support). Furthermore, as the support allowed only a 180° 

rotation, the remaining 90° were deduced via symmetry considerations to obtain the expected 

270° of the profile of the studied probe. Because the light beam is homogeneous and the air 

interaction with the light propagation at a short distance is negligible, the power measured 

with the flat sensor can be considered an irradiance measurement (W/m²). 

Thus, the ratio between the irradiance measured with the flat sensor and the mean 

power measured with the isotropic sensor gave the calibration factor in air. However, this 

calibration factor in air is sensor dependent.  
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Figure 3 (a) Experimental setup used to compute the calibration factor in air: a flat sensor and 

an isotropic probe were placed in front of a uniform light beam. The isotropic probe was set 

on a rotary support to estimate the non-homogeneity response according to the irradiation 

angle. (b) Diagram showing the normalized power measured (in nW) according to the 

incident angle between the probe and the laser beam. The blue part was reconstructed via 

symmetry considerations to obtain the entire measured power profile of the probe studied. 

ii. Calibration factor in brain tissue 

Once this factor was determined, we applied the Marijnissen and Star method [19, 20] 

to convert this value in air to a calibration factor that was medium dependent (FCmedia), thus 

converting the irradiance into a fluence rate. To obtain this correction, the following equation 

had to be solved: 

 

media = air . Fn . Fp . Fb . Fi = (Pmeasured. CFair ) . Fn . Fp . Fb . Fi (1) 

 

where 

CFair: calibration factor in air (1/m²) 

Pmeasured: measured power of the biological tissue (W) 

air: estimation of the irradiance in air (W/m²) 

media: estimation of the fluence rate in the biological medium (W/m²) 

Fn: correction factor associated with the refractive index of the medium around the isotropic 

probe (dimensionless) 

Fp: perturbation correction (dimensionless) 

Fb: correction of the collection photon loss due to the surface occupied by the fiber on the 

detection sphere (dimensionless) 

Fi: correction of the sensor non-homogeneity response (dimensionless) 
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Combining these empirical and theoretical factors resulted in a calibration factor that 

is expected to convert a power measurement into a fluence rate value for a given biological 

medium. Thus, with reliable fluence rate values, a treatment time can be estimated for a given 

fluence value. 

Experimental protocol 

Prior to the experiments, brains were prepared by dissecting out the cerebellum, the 

brain stem and the corpus callosum to improve the homogeneity of the studied tissues. We 

placed the device inside a black box to avoid reflections and then we surrounded the balloon 

with several pieces of calf brain (see figure 4). The isotropic probe was inserted into the 

medium until the probe touched the balloon wall. A first measurement was performed against 

the balloon wall. Then, the probe was pulled upward in 1 mm steps until the probe was 10 

mm from the balloon wall. These measurements were repeated at 15 different positions 

around the balloon to decrease the variability due to the strong heterogeneity of the tissues. 

 

 
Figure 4. Experimental plan for fluence rate measurements of biological tissues: the 

device was placed inside a black box and surrounded by biological tissues. An isotropic probe 

was inserted into the biological tissues. Power measurements were performed at a distance of 

10 mm from the balloon wall and with distance steps of 1 mm. Fifteen different measurement 

localizations were used to decrease the variability caused by tissue heterogeneity. 

Temperature measurements 

The temperature elevation was also investigated to evaluate the temperature elevation 

risk of surrounding brain tissues (figure 5). The balloon was filled with 500 mL of diffusing 

solution and then immersed in a hot-water bath adjusted to 37°C. The LASER emitted a 

continuous power of 2 W for two hours. The temperature was measured with a thermographic 

camera. 
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Figure 5 (a) Picture of the experimental set up of temperature measurement: the 

balloon was filled with 500 mL of diffusing solution and immersed in a hot-water bath 

adjusted to 37°C. (b) Screenshot of the thermographic camera: the laser emitted a continuous 

power of 2 W for two hours. 

III. Results 

Impact of the absence of PpIX in the biological tissue 

It is known that a PS might induce a change in optical coefficients according to its 

concentration in tissues. Therefore, we evaluated the impact of PpIX using the equation 

described by Vignion-Dewalle et al. [21], where PpIX accumulation does not affect the total 

reduced scattering coefficient. However, the absorption coefficient is the sum of the calf brain 

absorption          and the PpIX absorption         (equation 2). 

 

                          (2) 

 

where          is the absorption coefficient due to the brain and PS absorption (cm
-1

), 

         is the absorption coefficient of the calf brain (cm
-1

), and 

        is the absorption coefficient of PpIX (cm
-1

). 

 

We can express the PpIX absorption coefficient µa,PpIX according to the PpIX 

concentration CPpIX and its molar extinction coefficient εPpIX at the precise wavelength λ 

(equation 3). 

 

                        (3) 

 

where µa,PpIX,λ is the PpIX absorption coefficient at wavelength λ (cm
-1

), 
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CPpIX is the PpIX concentration (mol.L
-1

), and 

εPpIX,λ is the molar extinction coefficient of the PpIX at wavelength λ (L.mol
-1

.cm
-1

) 

 

Thus, the PpIX absorption coefficient can be computed in brain tissues with high PpIX 

concentration at 635 nm (equation 4). In the study of Valdes et al. [22], a PpIX concentration 

of 4.523 µg/mL (approximately 8.039 mol.L
-1

) was observed in GBM tissue with a high level 

of fluorescence and PpIX accumulation. The value of the PpIX molar extinction coefficient at 

405 nm is known [23]. The PpIX absorption coefficients at 405 nm and 635 nm of a sample of 

an unknown concentration were determined from the absorption spectrum measured by the 

Research Center for Automatic Control of Nancy (CRAN). 

 

            
                

                
                 

(4) 

 

where µa,PpIX,635 is the PpIX absorption coefficient at a wavelength of 635 nm (cm
-1

), 

µa,PpIX,CRAN,635 is the PpIX absorption coefficient of a sample of unknown concentration at a 

wavelength of 635 nm (cm
-1

), 

µa,PpIX,CRAN,405 is the PpIX absorption coefficient of a sample of unknown concentration at a 

wavelength of 405 nm (cm
-1

), 

εPpIX,405 is the molar extinction coefficient of PpIX at a wavelength of 405 nm (L.mol
-1

.cm
-1

), 

and 

CPpIX is the PpIX concentration (mol.L
-1

). 

 

From equation 4, the PpIX absorption coefficient in this condition and at 635 nm was thus 

estimated to be 0.0187 cm
-1

 in such a manner that the total absorption coefficient was only 

increased by 8.5% (                  
  ). 

 

Fluence rate for different balloon states 

To convert power measurements into fluence rate values, the calibration factor CFbrain for the 

isotropic probe used in our experiments was computed using data provided by the Marijnissen 

and Star studies [19, 20] (equation 5). 

 

media = (Pmeasured . CFair ) . Fn . Fp . Fb . Fi (5) 

 

with the following: CFair = 31 721 cm
-2 

Fn = 1.55  0.05 (dimensionless) 

Fp = 1.03  0.02 (dimensionless) 

Fb = 1.0625  0.005 (dimensionless) 

Fi = 1.0237  0.07 (dimensionless) 

CFbrain = 55083  6872 cm
-2

 

 

In our conditions, the fluence rate values could be approximated with the following equation:  
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media = Pmeasured . CFbrain (6) 

 

For a power of 2 W emitted by the 70 mm cylindrical diffuser, Figure 6 shows all fluence rate 

(mW/cm²) curves measured around the device for the different balloon volumes (40 mL to 

500 mL). 

 

 
Figure 6. Sample of fluence rate (mW/cm²) curves measured in brain tissues at various 

distances from the balloon wall and for different balloon volumes 

 

Then, fluence values were deduced from these fluence rate data. For a value of 200 

J/cm² defined against the balloon wall, we obtained a fluence value close to 25 J/cm² at a 5 

mm depth, independent of the balloon volume. 

With this constraint, we computed the lighting duration to reach these fluence values 

for each balloon volume. A transfer function was defined to determine the lighting duration 

necessary to obtain a fluence value of 25 J/cm² [24-27] at a distance of 5 mm from the balloon 

wall depending on the volume of diffusing solution injected into the balloon (see figure 7). 

 



12 

 

 
Figure 7. Transfer function of lighting duration (minutes) necessary to obtain a 

therapeutic fluence value of 25 J/cm² at a distance of 5 mm from the balloon wall depending 

on the volume of diffusing solution injected into the device  

Fluence rate and irradiance 

 

Monte-Carlo simulations were performed with the mcxyz Monte-Carlo program [28] to 

compare irradiance and fluence rate. The dimensions of the balloon in figure 8 correspond to 

a standard surgical cavity volume, i.e., 150 mL of diffusing solution injected into the device 

(approximately 150 cm
3
). 

 
Figure 8 (a) Modeling of the device filled with 150 mL of diffusing solution. The 70 

mm long cylindrical diffuser was located in the center of the borosilicate glass tube. (b) 
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Results from the Monte-Carlo simulation: the fluence rate values obtained with the Monte-

Carlo simulation were close to the values measured in calf brains (Table 1). 

 

 

 

 

 

 

Table 1: Comparison of fluence rates obtained from Monte-Carlo simulations and ex vivo 

measurements 

Volume of the 

Balloon (mL) 

Fluence rate at balloon border (mW/cm
2
) (SD) Error (%) 

Monte-Carlo simulation Ex vivo experiments 

50 280.82 (18.47) 305.79 (72.86) 8.89% 

100 192.93 (4.86) 215.94 (27.98) 11.93% 

150 175.45 (21.13) 179.52 (7.02) 2.13% 

200 139.06 (6.54) 115.54 (7.42) 16.91% 

250 115.30 (6.42) 101.36 (14.74) 14.44% 

Mean error (%)   10.90% 

 

 

As an illustration of the difference between the irradiance and the fluence rate, figure 9 

is a plot of the ratio of the fluence rate measured in the brain to the irradiance as a function of 

the depth for different balloon states.  

 
Figure 9: Plot of the ratio of the fluence rate measured in the brain to the irradiance as a 

function of the depth for different balloon states. 
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Consideration of temperature elevation 

Regarding the temperature measurements, we did not observe any temperature 

elevation during the experiments. Thus, the temperature elevation due to the device during 

treatment can be considered acceptable. 

IV. Discussion 

Currently, despite interstitial PDT being more frequently referenced in the literature, it 

is mainly dedicated to recurrent or non-operable GBM. Because the population with recurrent 

GBM is non-homogeneous since patients have received multimodal treatment, highlighting 

PDT effects remains difficult. Additionally, this technique remains difficult to perform for a 

large GBM (>3.5 cm).  

In contrast to the situation for recurrent GBM, the management of a patient harboring 

newly diagnosed GBM must be in accordance with specific recommendations of standard of 

care [7]. Maximal EOR is thus expected when achievable and is mostly achieved by means of 

FGR. In this paper, we proposed a new device and associated method to easily incorporate 

intraoperative PDT into the standard surgical workflow. Indeed, the PDT effect on GBM is 

still not proven because of the poor reproducibility of the procedure from one center to 

another, the multi-modality treatment when considering only the recurrent GBM population 

and the low inclusion numbers in the past trials. The design of this new device aimed to 

simplify the PDT procedure for the neurosurgeon with a seamless methodology suitable for 

the standard surgical workflow that also limited the dosimetry issue during surgery. In such a 

manner, and thanks to a highly reproducible procedure, the effects of PDT should be better 

highlighted on a larger and more homogeneous population of only newly diagnosed GBM 

patients. The feasibility of delivering PDT for the treatment of newly diagnosed GBM is 

currently under evaluation in the INDYGO clinical trial (ClinicalTrials.gov identifier: 

NCT03048240). 

 

Modeling with the function based on ex vivo experiments with the calf brains used in 

this study demonstrated that a value of 0.2 cm
-1

 appears to be a correct mean human brain 

absorption coefficient [3, 16, 17]. However, ex vivo experiments could not be performed after 

5-ALA administration, and the PpIX metabolism was not able to be modeled. Thus, the 

impact of the absence of PpIX in the biological sample was evaluated prior to our 

experiments. Indeed, differences in the absorption coefficients with and without PpIX might 

lead to different fluence rates. Nevertheless, the PpIX absorption coefficient in this condition 

and at 635 nm is only responsible for an increase of 8.5% in the total absorption coefficient, 

and the impact of PpIX was thus considered negligible for our ex vivo experiments. 

Moreover, the tissue surrounding the balloon would have a lower PpIX concentration than 

resected tumor tissues and the corresponding PpIX impact should still be more modest, 

confirming our assumption that the ex vivo model used in this study was well suited for the 

characterization of our device. 
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Concerning the precision of converting power measurements into fluence rate values, 

the calibration factor requires several constants for the refraction index of the medium 

surrounding the probe. This data strongly increases the calibration factor estimated in the air. 

The impact of the standard deviation of the calibration factor in the biological medium 

induces a standard deviation of 62 seconds for the illumination time (approximately 11% of 

the treatment duration for a mean cavity volume). This value remains low compared with the 

total illumination time needed to treat one patient. We observed a slight influence of calf brain 

oxidation on the power measurements that cannot be quantified. However, to minimize this 

variable, fresh specimens preserved by refrigeration were employed during our experiments. 

 

The fluence rate values obtained from power measurements could appear high because 

of confusion with irradiance, which is more commonly reported. Indeed, the fluence rate 

(W/cm²) can be larger than the irradiance (W/cm²), especially in the brain, which is a highly 

scattering medium [29]. Monte-Carlo simulations achieved with the mcxyz Monte-Carlo 

program [28] confirmed this observation. In particular, with the device modeled in 3D, the 

obtained fluence rate values were close to values measured in the ex vivo model. A mean 

error of 10.90% was obtained (see table 1) and remains satisfactory in regards to the 

assumption of a homogenous brain tissue used for Monte-Carlo and the slight difference in 

balloon shape that may occur in ex vivo experiments. Finally, this mean error remains in the 

range of error documented by the American Association of Physicists in Medicine, in which 

an error between 10 to 15% for that purpose is acceptable [30].  

 

Potential adverse events, such as additional time needed to deliver PDT during 

surgery, positioning of the device and brain compression, were carefully considered during 

the design of the device. 

Concerning additional time required to complete the procedure, neurosurgery experts 

have validated the average lighting duration achievable by the device for most of the surgical 

cavities observed in our neurosurgery department. Indeed, the additional surgery time of 30 to 

45 minutes needed to deliver intraoperative PDT is considered to have limited risk for the 

patient. We thus obtained an operating time acceptable for the range of volumes injected. 

Several studies reported a fluence value of 25 J/cm² to study PDT effect with 5-ALA [24-26] 

on GBM cells [27], and a photodynamic effect is expected to be observed at least within 5 

mm of the cavity margin. Additionally, the proposed protocol relies on 2 W of power being 

emitted by the 70 mm cylindrical diffuser. At this power, a slight heat increase occurs against 

the diffuser tip. However, this temperature increase is isolated from the brain by the 

borosilicate glass tube and by several centimeters of diffusing liquid. Thus, no potential 

temperature increase can occur inside a patient’s brain during the PDT procedure. 

Concerning location and brain compression during the procedure, the device was 

designed to be positioned as deflated inside the surgical cavity. Once the surgeon judged its 

position as correct, the balloon was inflated with the diffusing solution. The filling stopped 

when the balloon reached the borders of the cavity and was visually assessed with the surgical 

microscope. Additionally, the illumination protocol divides the total lighting duration into five 

illumination sequences, separated by two-minute off periods. To further secure the device 
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during these two minutes, the surgeon slightly deflates the balloon to limit parenchymal 

compression that might create tissue ischemia or hematoma.  

 

Although several studies have already reported intraoperative PDT, some experimental 

conditions have changed since the last trial, and more particularly, the PS administered to the 

patient has changed. In the last clinical trial in 2007 [13, 14], the drug administered was 

Photofrin
®
 (Pinnacle Biologics™, Chicago, IL, United States). This first-generation PS had 

some disadvantages, including low absorbance at 630 nm and poor selectivity for tumor cells, 

leading to the necrosis of healthy tissues [31]. With the new generation of PSs, the selectivity 

and reactivity have been improved. In the surgical procedure investigated, we administered 

the precursor 5-ALA (Gliolan-Medac, Germany) to the patient, which induces a strong 

concentration of PpIX in tumor cells [32, 33]. With the application of our device early after 

FGR, improvement in the local control of direct PDT effects and an immune response with 

indirect PDT effects are expected. 

V. Conclusion 

In this study, we present a new device for intraoperative PDT dedicated to GBM 

treatment. An ex vivo study was performed, and we introduced a transfer function. This tool 

enables us to determine the lighting duration according to the surgery cavity size in order to 

achieve a therapeutic fluence value at a 5 mm depth within surrounding tissues. A 

methodology was described to convert power measurements to fluence rate values with the 

help of a sensor- and tissue-dependent calibration factor. The fluence rate in tissues around 

the device was estimated with ex vivo experiments. No thermal elevation was observed 

during a two-hour temperature test, and the PpIX impact on brain optical properties can be 

neglected. Several Monte-Carlo simulations were performed to confirm the fluence rate 

values measured in calf brains. A feasibility study of intraoperative PDT for newly diagnosed 

GBM with this device is currently running in our neurosurgery department (clinical trial: 

NCT03048240). 
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Executive summary: 

 

PDT for GBM treatment: 

- Due to relapse in resection margins, local and selective therapy is required to treat 

glioblastoma (GBM). 

- Photodynamic therapy (PDT) is an encouraging additional therapy to delay 

glioblastoma relapse. 

- 5-aminolevulinic acid (5-ALA) is already used clinically as a contract agent in the 

fluorescence-guided resection (FGR) technique. 

- PDT can easily be integrated in standard care and applied early after FGR. 
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Characterization of a new device dedicated to intracavitary PDT: 

- The device described in this publication, which is composed of an inflatable balloon 

filled with diffusing liquid, enables the illumination of both small and large resection 

cavities. 

- The device was characterized using ex-vivo experiments: calf brains were used to 

mimic the optical properties of the human brain. 

- Power measurements were performed around the balloon inside brain tissues at a 

depth of 10 mm for different volumes of diffusing liquid (40 mL to 500 mL). 

- Power measurements were converted into fluence rate values using Marijnissen and 

Star methodology. 

- Fluence rate values were validated using Monte-Carlo simulations. 

A new tool for intraoperative PDT: 

- From these fluence rate values, an innovative transfer function was designed to 

determine the lighting duration necessary to deposit a fluence value of 25J/cm² at a 5 

mm depth independent of the cavity size. 

- The additional 30 to 45 minutes of surgery time needed to deliver intraoperative PDT 

is considered to have limited risks for the patient. 

- Other safety tests, including temperature measurements, were performed to ensure the 

device. No temperature increase can occur during the PDT procedure. 

- High concentrations of protoporphyrin IX are responsible for the 8.5% increase in the 

total absorption coefficient in the human brain at 635 nm. 

Conclusions: 

- A safety evaluation of the device and PDT procedure is currently under way in the 

INDYGO clinical trial (ClinicalTrials.gov identifier: NCT03048240). 

- With application of the device early after FGR, improvement of the local control of 

direct PDT effects and immune responses with indirect PDT effects are expected. 
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