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Current first-line therapy for high-grade gliomas 
(HGGs) comprises maximal safe resection of en-
hancing tumor followed by adjuvant radiation and 

chemotherapy.34 Notably, recurrence usually occurs at the 
margin of the resection cavity,38 suggesting that selec-
tive cytotoxic local therapy of marginal infiltrating tumor 
might be of value.

Currently, there are no standard-of-care regimens for 
the management of tumor relapse, and the overall level 
of evidence for possible interventions is low. Frequently, 
repeat resections are followed by alternate chemotherapy 
regimens or experimental immune-modulating therapies, 
either with or without re-irradiation. Several trials of novel 
approaches have been performed for recurrent HGGs, so 
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OBJECTIVE  High-grade glioma (HGG) prognosis remains dismal, with inevitable, mostly local recurrence. Regimens 
for improving local tumor control are therefore needed. Photodynamic therapy (PDT) using porfimer sodium has been 
investigated but was abandoned due to side effects and lack of survival benefits. Intracellular porphyrins induced by 
5-aminolevulinic acid (5-ALA) are approved for fluorescence-guided resections (FGRs), but are also photosensitizers. 
Activated by light, they generate reactive oxygen species with resultant cytotoxicity. The authors present a combined 
approach of 5-ALA FGR and PDT.
METHODS  After 5-ALA FGR in recurrent HGG, laser diffusors were strategically positioned inside the resection cavity. 
PDT was applied for 60 minutes (635 nm, 200 mW/cm diffusor, for 1 hour) under continuous irrigation for maintaining 
optical clarity and ventilation with 100% oxygen. MRI was performed at 24 hours, 14 days, and every 3 months after sur-
gery, including diffusion tensor imaging and apparent diffusion coefficient maps.
RESULTS  Twenty patients were treated. One surgical site infection after treatment was noted at 6 months as the 
only adverse event. MRI revealed cytotoxic edema along resection margins in 16 (80%) of 20 cases, mostly annular 
around the cavity, corresponding to prior laser diffusor locations (mean volume 3.3 cm3). Edema appeared selective for 
infiltrated tissue or nonresected enhancing tumor. At the 14-day follow-up, enhancement developed in former regions 
of edema, in some cases vanishing after 4–5 months. Median progression-free survival (PFS) was 6 months (95% CI 
4.8–7.2 months).
CONCLUSIONS  Combined 5-ALA FGR and PDT provides an innovative and safe method of local tumor control result-
ing in promising PFS. Further prospective studies are warranted to evaluate long-term therapeutic effects.
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far showing only limited response.7,10 Therefore, there is 
an ongoing, unmet need for therapeutic options for im-
proving local tumor control.

One possible approach that has been explored in the 
past for local tumor control, mainly by Muller and Wil-
son, is photodynamic therapy (PDT) using photosensitiz-
ers such as hematoporphyrin derivative (porfimer sodium) 
in patients operated on for HGG. No survival benefit was 
observed in a randomized controlled phase III study.19,20 
With this technique, patients were first subjected to de-
bulking surgery. After intravenous application of porfimer 
sodium, a compound of purported affinity to HGG, resec-
tion cavities were filled with rubber balloons containing fat 
emulsion (Intralipid) as a medium for diffusing the laser 
light from within the balloon.19 Possibly due to the limited 
selectivity of porfimer sodium, the rate of side effects was 
high with severe and long-lasting skin sensitization and 
potential accidental damage to normal brain tissues.1,19,29

Currently, 5-aminolevulinic acid (5-ALA) is approved 
for fluorescence-guided resections (FGRs) helping to im-
prove the extent of resection (EOR) for HGG.12,30 5-ALA 
is taken up by tumor cells and selectively metabolized to 
protoporphyrin IX (PPIX), a strongly fluorescing precur-
sor of heme, which remains confined to HGG cells. This 
phenomenon results in selective tumor cell fluorescence 
that can be visualized by using a specially equipped sur-
gical microscope.31 Apart from their strong fluorescence, 
induced endogenous porphyrins such as PPIX are strong 
photosensitizers.15,21 Consequently, besides being useful 
for improving EOR, 5-ALA might be used as a photosensi-
tizer for PDT with the profound advantage over traditional 
photosensitizers, such as porfimer sodium, that no PPIX is 
in blood nor in peritumoral edema. To this end, promising 
results have been reported in several smaller studies.2,14,28

PDT is based on a photochemical reaction induced by 
activation of sensitizer by light.6 After PPIX is excited 
with a 635-nm laser light, reactive oxygen species and 
free radical production are generated,11 leading to direct 
cytotoxic effects on tumor cells, destruction of vascula-
ture, and induction of immune response.6,27 PDT has been 
applied using stereotaxy for introducing light diffusors 
into deep-seated lesions, a concept titled interstitial PDT 
(iPDT), with a prospective randomized trial currently in 
preparation.2,25,28 However, only small volumes can be 
covered by this technique and complex tumor architec-
tures cannot be accounted for.

The concept of open PDT (oPDT) after resection is not 
new, however, here we introduce a novel mode of applica-
tion. We hypothesize that in patients with recurrent HGG 
a combination of 5-ALA FGR and oPDT is a promising 
strategy for local tumor control, targeting residual, nonre-
sectable, visibly fluorescent tumor, but also residual non-
visibly infiltrating fluorescent cells, which can be detected 
by spectrography.33,36 The objective of this study was to 
analyze the safety and efficacy of FGR with oPDT in a 
case series of patients treated at our center.

Methods
Ethical Approval

Open PDT was used on a compassionate use basis and 

decided on by an interdisciplinary neurooncological board 
in case-by-case discussions. All patients were informed 
about the experimental character of this type of surgical 
therapy and provided informed consent. The present col-
lection of patient data was not from a planned, prospective 
study and retrospective data were intensely discussed with 
the local ethical committee given the number of patients 
we finally compiled. The study was approved.

Study Design and Setting
We report a case series of all patients treated with 

oPDT after repeat FGR for recurrent HGG at a single 
academic neurooncological center between October 2018 
and May 2019. All patients were treated according to the 
procedures mentioned below. We observed patients for 
safety (any adverse events) and efficacy (cytotoxic edema 
surrounding the resection cavity, progression-free survival 
[PFS], and overall survival [OS]).

Study Collective
All patients surgically treated for recurrent HGG after 

introduction of the protocol mentioned below were found 
eligible. The inclusion criterion was 5-ALA FGR and con-
secutive oPDT during the same operative approach.

FGR and oPDT Protocol
5-ALA (Gliolan, Medac) was administered at a dosage 

of 20 mg/kg body weight 4 hours prior to induction of 
anesthesia. A standard craniotomy was performed. Neu-
ronavigation was used for planning the surgical approach 
and identification of recurrent tumor tissue. Functional 
MRI and fiber-tracking studies were obtained as neces-
sary, as well as methods of intraoperative mapping and 
monitoring, including awake craniotomies for language 
mapping. In each case, maximal safe resection of fluores-
cent tissue was attempted, aimed at complete resection of 
fluorescent tumor. Resection was performed using a cavi-
tron ultrasonic surgical aspirator (CUSA Clarity, Integra 
Life Sciences). The surgical microscope (Zeiss, Pentero 
900) enabled visualization of porphyrin fluorescence us-
ing the BLUE400 filter. Histopathology was confirmed by 
intraoperative frozen sections. Once there was no residu-
ally visible fluorescence or only tumor-infiltrated, visibly 
fluorescing eloquent areas were left, 1–4 cylindrical laser 
diffusers (Biolitec), depending on the size and architecture 
of the resection cavity, were inserted into the cavity and 
fixed to a retractor system. Possible diffusor lengths were 
10–30 mm. Neuronavigation was used to confirm the po-
sition of the laser diffusers and enable a postoperative cor-
relation with postoperative imaging. PDT was applied for 
60 minutes (635 nm, 200 mW/cm diffusor) using a high-
power laser with up to 8 ports for diffusors (Modulight 
ML7710, Tampere). Cavities were continuously irrigated 
with Ringer’s lactate solution to maintain clarity of optical 
media in the cavity. The patient was ventilated with 100% 
oxygen during therapy. Four primary neurooncological 
surgeons (N.W., B.B., M.H., W.S.), including the senior 
authors (N.W., W.S.), performed the procedures. All re-
sections were finalized by one of the senior authors (W.S.). 
Preoperatively, patients received 4 mg of dexamethasone 
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3 times a day for a duration of 3 days, which was tapered 
consecutively. See Fig. 1 for a comprehensive FGR/oPDT 
protocol overview.

MRI Protocol
Standard preoperative and early postoperative (within 

48 hours after surgery) 1.5-T MR images were obtained 
from every patient. An additional postoperative MRI was 
performed at a time point 2 weeks after surgery to analyze 
changes in diffusion imaging. The following sequences 
underwent further qualitative and quantitative volumetric 
analysis: T1-weighted, T1-weighted contrast-enhanced, 
FLAIR, diffusion-weighted imaging (DWI), and apparent 
diffusion coefficient (ADC) sequences. Images were seg-
mented and volumes were analyzed using an established 
semiautomatic technique (Brainlab Elements, Brainlab). 
We defined the volume of cytotoxic edema in the early 
postoperative MRI as an oPDT efficacy measure, show-
ing a new true diffusion restriction as matching signal 
volumes in DWI and ADC map without contrast enhance-
ment (CE). We then compared the areas of residual tumor 
and the infiltrating zone as seen on T1-weighted and T1-
weighted Gd-enhanced images with the extension of the 
cytotoxic edema. Residual enhancing tumor volumes of 
less than 0.175 cm3 were considered to represent complete 
resections of enhancing tumor (CRETs) in accordance 

with previous publications. All other cases were classified 
as subtotal resection (STR).

Routine follow-up MRI was performed every 3 months 
and assessed according to the modified Response Assess-
ment in Neurooncology (RANO) criteria.40

Data Analyses
The IBM SPSS Statistics package (version 25.0, IBM 

Corp.) was used for statistical analyses. Data were ana-
lyzed by standard statistics, using absolute and relative fre-
quencies for categorical variables and median and standard 
deviation for continuous variables. Time-to-event analyses 
were performed using Kaplan-Meier curves and the log-
rank test. PFS defines the time from surgery reported in 
this study (FGR and oPDT) until progression according to 
modified RANO criteria or death. OS was defined as time 
from oPDT to death. A probability value < 0.05 was con-
sidered statistically significant. All reported p values are 
2-sided.

Results
Over an 8-month period, 20 (38%) of a total of 52 surgi-

cally treated patients for recurrent HGG (65% males and 
35% females, median age 54 years, range 21–81 years) 
were treated with FGR and oPDT. Most patients suffered 

FIG. 1. A: Overview of the comprehensive FGR/oPDT 
protocol. B: Photograph of oPDT with 3 diffusors in situ. 
Figure is available in color online only.
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from glioblastoma (GBM; n = 17, 85%), whereas 1 each 
(5%) was treated for gliosarcoma, anaplastic oligodendro-
glioma (AO), or anaplastic astrocytoma (AA), respectively. 
In 1 patient (case 15) with a previous diagnosis of GBM, 
intraoperative frozen sections indicated viable tumor, yet 
final histopathological analysis revealed radiation necro-
sis. The median duration between initial diagnosis and tu-
mor recurrence leading to repeat resection and open PDT 
was 15 months (range 2–144 months). Fifty percent (n = 
10) of patients were operated on due to a recurrent lesion 
in eloquent or near-eloquent areas, requiring combined 
motor-evoked potential (MEP) monitoring and subcorti-
cal dynamic mapping of the corticospinal tract in 8 cases 
and awake craniotomy and cortical Penfield mapping for 
speech in 2 cases. For PDT, 1 or 2 diffusors were used in 
45% each, and in 2 cases (10%) 3 diffusors were applied. 
Further patient characteristics, information regarding pre-
vious oncological therapy, and surgical details are sum-
marized in Table 1.

Patient Safety
No adverse events or new posttherapeutic neurological 

deficits were observed in the collective series. One patient 
developed a surgical site infection with the need for surgi-
cal revision 6 months after FGR and oPDT (case 7).

MRI Efficacy Analysis
Complete resection of CE from an MRI perspective 

was achieved in 9 cases (45%). FGR was complete in 8 
cases (40%, Table 2). Early postoperative MRI revealed 
cytotoxic edema along the margin of the resection cav-
ity in 16 (80%) of 20 cases. Edema was mainly annular 
around the resection cavity, corresponding to the loca-
tion of laser diffusors with a mean volume of 3.3 cm3, 
appearing to be selective for residual tumor, either from 
the infiltrating zone or nonresectable contrast-enhanced 
tumor. The mean perpendicular penetration depth on dif-
fusion imaging was 9.1 ± 2.96 mm (range 4.1–13.7 mm). 
The ADC normalized after 2 weeks, still showing a DWI 
signal, as a result of changes in T2-weighted sequences. 
Follow-up MRI after 14 days demonstrated posttherapeu-
tic blood-brain barrier breakdown with CE of the former 
region of cytotoxic edema. Further follow-up MRI showed 
the initial progress of CE to regress and in some cases 
vanish after approximately 4–5 months. This phenome-
non could be observed in most patients and is exemplarily 
demonstrated in Fig. 2.

Survival Analysis
In all, 12 patients showed tumor progression during fol-

low-up. Tumor progression was found to be at the site of 
the PDT in 9 cases (75%). In the remaining 3 cases (25%) 
patients suffered from distant progression without show-
ing any signs of local tumor growth after PDT. Median 
PFS in the entire cohort was 6 months (95% CI 4.8–7.2 
months; Fig. 3A). Patients who were operated on due to 
their first tumor recurrence did not show any statistically 
significant differences in PFS (p = 0.261) compared with 
those with surgery for a second tumor recurrence.

The same findings applied when comparing subgroups 

of patients with primary and secondary GBM (p = 0.176). 
Similarly, comparing EORs (CRET vs STR) from MRI 
and resection of visible fluorescence did not reveal any dif-
ferences regarding patient PFS (p = 0.446 and p = 0.316, 
respectively). OS at 6 months was 75%. Four tumor-related 
deaths were registered during the median observation pe-
riod of 5 months.

Discussion
In this study we evaluated the feasibility of adding 

5-ALA oPDT to FGR for recurrent HGG using 5-ALA 
in the same procedure. 5-ALA is the only compound ap-
proved for FGR, but also carries potential as a photosensi-
tizer and is thus of theranostic use.

So far, there is no management consensus for recur-
rent HGG. Available nonrandomized studies indicate that 
patients appear to benefit from repeat resection.4,24 PDT 
is based on the destruction of malignant cells caused by 
light-induced activation of a photosensitizer selectively 
accumulating in tumor cells.27 It is well known that the 
majority of HGGs recur within 2 cm of the initial tumor 
margin.38 Therefore, methods resulting in selective tumor 
cell death in infiltrating margins of HGG are of potential 
value.

The concept of open PDT is not new and has been ex-
plored in the past using first-generation photosensitizers, 
such as porfimer sodium. After intravenous application, 
porfimer sodium circulates in the blood and is extrava-
sated across the disrupted blood-brain barrier, resulting in 
increased local concentrations in tumor tissue. However, 
due to severe side effects and lack of tumor specificity, this 
technique was abandoned.1,29

Our dual approach, combining 5-ALA FGR of recur-
rent tumor, the photosensitizing properties of 5-ALA–de-
rived PPIX for intraoperative oPDT, and a novel multiport 
high-power laser, offers a promising strategy for local 
tumor control. Using FGR in combination with intraop-
erative neuromonitoring in cases of lesions within or next 
to eloquent areas, we could achieve CRET from an MRI 
perspective in 50%, and in 30% according to fluorescence 
criteria. This rate of complete resections is consistent with 
the data from a recently published multicenter study on re-
peat resection of recurrent GBM24 and considerably higher 
than in other studies.4

Effects of PDT
PDT leads to an activation of cell death, resulting in ne-

crosis, apoptosis, destruction of tumor microvasculature, 
and induction of immune responses.9,16,27 Possible long-
term effects of PDT are based on the immunomodulatory 
effect, favoring the generation of a systemic antitumor im-
munity.17

Target tissue of oPDT is not only residual fluorescent 
tissue that was left behind for functional reasons. In cases 
of complete resection of fluorescent tissue, residual tumor 
burden has been shown to refer to cell density lower than 
12%. Tumor cellularity has been demonstrated to correlate 
with spectrometrically determined fluorescence intensity. 
Therefore, this tissue in tumor margins not visible through 
the microscope may still be addressed by oPDT.32
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TABLE 1. Patient characteristics and oncological and surgical details

Case 
No.

Age (yrs), 
Sex Dx Location*

Mos Since 
Initial Dx Previous Oncological Treatment Surgery

No. of 
Diffusors

1 52, M GBM, IDH wt, 
MGMT nm

RP 11 Initial surgery CR; concomitant RT/chemo (60 Gy) + TMZ; 
TMZ (5/28)† 6 cycles 

STR, IOM 
(MEP)

1

2 41, M GBM, IDH wt, 
MGMT nm

LF 12 Initial surgery CR; concomitant RT/chemo (60 Gy) + TMZ 
+ CCNU (CeTeG protocol); TMZ + CCNU 6 cycles; TTF 
(Optune, Novocure)

STR, awake 
(language, 
motor) 

2

3 61, M GBM, IDH wt, 
MGMT m

RT 2 Initial surgery STR; RT (preliminarily interrupted due to tumor 
progress) + TMZ

STR, IOM 
(MEP)

2

4 42, F GBM, IDH wt, 
MGMT m

RP 17 Initial surgery biopsy & STR; concomitant RT/chemo accord-
ing to Checkmate 548 protocol; adjuvant chemo according 
to Checkmate 548 protocol, 6 cycles

STR, IOM 
(MEP)

1

5 58, M GBM, IDH wt, 
MGMT m

RT 9 Initial surgery CR; concomitant RT/chemo (60 Gy) + 
Checkmate 548 protocol; adjuvant chemo according to 
Checkmate 548 protocol, 6 cycles

CRET, IOM 
(VEP)

1

6 55, M AO, IDH m, 1p-
19q codeletion

LF 144 Initial surgery biopsy (histology: fibrillary astrocytoma, WHO 
grade II); RT w/ 55 Gy; tumor recurrence: 2nd resection; 
RT w/ 45 Gy

CRET 1

7 48, M GBM, IDH wt, 
MGMT nm

LT 16 Initial surgery CR; concomitant RT/chemo (60 Gy) + TMZ; 
TMZ (5/28) 11 cycles 

STR 2

8 68, M GBM, IDH wt, 
MGMT nm

LT 31 Initial surgery CR; concomitant RT/chemo (60 Gy) + TMZ; 
TMZ (5/28) 6 cycles; tumor recurrence: 2nd resection; 
PDT of distant lesions; RT 45 Gy

CRET 1

9 23, F GBM, IDH wt, 
MGMT m

RF 24 Initial surgery CR (histology: gliosarcoma); concomitant RT/
chemo (60 Gy) + TMZ; TMZ (5/28) 5 cycles; PC 3 cycles; 
methadone 

STR 3

10 36, F GBM, IDH wt RF 86 Initial surgery CR (AA); chemo w/ TMZ; re-resection; con-
comitant RT/chemo (60 Gy) + TMZ; TMZ (5/28) 14 cycles; 
re-resection; concomitant RT/chemo (45 Gy) + TMZ; TMZ 
(5/28) 3 cycles; TTF (Optune, Novocure)

STR, IOM 
(MEP)

2

11 21, F GBM, IDH m, 
MGMT m

RT 18 Initial resection CR; high-dose alfacalcidol therapy STR 2

12 71, M GBM, IDH wt, 
MGMT nm

LT 7 Initial surgery CR; concomitant RT/chemo (60 Gy) + TMZ; 
TMZ (5/28) 3 cycles

CRET, awake 
(language, 
motor)

3

13 47, M GBM, IDH m, 
MGMT m

RP 64 Initial surgery CR (AA); concomitant RT/chemo (60 Gy) + 
TMZ; TMZ (5/28) 6 cycles; re-resection; concomitant RT/
chemo (30 Gy) + TMZ; TMZ (5/28) 5 cycles

CRET, IOM 
(MEP)

1

14 32, M AA, IDH m, 
MGMT m

LF 92 Initial surgery CR (AA); RT; re-resection; concomitant RT/
chemo (39.6 Gy) + TMZ; TMZ (5/28) 6 cycles

CRET, IOM 
(MEP)

1

15 63, M GBM, IDH wt 
(previously), ra-
diation necrosis 
(now)

LF 13 Initial surgery CR; concomitant RT/chemo (60 Gy) + TMZ; 
TMZ (5/28) 6 cycles

CRET, IOM 
(MEP)

2

16 55, F GBM, IDH wt, 
MGMT nm

LF 9 Initial surgery CR; concomitant RT/chemo (60 Gy) + TMZ; 
TMZ (5/28) 6 cycles

CRET 2

17 81, F GBM, IDH wt, 
MGMT nm

RF 7 Initial surgery CR; concomitant RT/chemo (60 Gy) + TMZ; 
TMZ (5/28) 3 cycles

STR 1

18 68, F GBM, IDH wt, 
MGMT nm

RF 5 Initial surgery CR; GlioVax Study, randomization in study 
arm; concomitant RT/chemo (60 Gy) + TMZ; TMZ (5/28) 
2 cycles

STR 1

19 58, M GBM, IDH wt, 
MGMT m

LT 9 Concomitant RT/chemo (60 Gy) + TMZ; TMZ (5/28) 3 cycles STR 2

CONTINUED ON PAGE 6 »
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We defined diffusion restriction as an important effica-
cy measure. An effect of photodynamic therapy was seen 
in 80% (n = 16) of our cases. One patient (case 15) was 
operated on due to the assumption of GBM progression. 
However, histopathological analysis revealed radiation ne-
crosis without the presence of tumor cells. In this case, no 
effect of PDT was seen, indicating a high selectivity of this 
treatment strategy to tumor cells. This high selectivity is 
supported by a study from Olzowy et al.,21 who analyzed 
PDT in a rat model, applying PDT to rats with healthy 
brain, edematous brain, and GBM. There was no damage 
in rats with normal brain tissue, mild damage in brains 
with edema, and a clear effect in rats with GBM, support-
ing a high selectivity of phototoxic damage.

In the follow-up MR images of our cohort (14 days after 
surgery), contrast-enhanced attenuation was noted in all 
patients with an effect of PDT (80%). CE vanished subse-
quently over time. In cases of stable disease, CE vanished 
almost completely after 4–5 months.

The efficacy of 5-ALA PDT in HGG has been demon-
strated in a limited number of clinical trials. Beck et al. 
performed a phase I study on patients with recurrent HGG 
using iPDT, reporting a median survival of 15 months ver-
sus an expected survival of 6–8 months.2 A further study 
reported a 56% 3-year survival rate after iPDT in patients 
with unresectable newly diagnosed GBMs.26

Technical Considerations
In order to achieve a sufficient treatment effect, several 

aspects have to be considered when applying oPDT. So 
far, there is no standardized treatment protocol for oPDT. 
Some experience is available with 5-ALA PDT used ste-
reotactically.2 With this method, a power of 200 mW/cm of 
diffusor length, with a 1-hour illumination period, was not 
found to elicit adverse events. This results in an energy of 
3600 J/cm diffusor being delivered to the tumor over a pe-
riod of 1 hour, an energy that has been found to be without 
complications in former studies and has been calculated 
not to cause unwarranted tissue heating in models.27 We2 
and others22 have previously used these power values and 
timing in the stereotactic setting, i.e., with diffusors be-
ing directly embedded in tissue, without irrigation as per-
formed in our present approach. Respective models have 
demonstrated that given the perfusion and heat dissipation 
properties of the brain in the stereotactic setting, this light 

power would serve to elicit a phototoxic effect without 
harmfully heating the brain.2

Overall, protocols for surface irradiation have utilized a 
fluence of 100–200 J/cm2, which results in complete pho-
tobleaching of PPIX.2

With one fiber treating a part of the tumor cavity and 
assuming that part of the tumor cavity to roughly be a 
sphere with a diameter of 2 cm, the inner surface would be 
calculated to approximately equal 12.5 cm2. A 2-cm laser 
diffusor placed within the cavity would deliver an energy 
of 7200 J over 1 hour, resulting in a fluence of 576/cm2 of 
tissue, thus effectively exceeding the fluence observed to 
be efficacious in earlier work.2,28 In experimental work we 
have effectively treated spheroids in vitro using a fluence 
of 25 J/cm,2,42 which resulted in growth arrest with necro-
sis and apoptosis. We further treated experimental brain 
tumors in vivo using a fluence of 200 J/cm2. This resulted 
in selective tumor death to a depth of at least 3.7 mm (cor-
responding to the deepest tumor extension21). Given the 
self-limitation of sensitization (sensitizer is bleached away 
during therapy), we appear to be in an effective therapeu-
tic range with our present laser settings. Significant tissue 
heating can be ruled out using our approach, whereas pho-
totoxicity would be similar compared to the stereotactic 
approaches.

Major requirements for successful PDT are homoge-
neous and sufficient doses of light delivered to the tumor, 
as the efficacy of PDT is linked to the dose of light ir-
radiance.18,23 To achieve this, we continuously irrigated 
the resection cavity with fluid to inhibit the formation of 
blood clots and debris that might interfere with laser light 
reaching targeted tumor cells. In comparison, Dupont et 
al., in their phase I trial (INDYGO), use a deformable 
balloon that is inserted into the resection cavity.8 How-
ever, we believe that blood accumulation at the tumor 
margins and the balloon itself might attenuate sufficient 
and homogeneous light penetration, especially in a com-
plex cavity architecture. We are the first to use a multi-
port high-power laser for the oPDT procedure. This laser 
provides enough power and distribution of light intensity 
without the use of additional balloons and filling media. 
Using our regimen, thermal effects are not expected. 
Furthermore, overdosing is not possible, because PPIX 
is subject to degradation depending on the applied irradi-
ance. With complete dissolution of sensitizer, phototoxic-

TABLE 1. Patient characteristics and oncological and surgical details

Case 
No.

Age (yrs), 
Sex Dx Location*

Mos Since 
Initial Dx Previous Oncological Treatment Surgery

No. of 
Diffusors

20 31, M GBM, IDH m, 
MGMT m

RT 74 Initial surgery: CR (diffuse astrocytoma WHO II); RT (59.4 
Gy); re-resection; concomitant RT/chemo (45 Gy) + TMZ; 
TMZ (5/28) 11 cycles

CRET 2

CCNU = lomustine; CeTeG = study protocol: CCNU-TMZ combination therapy versus standard TMZ therapy in patients with newly diagnosed GBM with methylated 
MGMT promoter; chemo = chemotherapy; CR = complete resection; Dx = diagnosis; IDH m = IDH mutated; IDH wt = IDH wild type; IOM = intraoperative monitoring; 
MGMT m = MGMT methylated; MGMT nm = MGMT not methylated; PC = procarbazine + lomustine; RT = radiotherapy; TMZ = temozolomide; TTF = tumor-treating 
fields; VEP = visual-evoked potential.
* Location: R = right, L = left, F = frontal, P = parietal, T = temporal.
† 5/28 = treatment on 5 of the 28 days.

» CONTINUED FROM PAGE 5
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ity terminates. Prolonged laser irradiation will not lead to 
further phototoxic effects, and normal brain cells, which 
do not accumulate PPIX, will not be affected by this 
procedure.27 This principle enables the use of 5-ALA–
induced oPDT even in areas close to or within eloquent 
regions.

Penetration depth, measured via diffusion signal chang-
es around the resection cavity, varied between 4.1 and 13.7 
mm in our cohort. Wang et al.39 reported substantial in-
terpatient heterogeneity in penetration depth after intra-
peritoneal PDT. The authors hold effects such as photo-
bleaching, variable amounts of oxygenation, concentration 

of photosensitizer in the cell, and tissue properties respon-
sible for these variations. In general, for wavelengths be-
tween 625 and 640 nm, a biologically effective penetration 
depth of 0.8–1 cm has been described in iPDT.23 In oPDT 
we could demonstrate higher effective penetration depths 
in individual cases.

The main effect of tissue damage triggered by PDT is 
based on the creation of reactive oxygen species. There-
fore, high tissue concentrations of molecular oxygen are 
required to increase effects during therapy.3 To provide 
this, our patients underwent ventilation with 100% oxygen 
throughout the PDT.

TABLE 2. Efficacy analysis of oPDT and resection status after FGR as well as outcome data

Case 
No. Effect

EOR on 
MRI (FGR)

Vol Cytotoxic 
Edema (cm3)

Penetration 
Depth ADC 
Signal (mm) Adjuvant Therapy After PDT

FU 
(mos)

Disease  
Status 

(RANO) PDT Area

1 Yes STR (STR) 0.99 13.3 Concomitant RT/chemo + TMZ, TMZ (5/28) 8 
cycles 

9 PD New CE after initial 
regression

2 Yes STR (STR) 5.61 6.5 Concomitant RT/chemo + TMZ, depatuxizumab-
mafodotin (ABT‑414) + TMZ metronomic, TTF 
(Optune, Novocure)

7 SD Regression of CE

3 Yes STR (STR) 1.9 13.7 Concomitant RT/chemo w/ 36 Gy + TMZ/
CCNU, TMZ/CCNU 5 cycles, TTF (Optune, 
Novocure)

6 SD Regression of CE

4 No STR (STR) No effect No effect Concomitant RT/chemo w/ 39.6 Gy + TMZ/
CCNU, TMZ/CCNU 4 cycles, bevacizumab 
1 cycle

7 PD Progression of CE

5 Yes CRET (CR) 2.62 13.5 RT 6 PD No CE, distant tumor 
manifestation

6 No CRET (CR) No effect No effect PCV 2 cycles 6 SD Regression of CE
7 Yes STR (STR) 1.75 7.1 Concomitant RT/chemo w/ 39.6 Gy + TMZ/

CCNU, TMZ/ hydroxyurea 2 cycles, bevacizu-
mab/irinotecan 1 cycle

6 PD Progression of CE

8 Yes CRET (CR) 3.78 7 CCNU 2 cycles, CV 2 cycles 6 PD Progression of CE
9 Yes STR (STR) 7.89 9.7 Best supportive care 2 PD Progression of CE

10 Yes STR (STR) 8.4 8.4 CCNU 4 cycles 5 PD Stable CE, distant 
tumor progression

11 Yes STR (CR) 0.89 5 Concomitant RT/chemo + TMZ, TMZ (5/28) 4 
cycles

6 SD No CE

12 Yes CRET (STR) 6.74 4.1 Best supportive care 1 PD Distant tumor mani
festation, regres-
sion of CE at site 
of PDT

13 Yes CRET (CR) 2.56 8.9 PCV 4 Cy, TTF (Optune, Novocure) 5 SD Regression of CE
14 Yes CRET (STR) 3.78 9.8 TMZ 1 wk on/1 wk off 3 SD Regression of CE
15 No CRET (CR) No effect No effect Wait & see 4 SD No CE
16 Yes CRET (CR) 0.71 11.8 Concomitant RT/chemo w/ 30 Gy + TMZ 3 PD New CE after initial 

regression
17 Yes STR (STR) 3.22 10 Best supportive care 2 PD CE
18 Yes STR (STR) 1.94 5.6 None (due to hip trauma), CCNU 1 cycle 3 PD CE
19 Yes STR (STR) 0.48 11.2 Concomitant RT/chemo w/ 34.2 Gy + CCNU 1 SD No CE
20 No CRET (CR) No effect No effect CCNU/TMZ 3 cycles 3 PD New CE after initial 

regression

CV = lomustine and vincristine; FU = follow-up; PCV = procarbazine, lomustine, and vincristine; PD = progressive disease; SD = stable disease.
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Safety of the Procedure
Higher rates of complications are reported in recurrent 

glioma surgery when compared to surgery for initially 
diagnosed glioma.13 With this in mind, our analysis also 
focused on the safety of repeat FGR in combination with 
oPDT. Fortunately, we only observed 1 case of surgical 
site infection, which did not manifest before 6 months af-
ter surgery under second-line chemotherapy with bevaciz-

umab. We are unsure that this surgical site infection can be 
directly attributed to our treatment and may be related to 
antiangiogenic treatment.

Although oPDT addresses the infiltration zone possi-
bly containing motor function or speech eloquence, the 
high selectivity of destruction of tumor cells only did not 
cause any additional neurological deficits. In addition, no 
mortality directly associated with FGR or oPDT was ob-

FIG. 2. A: Case 2. Axial MR images obtained in a 41-year-old man with recurrent GBM (IDH wildtype, MGMT not methylated) in 
the left central region. After tumor resection under awake conditions open PDT was performed with 2 diffusors. Early postoper-
ative MRI revealed annular cytotoxic edema around the resection cavity in regions of remaining tumor. Follow-up MRI showed 
progressive CE in the edema region, vanishing after 5 months without any signs of tumor progression. B: Case 11. Axial MR 
images obtained in a 21-year-old woman with recurrent GBM (IDH mutated, MGMT methylated) in the right temporal region. After 
tumor resection, open PDT was performed with 2 diffusors. Early postoperative MRI revealed cytotoxic edema to the optic radia-
tion according to the position of the diffusor. Follow-up MRI showed CE in this region, vanishing after 16 weeks without any signs 
of tumor progression in further follow-up imaging. Figure is available in color online only.
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served. No adverse events from administration of 5-ALA 
occurred. Consequently, this dual approach appears to 
carry a low risk.

Open PDT in Combination With Adjuvant Treatment and 
Impact on Survival

Despite the fact that we also included patients with sec-
ond tumor recurrence that have utilized almost all current 
treatment options, these patients still showed favorable 
PFS in our series compared to other studies.37 However, it 
remains challenging to compare our survival outcomes to 
other studies due to the heterogeneity of our collective and 

the lack of prospective and randomized controlled stud-
ies to confirm the benefit of re-resection.5 The type and 
number of previous oncological therapies does not appear 
to have an influence on the response to PDT, making PDT 
a feasible therapy option in patients with recurrent HGG 
lacking further treatment options. This aspect has also 
been demonstrated in other studies.35,41

Strengths and Limitations of the Study
To the best of our knowledge, this is the first study 

reporting outcomes and efficacy after FGR and 5-ALA–
induced oPDT in patients with recurrent HGG, showing 

FIG. 3. A: Kaplan-Meier curve of PFS after FGR and oPDT. B: Kaplan-Meier curve of OS after FGR and oPDT. + = censored.
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promising results and the first report of the use of a mul-
tiple-fiber technique with intraoperative irrigation. There 
are some limitations that merit mention, foremost the 
study’s retrospective design. However, electronic medical 
records and sufficient follow-up data helped enormously 
with retrospective analysis and proved highly reliable. The 
heterogenic patient spectrum in terms of molecular tumor 
subtypes and variable adjuvant treatment concepts com-
plicate survival analysis and assessment of the real effect 
of PDT on outcome. It remains challenging to measure the 
effects of PDT on postoperative MRI, as diffusion signal-
ing changes similar to postoperative infarction. A sham/
blinded experimental study would be interesting. How-
ever, we routinely perform early postoperative MRI in all 
patients after FGR; the described phenomenon after oPDT 
has never been recognized in any patient without addition-
al oPDT. At this stage, we cannot prove that the enhancing 
regions seen later on postoperative MRI are specific and 
the result of oPDT. Still, we believe that the novelty of our 
encouraging data deserves mention.

Future Directions
Further studies are needed to evaluate long-term effects 

of PDT, especially concerning local and systemic immune 
responses and synergies with adjuvant treatments. In ad-
dition, there are some procedural aspects that need fur-
ther investigation, such as the assessment of light inten-
sity, light delivery protocols, dosimetry, the different PPIX 
concentrations in the treated tumor areas and their influ-
ence on the efficacy of PDT, and objective measurement of 
the PDT effect in postoperative MRI. Further important 
aspects are the number and position of diffusors, duration 
and dosage of applied PDT, and possible interface effects 
between irrigation fluid and the resection cavity surface.

Conclusions
Combined FGR and 5-ALA–induced oPDT provides an 

innovative and safe method of further local tumor treat-
ment, fulfilling the need for targeted tumor treatment. A 
major advantage of PDT is that it can be used in addition 
to standard-of-care treatment concepts. Furthermore, the 
possibility to perform 5-ALA FGR and PDT at the same 
time with the same dose of drug administered should not 
be underestimated. In some tumor cells fluorescence is not 
visible due to lower cell density. However, these cells are 
photosensitized as well and addressed by oPDT. Additional 
oPDT to resection of fluorescent tumor enables the creation 
of a safety margin or treatment of nonresectable tumor in 
eloquent regions. At the same time, due to its high selectiv-
ity to malignant cells, PDT spares unaffected brain regions. 
This method might be eligible for first-line therapy as well 
and is currently being investigated in a prospective trial. 
The use of a high-power laser, enabling light diffusion even 
in complex resection cavities without the use of additional 
devices such as balloons filled with light-distributing me-
dia, in combination with the second-generation glioma-spe-
cific photosensitizer 5-ALA, show promising advantages of 
this former investigated approach. Multicenter, controlled, 
randomized phase III trials are warranted to evaluate long-
term effects of FGS with oPDT regarding OS and PFS.
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