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Fluorescence-guided surgery
combined with intraoperative
photodynamic therapy for
recurrent atypical and anaplastic
Intracranial meningiomas:

a prospective feasibility study

Anastasiia Nechaeva®, Konstantin Kukanov®, Alexey Ulitin®,
Victor Olyushin?, Daria Sitovskaya', Danila Bobkov?,
Vseslav Ushanov?, Stephanie E. Combs?,

Konstantin Samochernykh® and Maxim Shevtsov®**

'Polenov Russian Research Neurosurgical Institute, Almazov National Medical Research Centre, St.
Petersburg, Russia, ?Laboratory of Biomedical Nanotechnologies, Institute of Cytology of the Russian
Academy of Sciences (RAS), St. Petersburg, Russia, 3Department of Radiation Oncology, Klinikum
rechts der Isar, Technical University of Munich, Munich, Germany

Objective: Recurrent intracranial meningiomas are a significant therapeutic
challenge due to their invasive growth and high recurrence risk after surgery
and radiotherapy. This study investigates the feasibility of a novel integrated
approach combining 5-aminolevulinic acid (5-ALA) fluorescence-guided
surgery (FGS) with intraoperative photodynamic therapy (PDT) for recurrent
atypical and anaplastic meningiomas.

Methods: In a single-center, prospective cohort study, 23 patients with recurrent
atypical and anaplastic meningiomas received the experimental treatment
protocol (FGS+PDT). A retrospective control group (n=35) underwent
conventional microsurgery. The intervention included preoperative 5-ALA
administration, FGS with visual (Fluorescence Intensity Score, FIS) and
quantitative biospectroscopy (Fluorescence Index, Fl) guidance, tumor
resection, and subsequent PDT (635 nm laser) applied to the resection cavity
and tumor matrix. Biospectroscopy guided PDT endpoint (photobleaching and
decreasing of Fl). Primary outcomes included feasibility, safety, and extent of
resection (Simpson Grade), short follow-up period. Histopathological and
immunofluorescence analyses of paired pre-/post-PDT biopsies assessed
biological effects.

Results: The FGS+PDT protocol was successfully completed in all patients with an
excellent safety profile; no adverse events were attributed to 5-ALA or PDT. All
tumors exhibited visible 5-ALA fluorescence. Gross-total resection (Simpson I-11)
was achieved in 95.6% (22/23) of the study group versus 77.1% (27/35) in controls
(p<0.05). Biospectroscopy revealed significant PpIX accumulation even in visually
low-fluorescence tumors. Over a median follow-up of 16 months, no recurrences
were observed in the experimental group. Histopathological analysis
demonstrated profound PDT-induced effects, including total ablation of
progesterone receptor expression in the tumor matrix and a significant increase
in caspase-3-mediated apoptosis in the peritumoral zone (36.3 + 9.6 vs. 14.8 +
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FIGURE 2

Representative intraoperative photographs demonstrating the grading scale for visible 5-ALA-induced fluorescence. (A) There is no pink glow.
(B) Weak fluorescence (FIS 1): a faint pink glow. (C) Moderate fluorescence (FIS 2): a distinct pink fluorescence is observed. (D) Intense fluorescence
(FIS 3): brilliant, vivid pink fluorescence illuminating the surgical field. All images were acquired under blue-violet light (400 nm) using an operating

microscope. Scale bar = 5 mm. FIS — Fluorescence Intensity Score.

proprietary software as the ratio of the PplX fluorescence intensity
to the intensity of the back-reflected laser signal (Figure 1D),
expressed in arbitrary units (a.u.). Measurements were taken the
tumor core tissue, and from the tumor matrix and the adjacent
brain parenchyma after tumor resection.

Tumor resection was then performed with the goal of achieving a
maximal safe resection, guided by both the real-time visual
fluorescence and the quantitative feedback from the biospectroscopy
system (Figures 1E, E1). The entirety of the resected tumor tissue was
collected and submitted for standard histopathological examination to
confirm the diagnosis and WHO grade.

2.2.3 Intraoperative photodynamic therapy

After the completion of the main resection phase, PDT was
administered to the surgical cavity (Figure 1G).

The fluorescence index was re-measured at multiple points
within the resection cavity, including the tumor matrix and the
peritumoral zone. Additional biopsy specimens were taken from the
peritumoral zone and tumor matrix (2—-3 samples from each zone,
sample volume 10-30 mms3) for subsequent histopathological,
immunohistochemical and immunofluorescence analysis.

The resection cavity was irradiated using a diode laser LFT-
02-BIOSPEC system (BIOSPEC LLC, Moscow, Russia) with a

Frontiers in Oncology

power output of 2.0 W and a wavelength of 635 nm. The laser
light was delivered via a sterile end-face optical fiber. PDT was
administered in short, 2-minute and 5-minute sessions. After
each session, biospectroscopic measurements and visual
fluorescence assessments were repeated. Throughout the
irradiation, tissue temperature in the treatment field was
continuously monitored using the TermoLabs thermographic
system (LETI, Saint Peterburg). To prevent thermal damage,
the PDT session was immediately paused if the tissue
temperature exceeded 36.9 °C and was resumed only after it
cooled down to 36 °C. All operating room personnel used
protective goggles with filters blocking the 635 nm wavelength.
The termination of the photodynamic therapy procedure was
determined by spectroscopic monitoring of the fluorescence
index (FI) in the target area. The PDT session was concluded
once the FI in the zone of interest decreased to values
corresponding to the background fluorescence recorded from
the intact dura mater. The intact dura mater served as an internal
biological baseline for each specific patient. This approach
ensured that the irradiation was continued until the
photosensitizer-induced fluorescence was effectively quenched
to the level of non-tumorous background tissues.

Following the final PDT session, the following dosimetric
parameters were calculated using the formula:
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Light Dose (J=cm?) :PT

, Where P is the laser output power (Watts), T is the total
irradiation time (seconds), and S is the irradiated area (cm?2).

Power Density (mW/cm?) is the photon delivery unit expressed
by milliwatt per square centimeter.

Final tissue samples were collected from the peritumoral zone
and tumor matrix (2-3 samples from each zone, sample volume 10—
30 mm3) for detailed pathomorphological examination to assess the
cytotoxic effects of the PDT. Paired biopsy pre-PDT and post-PDT
specimens were consistently obtained from identical anatomical
locations (Figures 1F, H).

The postoperative protocol included standardized neurological
assessments (on days 1, 3, and 7) and early neuroimaging (MRI or
CT) within the first 24 hours for all study participants.

2.3 Histopathological and
immunohistochemical analysis

Tissue specimens for histopathological examination were
collected from three distinct sources: the main resected tumor
mass, for definitive histopathological diagnosis and WHO
grading; targeted biopsy specimens from the tumor matrix and
the peritumoral zone, obtained intraoperatively from each patient
in the experimental group at two distinct time points: prior to the
initiation of photodynamic therapy and immediately following the
completion of the final photodynamic therapy and biospectroscopy
session. All collected specimens were fixed in 10% neutral buffered
formalin, subsequently dehydrated through a standardized graded
ethanol series, cleared in xylene, and embedded in paraffin blocks.

For general morphological assessment, serial sections (4-5 pm
thick) were stained with hematoxylin and eosin (H&E). For the
definitive diagnosis and grading of the main tumor mass according
to the 5th edition of the WHO Classification of CNS Tumors
(2021), a comprehensive immunohistochemical panel was
performed. The following primary antibodies from Dako (Agilent,
Denmark) were used: anti-SSTR2(Somatostatin Receptor 2), clone
UMBL, RTU; anti-EMA (Epithelial Membrane Antigen), clone E29,
RTU; anti-EGFR (Epidermal Growth Factor Receptor), clone H11,
RTU; anti-VEGF (Vascular Endothelial Growth Factor), clone VG1,
dilution 1:100; anti-PR (Progesterone Receptor), clone PgR 636,
RTU; anti-CD3 (T-cell marker), clone F7.2.38, RTU; anti-CD8,
(Cytotoxic T-cell marker), clone C8/144B, RTU; anti-Ki-67
(Proliferation marker), clone MIB-1, dilution 1:100.

Consecutive sections from the pre- and post-PDT biopsy
samples (tumor matrix and peritumoral zone) were used to assess
the specific effects of therapy. The following antibody were
evaluated: anti-PR (Clone PgR 636, RTU, Dako) was assessed in
the tumor matrix, anti-Caspase-3 (apoptotic activity, clone C92-
605, dilution 1:200, BD Biosciences, USA) was quantified in the
peritumoral zone.

For all IHC procedures, antigen retrieval was performed using
the EnVision FLEX Target Retrieval Solution (high or low pH, as
required for each antibody). The EnVision FLEX/HRP visualization
system (Dako, Denmark) was used for detection according to the
manufacturer’s protocol, with 3,3’-Diaminobenzidine as the
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chromogen (Sigma-Aldrich, Darmstadt, Germany). All stained
sections were examined and digitally captured using a Leica
DM2500 M research microscope equipped with a DFC320
camera and the IM50 image manager software (Leica
Microsystems, Wetzlar, Germany). The proliferative index (Ki-67)
and PR expression were assessed as the percentage of positively
stained nuclei among the total number of tumor cells counted in at
least ten representative high-power fields (HPF, 400x
magnification) in the tumor matrix. Apoptotic activity (Caspase-
3) was quantified as the number of positively stained cells per mm?
of tissue in the peritumoral zone. The expression patterns and
intensity of SSTR2, EMA, EGFR, VEGF, CD3, and CD8 were
described semi-quantitatively. Quantitative analysis was
performed using ImageJ software (National Institutes of Health,
USA). For each patient, the pre- and post-PDT samples from
matched anatomical zones (tumor matrix and peritumoral zone)
were compared. Data are presented as the mean value +
standard deviation.

2.4 Immunofluorescence microscopy

Inverted confocal microscopy was performed on cryosections
sections from the tumor matrix samples obtained before and after
photodynamic therapy. Tissue sections were stained with the
following fluorescent probes to assess various cellular
components: DAPI (4’,6-diamidino-2-phenylindole, Ibidi,
Grafelfing, Germany) to visualize cell nuclei; TMRM
(Tetramethylrhodamine Methyl Ester, 1 mmol/L, Thermo Fisher
Scientific, Waltham, Massachusetts, USA) to detect active
mitochondria and assess mitochondrial membrane potential,
Anti-Hsp70 Antibody (SPA810, Stress-Marqg Biosciences Inc,
Victoria, Canada) to visualize the expression and localization of
heat shock protein 70. A secondary antibody conjugated to a
fluorophore (Alexa Fluor 488) was used for detection. The
samples were then washed and placed in a thin-bottomed Ibidi m-
Dish 35-mm (80136, Ibidi, Grafelfing, Germany) and covered with a
cover glass. The material was visualized by Leica TCS SP8 (Leica
Microsystems, Wetzlar, Germany) fitted with argon and helium-
neon lasers. The following laser lines and detection windows were
used for sequential image acquisition to minimize crosstalk: DAPI
(excitation at 405 nm; emission detection at 415-480 nm); Hsp70
(via secondary antibody, e.g., Alexa Fluor 488, excitation at 488 nm;
emission detection at 495-560 nm); TMRM (excitation at 561 nm;
emission detection at 570-630 nm); protoporphyrin I1X (excitation
at 405 nm; emission detection at 670-750 nm). An HC PL APO
63x/1.40 OIL CS2 oil immersion lens was used. Images were
obtained at a resolution of 1024 by 1024 pixels with an average of
three along each scanning line. Throughout the experiment, the
same system settings were used. Images of unstained samples were
used as a control for autofluorescence. At least 10 images were
obtained from each sample.

2.5 Statistical analysis

Statistical analysis was performed using GraphPad Prism
version 10.0.0 (GraphPad Software, USA). The normality of data
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distribution for continuous variables was assessed using the
Kolmogorov-Smirnov and Shapiro-Wilk tests. Based on the
distribution and type of data, the following specific tests were
applied to address the study’s aims: to evaluate the association
between the visible fluorescence level (ordinal qualitative variable:
FIS 0-3) and various factors or preoperative treatment history
(nominal qualitative variables), the Chi-square test or Fisher’s
exact test was used, as appropriate. For comparisons of the
biospectroscopy fluorescence index (continuous variable) across
the different grades of visible fluorescence level (ordinal
qualitative variable), the Kruskal-Wallis test with Dunn’s post-hoc
test for multiple comparisons was employed. To compare the
proportion of patients with different extent of tumor resection
between the control and experimental groups, Fisher’s exact test
was used due to the relatively small sample sizes in the groups. For
comparisons of continuous variables (age, fluorescence index,
caspase-3 expression) between two independent groups (pre-PDT
vs. post-PDT samples within the experimental group), the Mann-
Whitney U test was used. We used the mean + standard deviations
for normally distributed continuous data, median [IQR] for non-
normally distributed continuous data and percentages for
categorical variables. A p-value of less than 0.05 was considered
statistically significant. All graphs and figures were generated using
GraphPad Prism version 10.0.0.

3 Results
3.1 Patient characteristics

A total of 58 patients with recurrent intracranial meningiomas
were included in the study into two groups: the study group (FGS
+PDT, n=23) and the control group (standard microsurgery, n=35).
The baseline demographic and clinical characteristics of both
groups are summarized in Table 1. The groups were well-
matched for key prognostic factors: age, sex, WHO grade at
initial diagnosis and at recurrence, the number of
prior interventions.

3.2 5-ALA-induced fluorescence in
recurrent meningiomas: intensity,
quantitative assessment, and impact on
extent of resection

The accumulation of protoporphyrin 1X (PpIX) following 5-
ALA administration was assessed intraoperatively in 23 patients of
the experimental group (FGS+PDT). The distribution of visible
fluorescence intensity within this cohort is summarized in Figure 3.

The majority of recurrent meningiomas in this group exhibited
intense fluorescence, with 43,5% (n=10/23) classified as
Fluorescence Intensity Score (FIS) 3. FIS 2 was observed in 30,5%
(n=7/23) of cases, and weak fluorescence (FIS 1) was present in
26,0% (n=6/23). A complete absence of visible fluorescence (FIS 0)
was not observed in any of the patients who received 5-ALA.

Quantitative assessment using intraoperative biospectroscopy
was performed on the tumor surface prior to resection. The median
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FIGURE 3
Distribution of 5-ALA-induced fluorescence intensity in the
experimental group (n=23). Bar chart illustrating the prevalence
of different levels of visible protoporphyrin IX fluorescence
following 5-ALA administration in the experimental cohort (n=23).
Fluorescence Intensity Score (FIS) was defined as: 1 = weak,
2 = moderate, 3 = intense. No tumors scored FIS 0.

fluorescence index (FI) in the tumor core was 30.0 a.u. [20.0 - 41.0].
The quantitative PpIX accumulation the three FIS groups were not
statistically distinct. The median FI for tumors with weak visual
fluorescence (FIS 1) was 25 a.u. [12.0 — 31.25], for FIS 2-22 a.u.
[20.0 — 50.0]), and for FIS 3-31 a.u. [43.0 — 25.0]. The Kruskal-
Wallis test found no statistically significant difference in the FI
values among the three FIS groups (p = 0.38).

As illustrated in Figure 4, the distribution of FI values
demonstrated extensive overlap between all three visual score
categories. Numerous individual tumors with a visual grade of
FIS 1 (weak) exhibited FI values that fell within the range of FIS
3 (intense) tumors, and vice versa.

Given the observed variability in visible fluorescence intensity,
we investigated its association with key patient and tumor
characteristics. A comprehensive analysis was conducted to
evaluate the relationship between the Visual Fluorescence Score
and factors including tumor location (skull base vs. non-skull base),
preoperative MRI features (e.g., presence of peritumoral edema),
tumor biology (WHO grade at recurrence, index Ki67, endothelial
cell proliferation, lymphocyte infiltration, VEGF expression), and
history of prior adjuvant therapy (radiotherapy). The analysis
revealed no statistically significant associations between the
intensity of visible fluorescence and any of the clinical,
radiological, or histopathological factors assessed (p > 0.05 for all
comparisons, Chi-square or Fisher’s exact test).

To assess the potential benefit of fluorescence guidance on
surgical radicality, we compared the extent of resection between
the study and control groups. For this analysis, the extent of
resection tumor was dichotomized into high radicality (Simpson
Grades I-11) and low radicality (Simpson Grades I11-V). A gross-
total resection (Simpson I-11) was achieved in 95.6% (22 of 23) of
patients in the fluorescence-guided surgery group. In contrast, in
the control group undergoing conventional microsurgery, a similar
degree of radicality was achieved in 77.1% (27 of 35) of patients.
However, this difference did not reach statistical significance,
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Relationship between visual and quantitative fluorescence assessment. (A) Representative preoperative magnetic resonance image of a recurrent
atypical meningioma. Axial and coronal T1-weighted contrast-enhanced image demonstrates a large, homogeneously enhancing extra-axial mass
(75 x 47 x 57 mm) in the right middle cranial fossa with significant extracranial extension. Recurrent atypical meningioma was diagnosed 36 months
after initial surgical resection. (B) Representative intraoperative photograph of a recurrent meningioma (white asterisk) under white light. Scale bar =
5 mm. (C) The same surgical field under blue-violet light (400 nm) demonstrating intense fluorescence (FIS 3). Scale bar = 5 mm. (D) Violin plot
illustrating the distribution of the quantitative fluorescence index (Fl, arbitrary units) across the three Visual Fluorescence Score (FIS) groups

The solid line within each violin represents the median, and the dashed lines represent the interquartile range, ns — non-specific, n=23

showing only a trend toward improvement (p = 0.07, Fisher’s
exact test).

3.3 Feasibility and delivery of
photodynamic therapy for recurrent
meningiomas

Following maximal safe resection under fluorescence and
biospectroscopy guidance, the feasibility of subsequent
photodynamic therapy was evaluated. PDT was successfully
delivered and well-tolerated by all 23 patients in the experimental
group. Quantitative biospectroscopy was performed in the resection
cavity, specifically targeting the peritumoral zone with suspected
arachnoidal invasion and the tumor matrix in skull
base meningiomas.

The baseline fluorescence index (FI) in the resection bed prior
to PDT was substantial, with a median of 20.0 a.u. [12.0 — 35.0],
confirming the presence of residual protoporphyrin IX (PplX) as a
target for therapy. This value was significantly higher than the FI
recorded in intact dura mater: 1.2 a.u. [1.0 — 1.5]. The median area
of the irradiated surgical bed was 7 cm? [2.4 — 29.0]. The median
total illumination time required to achieve the endpoint of PpIX
photobleaching, defined as a reduction in FI to levels recorded in
normal, non-neoplastic brain tissue, was 12.0 minutes [7 - 18]. Post-
PDT biospectroscopy confirmed a significant reduction in the FI
within the treated area to a median of 2.0 a.u. [1.7 — 2.9], indicating
successful activation of the photosensitizer (Figure 5). The
dosimetric parameters calculated for the procedure were as
follows: the median Light Dose delivered was 257 J/cm? [66 —
617], with a median Power Density of 429 mW/cmz2 [66 — 858].

Frontiers in Oncology

No adverse events related to 5-ALA or PDT were observed in any
of the 23 patients in the experimental group. Specifically, there were
no instances of phototoxic skin reactions, neurological deterioration,
or other complications linked to the experimental intervention. The
Karnofsky Performance Status (KPS) score of the patients remained
stable throughout the study period: 16 patients (69.6%) had a KPS
score of 70-80%, while 7 patients (30.4%) scored 90-100%.
According to postoperative MRI or CT scans no cases of
symptomatic or pathological exacerbation of peritumoral oedema
requiring prolonged corticosteroid therapy or surgical re-intervention
were recorded. The volumetric changes in the oedema zone were
consistent with standard postoperative expectations following
microsurgical resection of high-grade meningiomas.

Patients in the experimental group were followed for a median
of 16 months [IQR 11.0 — 22.0] postoperatively. No local tumor
recurrence or progression was observed in any patient during this
follow-up period.

3.4 Histopathological and
immunofluorescence analysis of
photodynamic therapy effects in recurrent
meningiomas

To characterize the biological effects of photodynamic therapy
at the cellular level, a comparative histopathological and
immunohistochemical analysis was performed on paired biopsy
samples from the tumor matrix and peritumoral brain obtained
before and immediately after PDT completion.

In pre-PDT samples from tumor matrix, tumor cells exhibited
high nuclear PR expression, with a mean density of 79.7 £ 10.3
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FIGURE 5
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Fluorescence Index (a.u.)

after intact
PDT dura mater

before
PDT

Intraoperative photodynamic therapy. (A) The resection bed under white light after atypical meningioma of middle cranial fossa removal. A sheet
of TachoSil® surgical patch has been applied to the temporal pole for hemostasis. Scale bar = 5 mm. (B) The same field under blue-violet light
(400 nm) prior to photodynamic therapy (PDT), demonstrating residual PplX fluorescence in the tumor matrix and peritumoral zone (white oval)
The patch of TachoSil® exhibits intense autofluorescence (green signal, black asterisk). Scale bar = 5 mm. (C) The resection bed under blue-violet
light after completed PDT, showing visible photobleaching (white oval, quenching of the pink fluorescence). Scale bar = 5 mm. (D) Violin plot
showing the distribution of fluorescence index (Fl) values in the target zone before and after PDT, with reference values from control tissues

Solid line represents median; dashed lines represent IQR. ****p< 0.0001, Mann-Whitney U test, n=23.

positive cells per mm2 (Figure 6A). In contrast, post-PDT samples
from the same anatomical site demonstrated a complete absence of
nuclear PR immunoreactivity (Figure 6A).

The cytotoxic effect of photodynamic therapy was further
evaluated by assessing the expression of the pro-apoptotic marker
caspase-3 in the peritumoral brain tissue before and after treatment.
Prior to PDT, a low baseline level of apoptosis was observed, with
caspase-3 expression localized exclusively to glial cells at a density of
14.8 + 2.2 positive cells per mmz2 (Figure 6B). Following PDT, a
significant and substantial increase in apoptotic activity was
documented. The density of caspase-3-positive glial cells
increased to 36.3 + 9.6 cells per mm2 (p< 0.0001) (Figure 6B).
Furthermore, a novel post-PDT finding was the appearance of
caspase-3 immunoreactivity within neuronal nuclei, with a
density of 2.8 + 1.5 positive cells per mm2 (Figure 6B).

To delineate the subcellular effects of photodynamic therapy, we
performed confocal microscopy analysis on peritumoral zone
samples that exhibited elevated baseline fluorescence index and
were subsequently targeted by PDT (Figure 6C). Comparative
analysis before and after treatment revealed a consistent pattern
of profound cellular damage. After-PDT samples demonstrated a
marked reduction in cellularity, as evidenced by decreased DAPI
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staining, indicating nuclear degradation and loss of cellular
integrity. Concurrently, a sharp decline in TMRM fluorescence
signal was observed, confirming the collapse of mitochondrial
membrane potential and the irreversible commitment to
apoptosis. The near-complete degradation of protoporphyrin 1X
(PpIX) fluorescence validated the successful achievement of target
photobleaching during the procedure. Crucially, we documented a
significant overexpression of Hsp70, a canonical marker of severe
proteotoxic and oxidative stress, illustrating the direct protein-
damaging effects of PDT-generated ROS.

4 Discussion

In this single-center, prospective cohort study, we evaluated the
feasibility of a novel integrated approach combining 5-
aminolevulinic acid fluorescence-guided surgery with
intraoperative photodynamic therapy for recurrent atypical and
anaplastic intracranial meningiomas. The management of these
recurrent lesions remains a formidable neurosurgical challenge, as
they often exhibit aggressive local growth and are difficult to further
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FIGURE 6

Histopathological and immunofluorescence analysis of biopsy samples before and after photodynamic therapy (A) Representative
immunohistochemical staining of atypical meningioma matrix before PDT, showing strong positive nuclear staining for progesterone receptors (PR)
in tumor cells. A matched sample from the same zone after PDT, demonstrating complete loss of nuclear PR immunoreactivity. Scale bar: 300 um.
(B) Representative image of samples from the peritumoral zone before PDT, showing low baseline expression of caspase-3 in glial cells (black

arrow). Matched peritumoral zone after PDT, demonstrating markedly increased caspase-3 expression in glial cells (white arrow) and the novel
appearance of caspase-3 positivity in neuronal nuclei (red arrow), indicative of apoptosis. Scale bar: 300 um. Violin plot quantifying the density of
caspase-3 positive glial cells (cells/mm?) before and after PDT. Solid line represents mean; dashed lines represent +SD ****p< 0.0001, Mann-Whitney
U test, n=46. (C) Representative images of fluorescence microscopy of samples from the peritumoral zone before PDT and matched samples from
the same region after PDT. DAPI staining - blue, TMRM staining — red, PplX fluorescence — magenta, Hsp70 - green. Scale bar: 25 um.

interventions after exhausting standard treatments of surgery and
radiotherapy (4-6). Our findings demonstrate that this combined
strategy is not only feasible and safe but also provides
improvements in surgical radicality and elicits profound
biological effects at the cellular level.

A cornerstone finding of our investigation is the consistent
and universal accumulation of 5-ALA-induced protoporphyrin IX
in recurrent atypical and anaplastic meningiomas. Visible
fluorescence was observed in 100% of our prospective cohort, a
result that strongly validates the applicability of fluorescence-
guided surgery for this specific pathology. This finding gains
particular significance in the context of the existing literature. A
review by Dijkstra et al. (25) reported high but variable sensitivity
(92-98%) and specificity (95%) for 5-ALA across studies,
predominantly involving mixed cohorts of primary and
recurrent meningiomas, the majority being WHO grade 1 (25).
Similarly, a large prospective study by Potapov et al. (26), which
included 101 patients with meningiomas (WHO grades 1-3),
contained only 9% recurrent cases (26). Consistent with our
results, these researches did not found correlation between
fluorescence intensity and WHO grade or histological subtype,

Frontiers in Oncology

10

noting frequent heterogeneity in fluorescence patterns. Large-
scale studies focusing exclusively on recurrent meningiomas are
absent from the literature, with evidence limited primarily to
individual case reports (27-29). Consequently, our results from a
homogeneous cohort of 23 recurrent tumors provide unique
evidence that the process of recurrence itself, potentially
associated with altered cellular metabolism and disruption of the
blood-brain barrier, may facilitate consistent and reliable PpIX
synthesis. This high rate of PpIX accumulation is a critical enabler,
allowing neurosurgeons to leverage a well-established tool from
glioma surgery (30) for this new clinical scenario.

The utility of this fluorescence was directly translated into a
significantly higher rate of gross-total resection (Simpson Grades I-
I1) in the FGS group compared to controls group (95.6% vs. 77.1%).
However, this observation showed only a borderline statistical trend
(p = 0.07). While not reaching the conventional 0.05 threshold, this
finding is clinically encouraging and likely reflects the added value
of intraoperative fluorescence in the challenging surgical landscape
of recurrent disease. It is probable that the relatively small cohort
size in this feasibility trial limited the statistical power to definitively
confirm this improvement. Future larger-scale studies are necessary
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to determine if this trend translates into a statistically significant
clinical advantage.

Recurrent meningiomas are often embedded in post-operative
scar tissue, making the discrimination between tumor and adhered
brain parenchyma or fibrotic planes exceptionally difficult under
conventional white light (9, 10). Beyond our study, which
specifically compared the extent of meningioma resection using
5-ALA with a control group, similar controlled investigations are
absent from the literature. In a retrospective study by Cornelius
et al. (31), which included 31 patients with primary WHO grade |
(61%) meningiomas, the improvement in the radicality of resection
was assessed subjectively by the operating surgeon without
comparison to a control group of patients (31). This underscores
the methodological uniqueness of our work. Our experience
confirms that 5-ALA fluorescence effectively highlights superficial
infiltrative nests and residual tumor tissue within these adhesions,
thereby improving the surgeon’s ability to achieve a more radical
and anatomically precise resection, which is a key prognostic factor
for delaying further recurrence.

The most significant methodological insight from our study is
the demonstrated discordance between subjective visual
fluorescence assessment and objective, quantitative measurement
of protoporphyrin IX (PpIX). We found no statistically significant
correlation between the Visual Fluorescence Score (FIS) and the
quantitative Fluorescence Index (FI) obtained via biospectroscopy.
Heterogeneity in visible fluorescence has also been reported in the
works of Dijkstra et al. (25) and Potapov et al. (26) (25, 26). In a
study by Scheichel et al. (2019), which included 11 patients,
fluorescence was observed in 100% of meningiomas with bone
and soft tissue infiltration (32). However, the intensity of visible
fluorescence was not uniform—strong and homogeneous
fluorescence was noted in 81.8% of cases, while vague and
heterogeneous fluorescence was present in 18.2%. This reinforces
the conclusion that the human eye is a poor judge of the actual PpIX
concentration in tissue. This subjectivity can be attributed to several
factors, including variable background illumination, the surgeon’s
individual perception, and optical properties of the tissue, such as
blood content and the thickness of the overlying meninges. These
findings underscore the necessity of employing more objective
methods for quantifying PplX accumulation in meningioma
tissue. Supporting this notion, a study by Knipps et al. (33)
involving 13 patients with primary meningiomas demonstrated
that a spectrometer exhibited high sensitivity in detecting
meningioma cells, whereas the surgical microscope showed false
negative results and missed residual tumor cells in more than one
half of the cases (33). This finding has profound implications,
especially for PDT.

Furthermore, the absence of a significant association between
fluorescence intensity and various clinical-pathological factors such
as WHO grade, tumor location, or prior treatment history is,
paradoxically, a positive clinical outcome. It suggests that the
ability to accumulate 5-ALA is a ubiquitous property of recurrent
meningiomas, independent of their specific subtype or history. This
universality greatly enhances the clinical applicability of the
technique, as neurosurgeons can anticipate visible fluorescence
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and plan for FGS and subsequent PDT without the need for
complex pre-operative patient selection protocols.

A critical distinction of our PDT protocol lies in its personalized
dosimetric approach. While the majority of the clinical literature on
5-ALA PDT in neurosurgery is dedicated to glioblastomas—and in
contrast to those studies which have typically employed fixed light
doses, such as the 200 J/cm2 used in the work by Vermandel et al.
(2021) (34), we utilized fluorescence index measurements to adapt
the therapy. Our data strongly advocate for the integration of
quantitative biospectroscopy as an indispensable tool to guide
PDT dosimetry. By providing a real-time, objective measure of
PpIX accumulation, biospectroscopy ensures that light delivery is
tailored to the actual target concentration, thereby maximizing the
potential for a potent cytotoxic effect while establishing a
standardized endpoint for therapy (photobleaching). This
methodology represents a significant paradigm shift from a one-
size-fits-all dose to a biologically guided, patient-specific treatment.
The significant post-PDT reduction in Fl, achieving levels
comparable to normal brain tissue, confirms the biological
activity of the treatment and the successful achievement of target
photobleaching. This objective endpoint is a major advancement
over subjective visual assessment and is supported by in vitro
evidence that PpIX concentration directly correlates with PDT
efficacy in meningioma cells (20, 21, 35). We believe this
methodology is highly translatable to other biospectroscopy
platforms. By using an in-patient internal control (normalization
to the intact dura mater) rather than an absolute numerical
threshold, the protocol accounts for inter-device variability and
differences in light-tissue interaction. Other platforms can
implement a similar relative thresholding strategy by calibrating
their signal-to-background ratio against healthy intracranial
structures, which remains a robust and reproducible approach
across different fluorescence detection systems.

The clinical feasibility and safety of our protocol of combination of
FGS and FDT is objectively reflected in the stability of the Karnofsky
Performance Status scores. The fact that all 23 patients maintained a
KPS score of 70% or higher postoperatively demonstrates that the
PDT-induced apoptotic changes did not compromise the patients’
functional independence. This preservation of high-level neurological
function is a key safety indicator, especially given the aggressive nature
of recurrent high-grade meningiomas and the targeted application of
PDT at the infiltrative margins.

At a median follow-up of 16 months, no cases of local
recurrence were observed in the experimental group. However,
this finding should be interpreted strictly as a preliminary
observation rather than definitive proof of long-term local
control. Given the aggressive biological behavior and high
recurrence rates inherent to atypical and anaplastic meningiomas,
the current follow-up duration is insufficient to draw final
conclusions regarding the long-term oncological efficacy of the
integrated PDT protocol. Continuous long-term surveillance of
this cohort is essential to evaluate the durability of the observed
clinical response. Also Takahashi et al. (36) reported that prior
radiotherapy could limit the effectiveness of PDT with talaporfin
sodium (36), our results with 5-ALA in a population where many
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had received prior radiotherapy (39.1%) suggest a potent
cytotoxic effect.

A central question remains whether the observed clinical
benefits stem from the improved visualization provided by FGS
or the direct cytotoxic effects of PDT. Our findings suggest that
these two modalities are inherently complementary and synergistic.
Notably, even after achieving macroscopically total resection,
intraoperative biospectroscopy revealed a high fluorescence index
(F1) in the resection bed (median 20.0 a.u. vs. 1.2 a.u. in intact dura),
confirming the presence of residual PplX-accumulating tumor cells.
These “hotspots” of microscopic infiltration, particularly within the
tumor matrix of skull base lesions or the peritumoral zone,
represent the primary targets for PDT. By inducing apoptosis in
these spectroscopically identified but surgically inaccessible
residuals, PDT provides an additional layer of local control that
exceeds the limits of standard microsurgical radicality. This
combinatorial strategy is further supported by in vitro evidence
indicating that the susceptibility of meningioma cells to 5-ALA-
PDT is highly variable and dependent on intrinsic factors, such as
ferrochelatase activity (35). Such variability underscores the
necessity of a robust initial resection to reduce the overall tumor
burden, followed by targeted PDT to address the remaining invasive
cells. Ultimately, these findings provide a strong rationale for future
randomized controlled trials to definitively establish the therapeutic
impact of this synergistic approach compared to the current
standard of care.

Our study provides also comprehensive histopathological and
cellular-level characterization of the effects of 5-ALA-mediated
photodynamic therapy in recurrent intracranial meningiomas.
The data reveal that PDT induces a multi-mechanistic cytotoxic
program, effectively targeting both the tumor matrix and the critical
peritumoral niche, thereby providing a biological basis for the
observed clinical outcomes.

The total ablation of progesterone receptor expression following
PDT represents a significant alteration in the tumor’s biological
phenotype. PR signaling is a key pathway implicated in meningioma
proliferation (9). At the same time the study by Ren et al. (37)
demonstrate that negative PR expression was a radiosensitive
biomarker on progression free survival for de novo atypical
meningiomas patients after gross-total resection (37). The complete
loss of this receptor signature suggests that PDT inflicts profound
damage that disrupts fundamental cellular identity and function,
potentially pushing tumor cells towards a non-proliferative state.

The most therapeutically significant finding is the robust
induction of apoptosis within the peritumoral brain tissue. The
significant increase in caspase-3-positive glial cells (36.3 £ 9.6 vs.
14.8 £ 2.2 cells/fmm?, p<0.0001), and notably, the novel appearance
of apoptosis in neuronal nuclei, provides direct evidence that PDT’s
effect extends beyond the macroscopic tumor margin. Caspase-3 is
a central executioner protease in the intrinsic apoptotic pathway,
and its activation is a well-documented mark of PDT-induced cell
death across various cancer models (38—40). The induction of
apoptosis in the peritumoral zone represents a delicate balance
between achieving maximal local tumor control and preserving
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functional brain tissue. From a biological perspective, the
peritumoral microenvironment (including neuronal and glial
elements) is known to undergo significant remodeling, often
forming a supportive niche for residual tumor cells (41). In
aggressive, recurrent meningiomas, targeting this infiltrative
margin is crucial. We hypothesize that the observed apoptotic
shifts in the peritumoral zone may reflect the disruption of this
tumor-supportive niche, which is an expected and potentially
beneficial aspect of the photodynamic effect, as long as it remains
spatially restricted and clinically asymptomatic. As previously
mentioned, our results showed no new or worsening neurological
deficits in the experimental group postoperatively, suggesting that
the observed microscopic apoptotic changes did not translate into
clinical morbidity.

Our confocal microscopy data elucidates the precise subcellular
chronology of PDT-induced death: initial oxidative damage leads to
proteotoxic stress (Hsp70 upregulation), followed by mitochondrial
dysfunction (TMRM loss), and culminates in nuclear degradation.
This sequence confirms the activation of the intrinsic apoptotic
pathway, initiated by massive oxidative injury. The strong induction
of Hsp70 is a known cellular response to PDT-induced protein
damage and serves as a clear marker of irreversible cellular stress
(42). 1t is also worth noting the immunomodulatory antitumor
effect of Hsp70, which, under stress, can be exposed on the surface
of the plasma membrane of tumor cells on the one hand (43), and
released into the extracellular space on the other (44). It has
previously been shown that membrane-bound Hsp70 can activate
the cytolytic and migratory anti-cancer activity of natural killer cells
(through interaction with a CD94 receptor) (45, 46). Thus, local
induction of chaperone expression can lead to stimulation of the
immune response; however, this aspect was not addressed in the
present work. The correlation of these profound morphological
changes with the quantitative biospectroscopy data — where PplX
photobleaching served as the procedural endpoint — validates
biospectroscopy as a reliable real-time surrogate for predicting
ultimate biological effect.

At the same time, when analyzing morphological and
immunohistochemical alterations in the areas after PDT, several
potential confounding factors, such as surgical manipulation,
localized ischemia, and photothermal effects, must be considered.
To minimize the impact of these variables, we obtained paired
biopsy specimens from the identical tumor zones strictly before and
after irradiation, while the use of bipolar coagulation was avoided in
these sampling areas to prevent artifactual tissue damage.
Furthermore, the PDT procedure was standardized with a fixed
laser power of 2.0 W and included real-time intraoperative
thermometry to ensure that no significant thermal injury
occurred. Although the precise independent contribution of each
perioperative factor remains difficult to quantify, these
methodological precautions suggest that the observed induction
of apoptosis, loss of PR expression and increase Hsp70 expression
are primarily associated with the photodynamic effect.
Consequently, these histological shifts should be viewed as the net
outcome of the integrated surgical and photodynamic intervention.
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5 Limitations of the study

While this study provides promising evidence for the feasibility
and biological activity of combined FGS and PDT in recurrent
meningiomas, several limitations must be acknowledged.

First, the non-randomized design with a retrospective control
group introduces potential for selection bias and confounding.
Despite our efforts to ensure comparability through strict inclusion
criteria and baseline analysis, unmeasured factors could have
influenced the outcomes. The decision to deny randomization was
primarily dictated by the exploratory and pilot nature of this research.
Recurrent atypical (WHO grade 2) and anaplastic (WHO grade 3)
meningiomas represent a rare and heterogeneous patient population
with limited salvage treatment options. Randomized allocation was
considered premature and statistically underpowered at this stage, as
the primary goal was to determine if the combined intervention could
be safely integrated into the neurosurgical workflow without
increasing perioperative morbidity. Consequently, the observed
differences in the extent of resection and recurrence rates, while
encouraging, must be interpreted with caution and require validation
in a randomized controlled trial. Second, the relatively modest cohort
size (=23 in the experimental group) and the single-center design of
the study may constrain the external validity of our findings. The
cohort, while representative of our institution’s patient population,
may not fully capture the heterogeneity of recurrent meningiomas
across broader clinical settings.

Third, the study is limited by a relatively short follow-up period
(median 16 months; IQR 11.0-22.0) for patients in the experimental
group. While preliminary clinical data were observed, the feasibility-
oriented nature of this work precludes definitive conclusions regarding
therapeutic superiority. Further studies with extended follow-up
periods are mandatory to confirm the impact of this combined
approach on long-term progression-free and overall survival.

A notable limitation of this feasibility study is the lack of a
dedicated control arm utilizing 5-ALA fluorescence-guided surgery
without photodynamic therapy. Consequently, it is not possible to
statistically decouple the independent effect of PDT from the
improved extent of resection achieved through FGS. The superior
outcomes observed in the experimental group should, therefore, be
viewed as a result of the integrated synergistic protocol rather than
the effect of PDT as a stand-alone modality.

Finally, the quantitative biospectroscopy and PDT light delivery
systems used represent a specific technological setup. The generalizability
of our dosimetric parameters and fluorescence index thresholds to other
hardware and software platforms requires further investigation.

Despite these limitations, this study establishes a critical
foundation for future research and provides the first
comprehensive histopathological evidence of PDT’s mechanism of
action in meningiomas.

6 Conclusion

Our prospective, single-center pilot cohort study established
that the integrated use of 5-ALA-guided resection and
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intraoperative PDT appears to be a safe and feasible strategy for
managing recurrent high-grade meningiomas. Moreover, we
identified and provided a solution for a key limitation of visual
fluorescence assessment by validating quantitative biospectroscopy
as a necessary companion for objective measurement, particularly
when bridging from diagnostic fluorescence to PDT. The
personalized, biospectroscopy-guided PDT protocol represents a
significant evolution from fixed-dose paradigms. While our
preliminary data suggest a potential improvement in local control
compared to standard microsurgical resection, the exploratory
nature of these comparative efficacy claims must be
acknowledged. These findings justify further investigation in
multi-center randomized controlled trials to definitively establish
the independent therapeutic impact of PDT on long-term survival
in this challenging patient population.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by the Ethics
Committee of the Almazov Medical Research Center (resolution
No. 0312-22 dated December 26, 2022). The studies were conducted
in accordance with the local legislation and institutional
requirements. The participants provided their written informed
consent to participate in this study.

Author contributions

AN: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Project administration, Software,
Supervision, Validation, Visualization, Writing — original draft,
Writing — review & editing. KK: Data curation, Formal analysis,
Investigation, Methodology, Software, Validation, Visualization,
Writing — original draft, Writing — review & editing. AU:
Conceptualization, Data curation, Funding acquisition,
Investigation, Methodology, Resources, Writing — original draft,
Writing — review & editing. VO: Data curation, Investigation,
Project administration, Validation, Writing — original draft,
Writing — review & editing. DS: Data curation, Investigation,
Methodology, Software, Validation, Visualization, Writing —
original draft, Writing — review & editing. DB: Data curation,
Formal analysis, Investigation, Methodology, Software, Validation,
Writing — original draft, Writing — review & editing. VU: Data
curation, Formal analysis, Investigation, Methodology, Software,
Validation, Writing — original draft, Writing — review & editing. SC:
Funding acquisition, Investigation, Resources, Writing — original
draft, Writing — review & editing. KS: Funding acquisition, Project

frontiersin.org


https://doi.org/10.3389/fonc.2026.1767269
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Nechaeva et al.

administration, Resources, Validation, Writing — original draft,
Writing — review & editing. MS: Conceptualization, Data
curation, Funding acquisition, Investigation, Methodology, Project
administration, Resources, Supervision, Validation, Writing —
original draft, Writing — review & editing.

Funding

The author(s) declared that financial support was received for
this work and/or its publication. The work was carried out within
the framework of the state task No. 123021000128-4 “Development
of a new technology for the treatment of patients with secondary
brain tumors and recurrent meningiomas”. Study was financially
supported by the grant R44AR079960 and the Technische
Universitdt Minchen (TUM) within the DFG funding program
Open Access Publishing.

Acknowledgments

We are grateful to the patients and their families for their
contribution to this trial. We also express our thanks to the
neurosurgeons of the Neurosurgical Department No. 4 (Polenov
Neurosurgical Institute, Almazov National Medical Research
Centre) for their assistance in scientific research.

References

1. Price M, Ballard CAP, Benedetti JR, Kruchko C, Barnholtz-Sloan JS, Ostrom QT.
CBTRUS Statistical Report: primary brain and other central nervous system tumors
diagnosed in the United States in 2018-2022. Neuro Oncol. (2025) 27:iv1-iv66.
doi: 10.1093/neuonc/noaf194

2. Goldbrunner R, Stavrinou P, Jenkinson MD, Sahm F, Mawrin C, Weber DC, et al.
EANO guideline on the diagnosis and management of meningiomas. Neuro Oncol.
(2021) 23:1821-34. doi: 10.1093/neuonc/noab150

3. Vega-Moreno DA, Reyes-Soto G, Serrano-Murillo M, de Jestes Encarnacion-
Ramirez M, Garcia-Gonzalez U, Chaurasia B. Risk factors for tumor recurrence in
meningiomas: multicenter multivariate analysis. Indian J Surg Oncol. (2025) 16:929-36.
doi: 10.1007/s13193-025-02190-2

4. Lee CC, Wujanto C, Handa P, Vellayappan B. The value of radiotherapy in patients
with recurrent atypical meningioma: an update. Expert Rev Neurother. (2025) 25:1291—
307. doi: 10.1080/14737175.2025.2559181

5. Felistia Y, Amanda NF, Hendrawan F, Susanto NH, Al Fauzi A, Miftahussurur M.
Retrospective analysis of recurrence patterns and clinical outcomes in grade I-111
meningiomas after surgery. Surg Neurol Int. (2025) 16:149. doi: 10.25259/SNI_32_2025

6. Sun W, Zhang Y, Wu X. Progressing-free survival and prognostic factors with
recurrence in 190 patients with primary atypical meningiomas. World Neurosurg.
(2025) 205. doi: 10.1016/j.wneu.2025.124646

7. Nabors LB, Hattangadi-Gluth J, Horbinski C, Portnow J. NCCN CNS tumor guidelines
update for 2024. Neuro Oncol. (2025) 27:595-6. doi: 10.1093/neuonc/noae267

8. Kukanov KK, Vorobeva OM, Zabrodskaya Y, Potemkina EG, Ushanov VV,
Tastanbekov MM, et al. Intracranial meningiomas: clinical, intrascopic and
pathomorphological causes of recurrence (literature review). Siberian J Oncol. (2022)
21:110-23. doi: 10.21294/1814-4861-2022-21-4-110-123

9. Louis DN, Perry A, Wesseling P, Brat DJ, Cree IA, Figarella-Branger D, et al. The
2021 WHO classification of tumors of the central nervous system: a summary. Neuro
Oncol. (2021) 23:1231-51. doi: 10.1093/neuonc/noab106

10. Murase M, Tamura R, Kuranari Y, Sato M, Ohara K, Morimoto Y, et al. Novel
histopathological classification of meningiomas based on dural invasion. J Clin Pathol.
(2021) 74:238-43. doi: 10.1136/jclinpath-2020-206592

Frontiers in Oncology

14

10.3389/fonc.2026.1767269

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that generative Al was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

11. Corvino S, Altieri R, La Rocca G, Piazza A, Corazzelli G, Palmiero C, et al.
Topographic patterns of intracranial meningioma recurrences-systematic review with
clinical implication. Cancers (Basel). (2024) 16:2267. doi: 10.3390/cancers16122267

12. Shahbandi A, Shah DS, Hadley CC, Patel Al. The Role of pharmacotherapy in
treatment of meningioma: a systematic review. Cancers (Basel). (2023) 15:483.
doi: 10.3390/cancers15020483

13. Pepper NB, Troschel FM, Stummer W, Eich HT. 5-Aminolevulinic acid as an
emerging radiosensitizer for radiodynamic therapy in solid tumors: a systematic review
of available data and clinical potential. Strahlenther Onkol. (2025) 201:1071-85.
doi: 10.1007/s00066-025-02420-0

14. Nakahara Y, Ito H, Masuoka J, Abe T. Boron neutron capture therapy and
photodynamic therapy for high-grade meningiomas. Cancers (Basel). (2020) 12:1334.
doi: 10.3390/cancers12051334

15. Yudaev P, Aleksandrova Y, Chugunova E, Neganova M. The Current state of
research in the field of photosensitizers and photoactivators for photodynamic/
photothermal cancer therapy: A Review. Int J Mol Sci. (2025) 26:10733. doi: 10.3390/
ijms262110733

16. Gheybi E, Hosseinzadeh P, Tayebi-Khorrami V, Rostami M, Soukhtanloo M. From
reactive oxygen to cancer cell death: the science behind photodynamic therapy. Lasers
Med Sci. (2025) 40:448. doi: 10.1007/s10103-025-04707-1

17. Price G, Frederico SC, Colan J, Rentzeperis F, Huq S, Hadjipanayis C.
Photodynamic therapy for glioblastoma: a narrative review. J Neurooncol. (2025)
175:921-31. doi: 10.1007/s11060-025-05217-4

18. Dahlman A, Wile AG, Burns RG, Mason GR, Johnson FM, Berns MW. Laser
photoradiation therapy of cancer. Cancer Res. (1983) 43:430—4.

19. Takahashi T, Misawa S, Suzuki S, Saeki N, Shinoda Y, Tsuneoka Y, et al. Possible
mechanism of heme oxygenase-1 expression in rat Malignant meningioma KMY-J cells
subjected to talaporfin sodium-mediated photodynamic therapy. Photodiagnosis
Photodyn Ther. (2020) 32:102009. doi: 10.1016/j.pdpdt.2020.102009

20. El-Khatib M, Tepe C, Senger B, Dibué-Adjei M, Riemenschneider MJ, Stummer W,
et al. Aminolevulinic acid-mediated photodynamic therapy of human meningioma: an
in vitro study on primary cell lines. Int J Mol Sci. (2015) 16:9936-48. doi: 10.3390/
ijms16059936

frontiersin.org


https://doi.org/10.1093/neuonc/noaf194
https://doi.org/10.1093/neuonc/noab150
https://doi.org/10.1007/s13193-025-02190-2
https://doi.org/10.1080/14737175.2025.2559181
https://doi.org/10.25259/SNI_32_2025
https://doi.org/10.1016/j.wneu.2025.124646
https://doi.org/10.1093/neuonc/noae267
https://doi.org/10.21294/1814-4861-2022-21-4-110-123
https://doi.org/10.1093/neuonc/noab106
https://doi.org/10.1136/jclinpath-2020-206592
https://doi.org/10.3390/cancers16122267
https://doi.org/10.3390/cancers15020483
https://doi.org/10.1007/s00066-025-02420-0
https://doi.org/10.3390/cancers12051334
https://doi.org/10.3390/ijms262110733
https://doi.org/10.3390/ijms262110733
https://doi.org/10.1007/s10103-025-04707-1
https://doi.org/10.1007/s11060-025-05217-4
https://doi.org/10.1016/j.pdpdt.2020.102009
https://doi.org/10.3390/ijms16059936
https://doi.org/10.3390/ijms16059936
https://doi.org/10.3389/fonc.2026.1767269
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Nechaeva et al.

21. Cornelius JF, Slotty PJ, El Khatib M, Giannakis A, Senger B, Steiger HJ. Enhancing
the effect of 5-aminolevulinic acid based photodynamic therapy in human meningioma
cells. Photodiagnosis Photodyn Ther. (2014) 11:1-6. doi: 10.1016/j.pdpdt.2014.01.001

22. Ichikawa M, Akimoto J, Miki Y, Maeda J, Takahashi T, Fujiwara Y, et al.
Photodynamic therapy with talaporfin sodium induces dose- and time-dependent
apoptotic cell death in Malignant meningioma HKBMM cells. Photodiagnosis
Photodyn Ther. (2019) 25:29-34. doi: 10.1016/j.pdpdt.2018.10.022

23. Bunk EC, Wagner A, Stummer W, Senner V, Brokinkel B. 5-ALA kinetics in
meningiomas: analysis of tumor fluorescence and PpIX metabolism in vitro and
comparative analyses with high-grade gliomas. J Neurooncol. (2021) 152:37-46.
doi: 10.1007/511060-020-03680-9

24. Kaneko S, Brokinkel B, Suero Molina E, Warneke N, Holling M, Bunk EC, et al.
Real-time in vivo kinetics of protoporphyrin IX after administration of 5-
aminolevulinic acid in meningiomas and comparative analyses with glioblastomas.
Acta Neurochir (Wien). (2020) 162:2197-202. doi: 10.1007/s00701-020-04353-2

25. Dijkstra BM, Jeltema HJR, Kruijff S, Groen RIM. The application of fluorescence
techniques in meningioma surgery-a review. Neurosurg Rev. (2019) 42:799-809.
doi: 10.1007/510143-018-01062-4

26. Potapov AA, Goryaynov SA, Danilov GV, Chelushkin DM, Okhlopkov VA,
Shimanskiy VN, et al. Intraoperative fluorescence diagnostics in surgery of
intracranial meningiomas: analysis of 101 cases. Zh Vopr Neirokhir Im N N
Burdenko. (2018) 82:17-29. doi: 10.17116/0ftalma201882217-29

27. Whitson WJ, Valdes PA, Harris BT, Paulsen KD, Roberts DW. Confocal
microscopy for the histological fluorescence pattern of a recurrent atypical
meningioma: case report. Neurosurgery. (2011) 68:E1768-72. doi: 10.1227/
NEU.0b013e318217163c

28. Cornelius JF, Slotty PJ, Stoffels G, Galldiks N, Langen KJ, Steiger HJ. 5-
aminolevulinic acid and (18)F-FET-PET as metabolic imaging tools for surgery of a
recurrent skull base meningioma. J Neurol Surg B Skull Base. (2013) 74:211-6.
doi: 10.1055/5-0033-1342918

29. Ramapriyan R, Clark VE, Martinez-Lage M, Hsueh B, Nahed BV, Curry WT, et al.
Fluorescence and immune-cell infiltration of nonneoplastic, postbrachytherapy brain
tissue in 5-ALA-guided resection of recurrent anaplastic meningioma: illustrative case.
J Neurosurg Case Lessons. (2024) 7:CASE23550. doi: 10.3171/CASE23550

30. Stummer W, Pichlmeier U, Meinel T, Wiestler OD, Zanella F, Reulen HJ, et al.
Fluorescence-guided surgery with 5-aminolevulinic acid for resection of Malignant
glioma: a randomised controlled multicentre phase Il trial. Lancet Oncol. (2006)
7:392-401. doi: 10.1016/S1470-2045(06)70665-9

31. Cornelius JF, Slotty PJ, Kamp MA, Schneiderhan TM, Steiger HJ, El-Khatib M.
Impact of 5-aminolevulinic acid fluorescence-guided surgery on the extent of resection
of meningiomas-with special regard to high-grade tumors. Photodiagnosis Photodyn
Ther. (2014) 11:481-90. doi: 10.1016/j.pdpdt.2014.07.008

32. Scheichel F, Popadic B, Kitzwoegerer M, Ungersboeck K, Marhold F. Fluorescence-
guided resection in bone and soft tissue infiltrating meningiomas. Acta Neurochir
(Wien). (2020) 162:605-11. doi: 10.1007/s00701-019-04179-7

33. Knipps J, Beseoglu K, Kamp M, Fischer |, Felsberg J, Neumann LM, et al.
Fluorescence behavior and dural infiltration of meningioma analyzed by 5-
aminolevulinic acid-based fluorescence: operating microscope versus mini-
spectrometer. World Neurosurg. (2017) 108:118-27. doi: 10.1016/j.wneu.2017.08.140

Frontiers in Oncology

15

10.3389/fonc.2026.1767269

34. Vermandel M, Dupont C, Lecomte F, Leroy HA, Tuleasca C, Mordon S, et al.
Standardized intraoperative 5-ALA photodynamic therapy for newly diagnosed
glioblastoma patients: a preliminary analysis of the INDYGO clinical trial. J
Neurooncol. (2021) 152:501-14. doi: 10.1007/s11060-021-03718-6

35. Hefti M, Holenstein F, Albert I, Looser H, Luginbuehl V. Susceptibility to 5-
aminolevulinic acid based photodynamic therapy in WHO | meningioma cells
corresponds to ferrochelatase activity. Photochem Photobiol. (2011) 87:235-41.
doi: 10.1111/j.1751-1097.2010.00821.x

36. Takahashi T, Suzuki S, Misawa S, Akimoto J, Shinoda Y, Fujiwara Y.
Photodynamic therapy using talaporfin sodium induces heme oxygenase-1
expression in rat Malignant meningioma KMY-J cells. J Toxicol Sci. (2018) 43:353-8.
doi: 10.2131/jts.43.353

37. Ren L, Cheng H, Chen J, Deng J, Wang D, Xie Q, et al. Progesterone receptor
expression and prediction of benefits of adjuvant radiotherapy in de novo atypical
meningiomas after gross-total resection. J Neurosurg. (2022) 139:49-58. doi: 10.3171/
2022.9.JNS221530

38. Li L, Song D, Qi L, Jiang M, Wu Y, Gan J, et al. Photodynamic therapy induces
human esophageal carcinoma cell pyroptosis by targeting the PKM2/caspase-8/
caspase-3/GSDME axis. Cancer Lett. (2021) 520:143-59. doi: 10.1016/
j.canlet.2021.07.014

39. KulbackaJ, Choromanska A, Drag-Zalesinska M, Nowak P, Baczynska D, Kotulska
M, et al. Proapoptotic activity induced by photodynamic reaction with novel cyanine
dyes in caspase-3-deficient human breast adenocarcinoma cell lines (MCF/WT and
MCF/DX). Photodiagnosis Photodyn Ther. (2020) 30:101775. doi: 10.1016/
j-.pdpdt.2020.101775

40. Evangelou G, Koumaki D, Fragiadaki I, Chaniotis V, Farrar MD, Karatzi C, et al.
Intralesional photodynamic therapy induces apoptosis in basal cell carcinoma and
Bowen’s disease through caspase 3 and granzyme B. J Eur Acad Dermatol Venereol.
(2023) 37:1311-7. doi: 10.1111/jdv.19050

41. Ballestin A, Armocida D, Ribecco V, Seano G. Peritumoral brain zone in
glioblastoma: biological, clinical and mechanical features. Front Immunol. (2024)
29:1347877. doi: 10.3389/fimmu.2024.1347877

42. Singh MK, Han S, Ju S, Ranbhise JS, Ha J, Yeo SG, et al. Hsp70: A multifunctional
chaperone in maintaining proteostasis and its implications in human disease. Cells.
(2025) 14:509. doi: 10.3390/cells14070509

43. Shevtsov M, Balogi Z, Khachatryan W, Gao H, Vigh L, Multhoff G. Membrane-
associated heat shock proteins in oncology: from basic research to new theranostic
targets. Cells. (2020) 9:1263. doi: 10.3390/cells9051263

44. Guzhova IV, Shevtsov MA, Abkin SV, Pankratova KM, Margulis BA. Intracellular
and extracellular Hsp70 chaperone as a target for cancer therapy. Int J Hyperthermia.
(2013) 29:399-408. doi: 10.3109/02656736.2013.807439

45, Shevtsov M, Pitkin E, Ischenko A, Stangl S, Khachatryan W, Galibin O, et al. Ex
vivo Hsp70-activated NK cells in combination with PD-1 inhibition significantly
increase overall survival in preclinical models of glioblastoma and lung cancer. Front
Immunol. (2019) 10:454. doi: 10.3389/fimmu.2019.00454

46. Lobinger D, Gempt J, Sievert W, Barz M, Schmitt S, Nguyen HT, et al.
Potential role of hsp70 and activated NK cells for prediction of prognosis in
glioblastoma patients. Front Mol Biosci. (2021) 8:669366. doi: 10.3389/
fmolb.2021.669366

frontiersin.org


https://doi.org/10.1016/j.pdpdt.2014.01.001
https://doi.org/10.1016/j.pdpdt.2018.10.022
https://doi.org/10.1007/s11060-020-03680-9
https://doi.org/10.1007/s00701-020-04353-2
https://doi.org/10.1007/s10143-018-01062-4
https://doi.org/10.17116/oftalma201882217-29
https://doi.org/10.1227/NEU.0b013e318217163c
https://doi.org/10.1227/NEU.0b013e318217163c
https://doi.org/10.1055/s-0033-1342918
https://doi.org/10.3171/CASE23550
https://doi.org/10.1016/S1470-2045(06)70665-9
https://doi.org/10.1016/j.pdpdt.2014.07.008
https://doi.org/10.1007/s00701-019-04179-7
https://doi.org/10.1016/j.wneu.2017.08.140
https://doi.org/10.1007/s11060-021-03718-6
https://doi.org/10.1111/j.1751-1097.2010.00821.x
https://doi.org/10.2131/jts.43.353
https://doi.org/10.3171/2022.9.JNS221530
https://doi.org/10.3171/2022.9.JNS221530
https://doi.org/10.1016/j.canlet.2021.07.014
https://doi.org/10.1016/j.canlet.2021.07.014
https://doi.org/10.1016/j.pdpdt.2020.101775
https://doi.org/10.1016/j.pdpdt.2020.101775
https://doi.org/10.1111/jdv.19050
https://doi.org/10.3389/fimmu.2024.1347877
https://doi.org/10.3390/cells14070509
https://doi.org/10.3390/cells9051263
https://doi.org/10.3109/02656736.2013.807439
https://doi.org/10.3389/fimmu.2019.00454
https://doi.org/10.3389/fmolb.2021.669366
https://doi.org/10.3389/fmolb.2021.669366
https://doi.org/10.3389/fonc.2026.1767269
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Nechaeva et al.

Glossary
5-ALA

au.

caspase-3

DAPI

FGS

Fl

FIS
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5-aminolevulinic acid

arbitrary units

cysteinyl aspartate specific proteinase-3
4’ 6-Diamidino-2-phenylindole
Fluorescence-guided surgery
Fluorescence Index

Fluorescence Intensity Score

16

Hsp

PDT
PpIX
PS
ROS
TMRM
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Heat shock protein
Magnetic resonance imaging
Photodynamic Therapy
Protoporphyrin IX
Photosensitizer

Reactive oxygen species

Tetramethylrodamine Methyl ester

frontiersin.org


https://doi.org/10.3389/fonc.2026.1767269
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Fluorescence-guided surgery combined with intraoperative photodynamic therapy for recurrent atypical and anaplastic intracranial meningiomas: a prospective feasibility study
	1 Introduction
	2 Methods
	2.1 Study design and participants
	2.2 Intervention protocol
	2.2.1 Preoperative preparation and 5-ALA administration
	2.2.2 Fluorescence-guided tumor resection
	2.2.3 Intraoperative photodynamic therapy

	2.3 Histopathological and immunohistochemical analysis
	2.4 Immunofluorescence microscopy
	2.5 Statistical analysis

	3 Results
	3.1 Patient characteristics
	3.2 5-ALA-induced fluorescence in recurrent meningiomas: intensity, quantitative assessment, and impact on extent of resection
	3.3 Feasibility and delivery of photodynamic therapy for recurrent meningiomas
	3.4 Histopathological and immunofluorescence analysis of photodynamic therapy effects in recurrent meningiomas

	4 Discussion
	5 Limitations of the study
	6 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References
	Glossary


