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A B S T R A C T

Background: Intraoperative semiquantitative classification of different visible 5-aminolevulinic acid (5-ALA)
fluorescence levels by the neurosurgeon is subjective. Recently, handheld spectroscopic probes were introduced
enabling quantitative analysis of 5-ALA induced fluorescence intensity (FI). The aim of this ex-vivo study was to
correlate the FI in gliomas of different grades with histopathology, proliferation and microvasular density
(MVD).

Patients and Methods: Patients with suspected World Health Organization (WHO) grade II-IV gliomas were
included and tissue samples from different visible fluorescence levels (strong, vague or none) were in-
traoperatively collected. After resection, the FI of each sample was investigated ex-vivo by a handheld spec-
troscopic probe. The FI values were correlated with visible fluorescence, histopathology (WHO grade, quality of
tissue, histopathological parameters of anaplasia), proliferation (MIB-1) and MVD.

Results: Altogether, 143 tumor samples with strong (n=61), vague (n= 21) and no fluorescence (n=61)
were collected in 68 patients. We found significantly different median FI values between all three visible
fluorescence levels. Moreover, the median FI value was significantly higher in WHO grade III/IV samples and
compact tumor tissue compared to WHO grade II samples and infiltrated tumor tissue. Further, significant
differences in median FI values were observed in specific histopathological parameters of anaplasia (mitotic rate,
cell density, nuclear pleomorphism and microvascular proliferation) in multivariable analysis. Finally, a sig-
nificant correlation between the proliferation rate and FI, but not between MVD and FI was noted.

Conclusion: Our data indicate that handheld spectroscopic probes are capable of visualizing intratumoral
glioma heterogeneity by objective assessment of fluorescence and may thus optimize future glioma surgery.

1. Introduction

Diffusely infiltrating gliomas are the most common primary central
nervous system tumors and are classified according to specific histo-
pathological criteria in three glioma grades (WHO grades II-IV) [1–3].
These tumors are characterized by intratumoral heterogeneity with

regard to histopathology, proliferation and microvasular density (MVD)
[4–9]. In the last years, there exists mounting evidence that maximum
safe resection of gliomas is associated with improved patient prognosis
[6,10–13]. During glioma resection, precise tissue sampling is crucial to
avoid potential histopathological undergrading and thus inadequate
postoperative treatment [14,15].
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Fluorescence-guided surgery using 5-aminolevulinic acid (5-ALA) is
increasingly applied worldwide for improved visualization of brain
tumor tissue and intratumoral heterogeneity in glioma surgery [16–20].
To this end, preoperative administration of 5-ALA results in accumu-
lation of the fluorescent heme metabolite protoporphyrin IX (PpIX) in
glioma tissue [21–23]. With the assistance of a modified neurosurgical
microscope, three fluorescence levels (strong, vague or none) can
usually be distinguished by the neurosurgeon during such procedures
[24–26]. Recently, we were able to demonstrate that these three
fluorescence levels correlate with distinct histopathological parameters,
proliferation and MVD [27]. However, intraoperative assessment of
these fluorescence levels by the neurosurgeon is observer dependent
and thus subjective.

To allow objective assessment of PpIX fluorescence, handheld
spectroscopic probes have been introduced to the neurosurgical field in
the last years [28–34]. Such devices are capable to quantitatively
measure PpIX fluorescence intensity (FI) in tumors, thereby providing
an objective assessment of tissue fluorescence. Furthermore, such
spectrometers have demonstrated to significantly improve detection of
brain tumor tissue in comparison to conventional visual fluorescence
[17,36,37]. However, a detailed correlation of quantitative PpIX
fluorescence with histopathological parameters, proliferation and MVD
in newly diagnosed diffusely infiltrating gliomas is still missing. These
data would be crucial for reliable intraoperative application of such
handheld spectrometric probes for precise tissue sampling in glioma
surgery and thus optimized postoperative patient management.

The aim of our ex-vivo study was thus to clarify if such handheld
spectroscopic probes are capable to objectively detect histopathological
heterogeneity in gliomas. For this purpose, we collected tissue samples
of different visible 5-ALA fluorescence levels in a large and homogenous

cohort of patients with resection of a newly diagnosed diffusely in-
filtrating glioma (WHO grades II-IV). Subsequently, the FI of each tissue
sample was quantitatively assessed by spectroscopic ex-vivo analysis.
Finally, these FI values were correlated with (1) visible fluorescence,
(2) histopathology (WHO grade, quality of tissue and histopathological
parameters of anaplasia), (3) proliferation and (4) MVD.

2. Patients and methods

We prospectively collected data from patients with resection of a
suspected newly diagnosed diffusely infiltrating glioma (WHO grades
II-IV) with assistance of 5-ALA fluorescence and subsequent spectro-
scopic ex-vivo PpIX tissue analysis between January 2013 and 2015.
This study was approved by the local ethics committee of the Medical
University Vienna and patients provided a written consent.

2.1. Study cohort

According to a diagnostic magnetic resonance imaging (MRI) of the
brain with administration of contrast-medium only patients with a
suspected diffusely infiltrating glioma were included. The pattern of
MRI contrast-enhancement of each tumor was classified as none,
patchy/faint, focal, nodular and ring-like as described previously [38].
Patients with any previous treatments with resection or biopsy, che-
motherapy and/or radiotherapy were excluded from this study.

2.2. ALA surgery and visible fluorescence

All patients of our study received a standard dose of 5-ALA (20mg/
kg bodyweight) approximately 3 h prior to surgery. To visualize

Fig. 1. Ex-vivo analysis of visible fluorescence
and quantitative fluorescence intensity with a
handheld spectroscopic probe in tumor samples
from 5-ALA fluorescence-guided surgery.
(A, B, C) Three different tumor samples are in-
vestigated ex-vivo after surgery for visible
fluorescence under white-light microscopy.
Under violet-blue excitation light, (D) the first
sample shows no fluorescence, (E) the second
sample demonstrates vague fluorescence and
(F) the third sample reveals strong fluorescence.
Please note the characteristic two peaked
emission spectrum of protoporphyrin IX. (G)
With the assistance of a handheld spectroscopic
probe, (H) the fluorescence intensity is mea-
sured in these samples. Please note the char-
acteristic two-peaked emission spectrum of
protoporphyrin IX.
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potential PpIX fluorescence, an adapted neurosurgical microscope was
utilized (OPMI Pentero 900, and NC4, Carl Zeiss GmbH, Oberkochen,
Germany). Glioma resection was assisted by neuronavigation and 5-
ALA fluorescence. Dependent on the tumor localization, we used na-
vigation with diffusion tensor imaging (DTI), intraoperative monitoring
and/or awake surgery to limit the glioma resection. During surgery,
multiple intratumoral tissue samples were safely collected by the neu-
rosurgeon. Each tissue sample was semiquantitatively classified by the
neurosurgeon as strong, vague or no fluorescence. For spectroscopic ex-
vivo analysis, all collected samples were stored in light-protected vials
with artificial cerebrospinal fluid. All patients were protected from light
sources for a minimum time period of 24 h after 5-ALA administration
to avoid potential skin phototoxicity.

2.3. Quantitative 5-ALA fluorescence intensity

Immediately after surgery, all collected tissue samples were ana-
lyzed ex-vivo by an adapted fiber-optic based spectrometry system (see
Fig. 1) similar to that described by Haj-Hosseini et al. [31]. The spec-
troscopic system consisted of a laser source (ZM18H, Z-laser, Germany)
with maximal excitation light at 405 nm, a sub-miniature A (SMA) fiber
optic connector and a spectrometer with an optic filter (AvaSpec-
2048 L, Avantes, The Netherland). A handheld fiber optic reflection
probe with small tip (Avantes, The Netherlands) was used to direct the
excitation light from six peripheral illuminating fibers to the specimen’s
surface. The reflected light was guided to the spectrometer by one fiber
in the center of the probe. The spectrometer was connected to a com-
puter with a dedicated software for calculation of FI, which was then
instantly indicated as arbitrary units (a.u.) in a light spectrum curve.
The excitation laser was pulsed electronically and synchronized with
the integration time of the spectrometer, which minimizes photo-
bleaching and maximizes the fluorescence signal. Additionally, the re-
flected fluorescence spectrum was integrated separately by the spec-
trometer during both on and off periods. Based on a pilot analysis prior
to this study, an optimal output value of the laser source of 85% was
determined and applied in the present study. During the spectroscopic
analysis, the highest FI value was recorded for each tissue sample. The
spectroscopic analysis required less than 10 s per tissue sample. After ex
vivo analysis, all samples were placed in 10% formaldehyde and sent to
the Institute of Neurology (Neuropathology) for routine histopatholo-
gical work-up.

2.4. Tumor diagnosis

All collected tissue samples were embedded in paraffin and routi-
nely processed for further histopathological analysis. The histopatho-
logical diagnosis of each tumor was routinely established by the local
neuropathology team according to the applicable histopathological
WHO criteria at time of diagnosis [39].

2.5. Histopathology

Additionally, the WHO grade, quality of tissue and histopathological
parameters of anaplasia were assessed in each collected sample by two
experienced neuropathologists (A.W., J.A.H.). The neuropathologists
were blinded to clinical, radiological and fluorescence data.

2.5.1. WHO grade
First of all, the WHO tumor grade of each tissue sample was in-

vestigated according to the histopathological WHO criteria (WHO
grades II, III or IV) [39].

2.5.2. Quality of tissue
The quality of tissue (tissue cytoarchitecture) of each sample was

classified as compact tumor tissue or diffusely infiltrated tumor tissue as
described previously [38]. Compact tumor tissue was defined as

presence of densely packed cellular elements forming tumor nests. In
contrast, diffusely infiltrated tissue was considered when less cell-dense
tumor areas with intermingled preexisting tissue was present.

2.5.3. Histopathological parameters of anaplasia
Furthermore, detailed analysis of relevant histopathological para-

meters of anaplasia was conducted. To this end, histopathological
variables were semiquantitatively classified into the following cate-
gories as previously described [38,40]: Mitotic activity (low, few or
many), nuclear pleomorphism (low, moderate or high), cell density (low,
moderate or high), microvascular proliferation (present or absent) and
focal necrosis (present or absent).

2.6. Proliferation and MVD

Immunostaining of Ki-67 (anti-Ki-67, 1:50; DAKO) and CD34 (an-
tibody QBEnd/10, Novacastra, Leica Biosystems, Newcastle) of 4 μm
thickness tissue sections was used for analysis of tumor proliferation
and MVD: (1) the monoclonal antibody MIB-1 was applied to evaluate
cell proliferation and the MIB-1 proliferation index was calculated as
ratio between all Ki-67 positive and negative nuclei in a maximally
stained area (hotspot), including 500 cells per field (20x) and was ex-
pressed as percentage. (2) The antigen CD34 was stained for assessment
of MVD with the aid of a gridded lens (20x) by the simple count of
individual vessels (lumen and branches) in a hotspot and the MVD was
expressed as vessels per field.

2.7. Statistical analysis

We utilized SPSS version 21 (IBM, USA) for statistical analyses.
Descriptive data is presented as median and interquartile range. The FI
was compared between groups using the Kruskal-Wallis test and for its
correlation with continuous variables we applied the Kendall’s tau
correlation coefficient. To evaluate whether the FI is a discriminative
marker for histopathological parameters, we calculated the area under
the receiver operating characteristic (ROC) curve and defined possible
cutoff points with their corresponding specificity, sensitivity, positive
predictive value (PPV) and negative predictive value (NPV). Predictive
cutoff values were calculated only in variables with an area under the
curve (AUC) greater than 0.8. In variables with more than 2 categories
cutoff values with the highest AUC were determined. Furthermore, a
multivariable linear mixed model for FI values and specific histo-
pathological parameters was fitted considering the patient as random
factor and excluding non-significant variables in a backwards fashion.
Because of the skewed distribution of FI, we used its logarithm as de-
pendent variable and transformed the resulting regression coefficients
back to the original scale so that the final values can be interpreted as
fold changes in FI and associated 95% confidence limits. A P value
below 0.05 was considered significant.

3. Results

In the present study, 76 patients with resection of a suspected dif-
fusely infiltrating glioma (WHO grades II-IV) with assistance of 5-ALA
fluorescence and additional quantitative ex-vivo PpIX analysis were
initially included. After surgery, 8 patients had to be excluded from
final analysis due to a histopathological diagnosis other than a diffusely
infiltrating glioma (three lymphomas, two pilocytic astrocytomas, one
ganglioglioma, one tumefactive multiple sclerosis plaque and one in-
flammatory lesion induced by echinococcosis). Thus, 68 patients (43
WHO grade IV, 14 WHO grade III and 11 WHO grade II gliomas)
constituted our final study cohort. For details concerning the patient
characteristics of our final study cohort refer to Table 1 and the ex-
cluded pathologies see Table 2.
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3.1. Tissue samples

During resection with assistance of 5-ALA fluorescence, 181 fluor-
escing and non-fluorescing tissue samples were collected in the 68
glioma patients. To enable analysis of visible and quantitative fluores-
cence in tumor tissue of diffusely infiltrating gliomas, samples with
presence of mainly necrotic (n=12) or hemorrhagic tissue (n=2) as
well as those lacking distinct tumor tissue (n= 24) were excluded from
our study. We did not observe visible fluorescence in any of the 12
necrotic samples. However, we found increased FI values (mean FI:
0.65 a.u.; range: 0.12–1.38 a.u.) in these necrotic samples based on the
measurements of our handheld probe. Altogether, 143 tumor samples
from 68 patients were applied for further histopathological analysis.

3.2. Visible fluorescence and fluorescence intensity

Of all 143 tumor specimens, 61 samples showed strong fluorescence
(54 samples from a WHO grade IV, 6 samples from a WHO grade III and
one sample from a WHO grade II glioma). Further, 21 samples de-
monstrated vague fluorescence (15 samples from a WHO grade IV and 6
samples from a WHO grade III glioma). In contrast, the remaining 61
samples showed no visible fluorescence (44 samples from a WHO grade
II, 5 samples from a WHO grade III and 12 samples from a WHO grade
IV glioma). These 12 non-fluorescing samples were collected from 10
WHO grade IV gliomas showing all strong fluorescence as maximal
fluorescence level in specific intratumoral areas during surgery. Each of
these 12 specimens was collected after previous removal of all visible

fluorescence in the 10 WHO grade IV gliomas and thus none of these 12
specimens did demonstrate visible fluorescence. However, our hand-
held spectroscopic probe was capable to detect increased levels of PpIX
in all 12 specimens (median: 0.37 a.u.; range: 0.12–1.28 a.u.) despite
the lack of visible fluorescence. The majority of specimens with vague
fluorescence (n=19; 91%) were collected from gliomas with sig-
nificant contrast-enhancement on MRI, whereas two samples with
vague fluorescence (9%) were derived from gliomas with non-sig-
nificant contrast-enhancement. In contrast, most samples (n= 42;
69%) with no fluorescence were collected from gliomas with non-sig-
nificant contrast-enhancement, whereas 19 non-fluorescing specimens
(31%) were taken from gliomas with significant contrast-enhancement.

According to ex-vivo quantitative PpIX analysis by the handheld
spectroscopic probe, the median FI was 19.97 a.u. (range: 15.88–26.36
a.u.) in samples with strong fluorescence, 9.42 a.u. (range: 6.03–12.62
a.u.) in samples with vague fluorescence and 0.18 a.u. (range: 0.11 –
0.33 a.u.) in samples with no fluorescence. The difference in the median
FI between all three levels of visible fluorescence was found statistically
significant (p < 0.001, see Fig. 2A).

3.3. Histopathology and fluorescence intensity

Further, specific histopathological parameters were analyzed in
each tissue sample: (1) WHO grade: we found a significantly higher
median FI in samples of WHO grade IV (FI: 16.12 a.u.; range:
6.89–23.09 a.u.) and WHO grade III (FI: 14.4 a.u.; range: 0.19–19.54
a.u.) as compared to WHO grade II (FI: 0.18 a.u.; range: 0.09 – 0.33
a.u.; p < 0.001; see Fig. 2B). However, we did not detect a significant
difference in median FI values between samples of WHO grade III and
WHO grade IV. (2) Quality of tissue: The median FI value was sig-
nificantly higher in samples with compact tumor tissue (FI: 16.87 a.u.;
range: 12.35–25.98 a.u.) as compared to diffusely infiltrated tumor
tissue (FI: 0.46 a.u.; range: 0.35–9.27 a.u.; p < 0.001 and p=0.003 in
univariate and multivariate analysis, respectively). (3) Histopathological
criteria of anaplasia: We found a significant difference in FI values in
each of the analyzed histopathological parameters of anaplasia in the
univariate analysis. On multivariable analysis, this difference remained
significant with regard to mitotic rate, cell density, nuclear pleo-
morphism and microvascular proliferation. For further details see
Table 3.

Finally, we determined FI cutoff values that are suitable to distin-
guish between the different histopathological parameters. FI cutoff
values with very good diagnostic performance (AUC > 0.8) were
found for mitotic rate, nuclear pleomorphism, microvascular pro-
liferation and quality of tissue. Details on sensitivity, specificity, PPV
and NPV of these FI cutoff values are provided in Table 3.

3.4. Proliferation index/MVD and fluorescence intensity

Finally, we also found a significant correlation between the pro-
liferation rate assessed by MIB-1 labeling index and the FI values
(Correlation coefficient: 0.461; p < 0.001; see Fig. 2C). In the multi-
variable analysis the MIB-1 labeling index remained significant
(p= 0.049). In contrast, no correlation was found between MVD and
the FI values (Correlation coefficient: 0.038; p= 0.499 see Fig. 2D). An
illustrative WHO grade IV glioma with ex-vivo quantitative fluorescence
analysis of samples with different visible fluorescence levels and cor-
responding histopathology, proliferation and microvessel density is
shown in Fig. 3.

4. Discussion

Intraoperative visualization of 5-ALA induced PpIX fluorescence
depends on identification of fluorescing brain tumor tissue with the
“naked eye” using violet-blue excitation light microscopy. However, the
present 5-ALA fluorescence detection method is limited by its observer

Table 1
Patient characteristic.

n (%)

Total of patients 68 (100)
Female:male ratio 1 : 1
Median age (range) 53 (24-80)

Contrast enhancement on MRI
None 13 (19)
Patchy / faint 7 (10)
Focal 2 (3)
Nodular 3 (4)
Ring-like 43 (63)

Histopathology
WHO II 11 (16)

Astrocytoma 4 (6)
Oligodenroglioma 4 (6)
Mixed oligoastrocytoma 3 (4)

WHO III 14 (21)
Astrocytoma 8 (12)
Oligodenroglioma 2 (3)
Mixed oligoastrocytoma 4 (6)

WHO IV 43 (63)
Glioblastoma 43(63)

MRI…magnetic resonance imaging, WHO… World Health Organization.

Table 2
Excluded diagnosis.

Case Histopathological diagnosis Maximal visual
fluorescence

Maximal FI value
(a. u.)

1 Lesion by echinococcosis none 0.65
2 Lymphoma none 0.10
3 Pilocytic astrocytoma none 1.23
4 Pilocytic astrocytoma vague 1.38
5 Ganglioglioma vague 3.13
6 Lymphoma vague 3.17
7 Lymphoma strong 10.08
8 Multiple sclerosis plaque strong 11.88
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dependence. In this sense, the semiquantitative classification in the
three visible fluorescence levels (strong, vague or none) and the per-
ception of low amounts of fluorescence might differ between various
neurosurgeons [18,24,41,42]. Thus, handheld spectroscopic devices
that objectively measure the 5-ALA induced PpIX accumulation in
glioma tissue have been increasingly applied in the neurosurgical field
in the last years [17,31,32]. Such handheld spectroscopic probes de-
pend on the specific light properties of tissue, are easy to apply and
provide reliable quantitative FI values similar to those obtained with
sophisticated laboratory spectrometers [32]. So far, heterogeneous
tumor entities, recurrent tumors or biopsy procedures were analyzed
together in the majority of studies in the present literature using such
spectroscopic devices [33,37]. Further, no detailed correlations of
quantitative PpIX fluorescence with histopathology, proliferation and
MVD are available in a large series of newly diagnosed diffusely in-
filtrating WHO grade II-IV gliomas. These data would be of major im-
portance in order to improve tissue sampling in the future and thus
result in an optimized postoperative patient management.

4.1. Present study

In the current ex-vivo study, we report on our initial experience with
a handheld spectroscopic probe to quantitatively assess the 5-ALA in-
duced PpIX fluorescence in large series of 68 patients with newly di-
agnosed diffusely infiltrating gliomas of different WHO grades.

4.1.1. Visible and quantitative fluorescence
First of all, we observed in our study significant differences in the

median FI values in all three levels of visible fluorescence in newly
diagnosed WHO grade II-IV gliomas. Accordingly, Stummer et al re-
ported significant differences between visible and spectrometric fluor-
escence in 33 newly diagnosed WHO grade III and IV gliomas using a
spectroscopic probe [33]. Similarly, Richter et al found a distinct re-
lationship between the median fluorescence ratio measured by a
handheld probe and the visible fluorescence levels classified as “none”,
“weak” and “strong” fluorescence in 16 high-grade glioma patients
[36]. Furthermore, Valdes et al recently described significantly higher

Fig. 2. Comparison of quantitative fluorescence with visible fluorescence, WHO grade, proliferation and microvacsular density.
(A) Quantitative fluorescence and visible fluorescence: A statistically significant difference was observed in the median fluorescence intensity (FI) between all three levels
of visible fluorescence (p < 0.001). (B) Quantitative fluorescence and WHO grade: A significantly higher median FI was found in tumor samples of WHO grade III and
IV as compared to WHO grade II (p < 0.001). However, we did not detect a significant difference in median FI values between samples of WHO grade III and IV
(p=0.325). (C) Quantitative fluorescence and proliferation: A significant linear correlation was found between FI and proliferation rate (Correlation coefficient: 0.461;
p < 0.001). (D) Quantitative fluorescence and microvascular density: No significant correlation was observed between FI and microvascular density (Correlation
coefficient: 0.038; p= 0.499).
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Table 3
Histopathological parameters and fluorescence intensity.

Histopathological parameter n Fluorescence Univariate Multivariable Group AUC a.u. sens spec PPV NPV
intensity a.u. p-value p-value CI 95% distinction cutoff (%) (%) (%) (%)
(median [IQR])

WHO Grade
Grade II 45 0.18 (0.09 – 0.33) p < 0.001 * NA WHO II vs. 0.92 1.5 88 98 99 79
Grade III 17 14.4 (0.19 – 19.54) p= 0.325 ** III / IV
Grade IV 81 16.12 (6.89 – 23.09) p < 0.001 ***

Quality of tisse
Diffusely infiltrated tumor tissue 89 0.46 (0.35 – 9.27) < 0.001 0.003 (1.00 – 1.04) 0.818 3.18 93 63 60 93
Compact tumor tissue 54 16.87 (12.35 – 25.98)

Histopatholigcal criteria of anaplasia
Mitosis

Low 12 0.18 (0.08 – 3.03) < 0.001 0.037 (1.04 – 3.24) Low vs. 0.868 3.7 90 63 80 79
Few 72 0.42 (0.15 – 9.01) few / many
Many 59 18.81 (14.40-25.75)

Cell density
Low 28 0.28 (0.12 – 4.81) < 0.001 0.023 (0.41 – 0.94) < 0.8+

Moderate 64 4.31 (0.28 – 18.18)
High 51 16.12 (7.05 – 24.68)

Nuclear pleomorphism
Low 41 0.24 (0.12 – 0.78) < 0.001 0.007 (1.23 – 3.74) 0.907 2.57 98 62 57 98
Moderate 53 3.24 (0.16 – 14.54) High vs.
High 49 19.71 (15.87 – 27.08) low/moderate

Microvascular Proliferation
Abscent 83 0.32 (0.12 – 6.69) < 0.001 0.002 (1.48 – 5.49) 0.887 1.53 98 69 69 98
Present 60 17.48 (10.50 – 24.66)

Focal pseudopalisading necrosis
Abscent 102 0.61 (0.16 – 14.39) < 0.001 0.703 – < 0.8+

Present 41 17.04 (11.31 – 24.28)

*WHO grade II vs. III, ** WHO grade III vs. IV, *** WHO grade II vs. IV; +AUC > 0.8 was considered as valuable for further estimation of cutoff values a.u…
arbitrary units, AUC… Area under the curve, IQR… Interquartile range, NPV… Negative predictive value, PPV… Positive predictive value, sens… sensitivity, spec…
specificity, WHO…World Health Organization.

Fig. 3. Comparison of quantitative fluorescence and corresponding histopathology, proliferation and microvascular density in three samples with different visible
fluorescence levels in a WHO grade IV glioma.
Sample with strong fluorescence: (A) The fluorescence intensity (FI) of a sample with strong fluorescence is very high (FI: 22.68). (B) The corresponding histopathology
reveals compact tumor tissue (C) with a high proliferation rate and (D) microvessel density. Sample with vague fluorescence: (E) The FI of a sample with vague
fluorescence is markedly increased (FI: 3.16). (F) The corresponding histopathology demonstrates infiltrated tumor tissue (G) with a medium proliferation rate and
(H) microvessel density. Sample with no fluorescence: (I) The FI of a non-fluorescing sample is low (FI: 0.28). (J) The corresponding histopathology shows only very
slight tumor infiltration with (K) a very low proliferation rate and (L) microvessel density.
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PpIX concentrations in fluorescing tissue samples as compared to non-
fluorescing samples in a cohort comprising 6 WHO grade I and II
gliomas by application of a fiberoptic probe [37]. Moreover, Eljamel
et al analyzed the FI of different visible florescence levels in gliomas
and metastases with assistance of a pulsed 405 nm laser and spectro-
meter applying a touch probe [35]. In this study, the authors found
markedly higher fluorescence ratios in areas of “red” fluorescence as
compared to regions with “pink” fluorescence [35]. In sum, the reports
in the literature and our data indicate that such handheld spectroscopic
probes are capable to quantitatively detect distinct differences in FI
values in different visible fluorescence levels. Recently, Petterssen et al
described also another promising approach to distinguish different
visible fluorescence levels [28]. In this study, the authors found a high
intra- and interobserver reliability to differentiate between “red”,
“pink” and “blue” fluorescence in participants with normal colour vi-
sion by application of a “8-panel fluorescence scale” [28].

4.1.2. Quantitative FI and histopathological parameters
WHO grade: In our study, we observed significant differences in the

median FI values of samples from WHO grade III/IV as compared to
WHO grade II gliomas. To the best of our knowledge, this is the first
study demonstrating such a difference by using a handheld spectro-
scopic probe in a large series of samples from newly diagnosed diffusely
infiltrating WHO grade II-IV gliomas. However, we did not detect sig-
nificant differences in the median FI values between samples of WHO
grade III and IV gliomas. Therefore, this finding of our study represents
a distinct limitation of our investigated handheld probe. One possible
explanation for this might be that a similar expression of relevant en-
zymes/factors of the heme biosynthesis pathway responsible for in-
tratumoral PpIX accumulation is present in WHO grade III and IV
gliomas. Consequently, the expression of specific enzymes/factors of
the heme biosynthesis pathway such as the ferrochelatase or copro-
porphyrinogen III oxidase should be further analyzed in a large series of
WHO grade III and IV glioma tissue samples in future studies. It is of
note, that we found, however, a high diagnostic performance of our
spectroscopic probe to differentiate between samples of WHO grade II
as compared to WHO grade III/IV gliomas (cutoff value: 1.5 a.u.) in our
current study.

Quality of tissue: Moreover, we found significantly higher median FI
values in samples with compact tumor tissue as compared to infiltrated
tumor tissue. In a cohort of WHO grade III and IV gliomas, Stummer
et al similarly described that strong fluorescence mostly corresponds to
greater spectrometric fluorescence and “solidly proliferating tumor”,
whereas vague fluorescence correlated predominately to lower spec-
trometric fluorescence and “infiltrating tumor” [33].

Histopathological parameters of anaplasia: Furthermore, we also
found significant differences in median FI values in each of the analyzed
histopathological parameters of anaplasia in the univariate analysis,
which remained significant with regard to mitotic rate, cell density,
nuclear pleomorphism and microvascular proliferation in the multi-
variable analysis. In the current literature, FI values derived from
spectroscopic devices were most commonly correlated to cell density. In
this sense, Stummer et al found a significant correlation between tissue
samples with increased cell density and high spectrometric fluorescence
as well as between specimens with decreased cell density and low FI
values [33]. To the best of our knowledge, a significant correlation of
quantitative FI values measured by a handheld spectroscopic probe
with regard to mitotic rate, nuclear pleomorphism and microvascular
proliferation in a large series of newly diagnosed diffusely infiltrating
WHO grade II-IV gliomas was not described so far.

4.1.3. Quantitative FI and proliferation
In our study, we observed a significant correlation between the

proliferation rate assessed by MIB-1 labeling index and the FI values.
Accordingly, Ishihara et al described a strong correlation between the FI
ratio and proliferation in 6 WHO grade II-IV gliomas by application of

visual light spectroscopy [43]. In this study, proliferation was the only
significant variable remaining after multivariable analysis further in-
cluding CD31-MVD and vascular endothelial growth factor (VEGF)
[43].

4.1.4. Quantitative FI and microvascular density
Finally, we did not find a significant correlation between MVD and

the FI values in our study. In contrast, Ishihara et al detected in their
study a significant correlation between the FI ratio and the CD31-MVD
in the 6 WHO grade II-IV gliomas [43]. However, this difference did not
remain significant in the multivariable analysis [43].

4.2. Relevance and future perspectives

5-ALA fluorescence-guided surgery represents a powerful, safe and
cost-effective technique to improve neurosurgical procedures [27].
According to our data, handheld spectroscopic probes are capable to
detect distinct differences in FI values between visible fluorescence
levels and are thus a further improvement of the current 5-ALA tech-
nique to objectify assessment of 5-ALA induced PpIX accumulation in
WHO grade II-IV gliomas. Furthermore, such probes are also able to
visualize intratumoral histopathological heterogeneity especially with
regard to specific histopathological parameters and proliferation in
gliomas. Thus, the future intraoperative use of this handheld spectro-
scopic probe will standardize the assessment of fluorescence during
glioma resection. Moreover, we expect to markedly improve the pre-
cision of tissue sampling during glioma surgery by application of our
determined cutoff values in order to visualize areas of focal malignant
transformation that might remain undetected by visible fluorescence
alone.

4.3. Limitations

Our study is associated with specific limitations. (1) First of all, the
diffusely infiltrating gliomas included in our study were not classified
according to the updated histopathological WHO 2016 criteria.
However, all patients were included before the release of the updated
WHO 2016 criteria and thus all tumors were classified according to the
applicable histopathological WHO criteria at time of diagnosis [39]. (2)
Furthermore, we did not measure the FI values of “normal tissue” ser-
ving as a negative control and did not analyze the diagnostic perfor-
mance of our spectroscopic probe (PpIX analysis for definition of the
tumor margin) since we did not perform sampling of “normal” brain
tissue only for the ex-vivo analysis of FI values due to ethical concerns.
Moreover, the scope of this study was to correlate the FI values with
histopathology, proliferation and MVD in tumor tissue of diffusely in-
filtrating gliomas of various WHO grades. (3) Finally, we did not sys-
tematically correlate the location of each collected sample with the
specific region (e.g. infiltrative margin vs tumor bulk) in each tumor
assessed by neuronavigation. However, this was not the scope of the
present study. Future studies should topographically correlate the site
of tissue collection of samples with different visual fluorescence/FI
values with specific tumor locations assessed by neuronavigation.

5. Conclusions

In the present ex-vivo study, we report on our initial experience with a
handheld spectroscopic probe to quantitatively assess the 5-ALA induced
PpIX fluorescence in large cohort of newly diagnosed WHO grade II-IV
gliomas. According to our data, quantitative fluorescence correlates with
visible fluorescence, histopathological parameters and proliferation.
Therefore, such handheld probes allow visualizing intratumoral glioma
heterogeneity by objective assessment of fluorescence. The future in-
traoperative application of such devices will thus markedly support the
neurosurgeon to improve tissue sampling in newly diagnosed gliomas in
order to optimize postoperative patient management.
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