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Abstract

Purpose Raman spectroscopy (RS) is a promising method for brain tumor detection. Near-infrared autofluorescence (AF)
acquired during RS provides additional useful information for tumor identification and was investigated in comparison with
RS for delineating brain tumors in situ.

Methods Raman spectra were acquired together with AF in situ within the solid tumor and at the tumor border during rou-
tine brain tumor surgeries (218 spectra; glioma WHO II-1II, n=6; GBM, n=10; metastases, n=10; meningioma, n=3).
Tissue classification for tumor identification in situ was trained on ex vivo data (375 spectra; glioma/GBM patients, n=20;
metastases, n=11; meningioma, n=13; and epileptic hippocampi, n=4).

Results Both in situ and ex vivo data showed that AF intensity in brain tumors was lower than that in border regions and
normal brain tissue. Moreover, a positive correlation was observed between the AF intensity and the intensity of the Raman
band corresponding to lipids at 1437 cm™!, while a negative correlation was found with the intensity of the protein band at
1260 cm™!. The classification of in situ AF and RS datasets matched the surgeon’s evaluation of tissue type, with correct
rates of 0.83 and 0.84, respectively. Similar correct rates were achieved in comparison to histopathology of tissue biopsies
resected in selected measurement positions (AF: 0.80, RS: 0.83).

Conclusions Spectroscopy was successfully integrated into existing neurosurgical workflows, and in situ spectroscopic data
could be classified based on ex vivo data. RS confirmed its ability to detect brain tumors, while AF emerged as a competitive
method for intraoperative tumor delineation.
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Introduction neuronavigation [1, 2], 5-aminolevulinic acid (5-ALA)

fluorescence in malignant gliomas [3, 4], and intraoperative

In the surgical management of malignant brain tumors,
achieving maximal resection improves progression-
free and overall survival. Various techniques, such as
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magnetic resonance imaging [5, 6], are employed to assist
neurosurgeons in improving tumor resection, particularly
in the infiltrative margins [7]. New procedures, including
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Raman spectroscopy (RS), hold promise for enhancing
the goal of maximal tumor resection. RS, which is a label-
free optical technique, provides intraoperative biochemical
characterization of cancer tissue in situ [8, 9] and allows
to distinguish brain tumors from normal brain parenchyma
[10-12]. Over the past two decades, several studies have
shown that the RS can not only identify neoplastic tissue of
all types of brain tumors but also distinguish necrotic and
infiltrative regions; moreover, it provides valuable infor-
mation on tumor type, grade of malignancy and molecular
markers [13—19].

When RS is applied to biological tissue, a significant
portion of the acquired light signal originates from tissue
autofluorescence (AF), which is mediated by cellular pro-
teins and other fluorophores [20]. Traditionally, AF is con-
sidered a confounding factor and is either suppressed during
the measurements or removed by data processing [21, 22].
Nevertheless, a few publications have shown that AF can
provide useful information for distinguishing tumors from
normal tissue [23-26]. In this study, we aimed to evaluate
intraoperative spectroscopic detection of different brain
tumors using a fiber-based commercial system. Our objec-
tives were threefold: (i) to assess the reliability of in situ
tumor detection by integrating spectroscopic analysis into
the standard surgical workflow and minimizing measure-
ment artifacts; (ii) to exploit the near-infrared AF that over-
lies the Raman spectra for identification of tumor tissue and
analyze it in comparison to RS results; and (iii) to classify in
vivo RS and AF datasets with a training set acquired ex vivo
from resected tissue samples.

Methods
Patients

Measurements were performed during 29 routine brain sur-
geries for resection of different types of brain tumors. Ex
vivo tissue samples were obtained from 44 brain tumor
patients, and nonneoplastic brain tissue samples were
obtained from four hippocampi resected during epilepsy
surgeries (supporting Table S1).

Raman probe and spectrometer

The measurement system consisted of a Raman spectrom-
eter (type HT, EmVision, LCC, Loxahatchee, FL, USA)
equipped with a cooled CCD camera (DU420A-BR-DD,
Andor Technology Ltd., Belfast, UK), a fiber-based probe
(EmVision, LCC, Loxahatchee, FL, USA), and a 785 nm
diode laser (Innovative Photonic Solutions, Monmouth
Junction, NJ, USA). The diameter of the irradiated region
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was 500 pm, and 95% of the Raman signal originated within
a 1 mm depth [15]. The full technical specifications of the
system are given in the Supporting Information.

Raman probe sterilization and quality control

To ensure the use of the Raman probe in the operating room
under sterile conditions, the probe was processed by the
central sterile supply department (CSSD) of Dresden Uni-
versity Hospital. The processing consisted of two clean-
ing and sterilization steps. First, the probe was washed to
eliminate any tissue or blood residues that would affect the
outcome of the subsequent sterilization. For this purpose,
a 15 min bath in 2% Gigasept AF Forte solution (Schiilke
& Mayr GmbH, Norderstedt, Germany) with a pH of 8.2
was established in accordance with standard internal pro-
tocols. The Raman probe was immersed in the bath up to
the Y-piece, and the front window was then cleaned with
ethanol to remove disinfectant residues. Sterilization of
the probe was performed according to the manufacturer’s
instructions using STERRAD plasma sterilization with a
100NX standard cycle.

To check whether the repeated cleaning and sterilization
process damaged the Raman probe, the output laser power
was measured, and the spectrum of an acetaminophen refer-
ence sample was recorded after 9, 21, and 31 cycles using
the same instrument settings. The intensity of the acetamin-
ophen Raman band at 858 cm™! remained constant until 21
cycles and decreased to 82% after 31 cycles. The measured
output power decreased after 31 cycles to 84% of the initial
value (i.e., from 81 mW to 69 mW). Correspondingly, some
mechanical damage (scratches) to the front optical windows
of the probe and to the surface of the excitation fiber were
observed. This did not have a statistically significant effect
on the acquired signal intensity over time (see Fig. SI in
Supporting Information).

Intraoperative in situ spectroscopy

All persons in the laser hazard area were informed about
laser safety and wore eye protection. Safety spectacles
with interference-coated glasses were used, which enable
transmission of visible light of 65% and excellent color
recognition. The operating room was darkened, similar to
the procedure for 5-ALA fluorescence microscopy. The
swiveling LED lights above the operating table, the micro-
scope and the neuronavigation system remained switched
on. During routine tumor resection, the surgeon selected
a suitable measurement position in the surgical area and
placed the probe in contact with the tissue. First, a spec-
trum was acquired with the laser switched off to record
the background of the room illumination. Subsequently,
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spectroscopic measurement of the tissue was performed
with a nominal laser power of 100 mW, leading to an output
power from the probe tip between 69 and 81 mW, depend-
ing on the probe age, as described in the previous section.
Each spectrum was recorded with an exposure time of 0.05s
and 40 accumulations, resulting in an acquisition time of
2s. Data that justify the choice of acquisition parameters are
shown in Supporting Information and Fig. S3. In total, 218
spectra of 29 patients with brain tumors were acquired, both
on the solid nonnecrotic tumor and on the tumor border (one
spectrum per measurement point — supporting Table S1). In
selected cases, a small tissue sample was collected from the
region of interest for histopathological analysis.

Ex vivo spectroscopy

Resected human tissue was transferred to an isotonic NaCl
solution and analyzed within 1 h. A laser output power of
80 mW from the probe tip was used, while an enclosure
enabled ambient light rejection. One to four spectra were
acquired per sample, resulting in 375 spectra from 73 tissue
samples of 48 brain tumor patients (supporting Table S1).
Additionally, 108 spectra from two fresh unfixed mouse
brains were recorded to develop the algorithm for artefact
correction (see Supporting Information).

Histopathology

Histopathological diagnosis was performed in the frame of
routine patient care. Additionally, 80 tissue samples collected
at selected measuring positions were stained for reference.
The protocols used for histology and Ki67 immunohisto-
chemistry are described in the Supporting Information.

Spectral data processing and classification

The background spectrum was subtracted from the cor-
responding raw tissue spectrum. Afterwards, the obtained
tissue spectra were processed in MATLAB 2021b (The
MathWorks, Inc., Natick, MA, USA). AF and RS signals
were separated with a baseline procedure, wherein the base-
line curve represents the AF signal (supporting Fig. S2).
Each curve was then subtracted from the corresponding tis-
sue spectrum to retrieve the Raman spectrum. Finally, spec-
tral artefacts were corrected in the Raman spectra, and the
corrected spectra were vector-normalized.

The AF intensity was calculated as area under the curve
(AUC) in the whole range 3602040 cm™!. The intensity
of the lipid and of amide III Raman bands were calcu-
lated as sum of signals in the ranges (1437 +1.6) cm™! and
(1260 +20) cm™ !, respectively.

The AF and RS datasets acquired in situ were classified
using a model developed with the ex vivo dataset as the
training set. The comparability of Raman spectra of ex vivo
hippocampal tissue, in vivo brain tissue and ex vivo and in
vivo tumors, is demonstrated in the Supporting Informa-
tion and Fig. S4. Principal component analysis (PCA) was
used to reduce dimensionality, and PCA coefficients were
used as variables for classifying spectra as tumor or non-
neoplastic with linear discriminant analysis. Patient-based
K-fold leave-one-out cross-validation was used to estimate
the classification performance on the training set. Classifica-
tion of in situ datasets was performed using the first ten PCA
coefficients for the RS dataset and the first three PCA coef-
ficients for the AF dataset. The first ten Raman components
explain 75.4% of the variability, higher components explain
a very small variance and the corresponding eigenvectors
only contain residual spectral artefacts and noise. The first
three AF components explain almost 100% of the variance.
Detailed descriptions of the data preprocessing, artefact cor-
rection, dimensionality reduction by PCA and classification
procedures are provided in the Supporting Information.

Statistics

Statistics were calculated using Prism 10 (GraphPad Soft-
ware, Inc., San Diego, CA, USA). Different statistical meth-
ods were used and they are indicated in the Results section
where appropriate. Differences were considered significant
if P<0.05.

Results

Based on the guidance of neuronavigation and the surgeon’s
assessment, intraoperative spectroscopic measurements
were conducted in situ on solid nonnecrotic tumors and at
the tumor border, where very low or even no infiltration was
expected. Figure 1 exemplifies this approach for a GBM
patient and shows in situ AF and Raman spectra as well as
retrospective reference immunohistochemistry for differ-
ent positions of the tumor. The differences between solid
tumors and border tissues are confirmed by the AF intensity,
which is lower in neoplastic tissue than in normal tissue,
as well as by Raman signal intensity in the spectral region
1240-1280 cm™! (amide III vibration of proteins [27]) and
at 1437 cm™ ' (deformation vibration of CH, groups in lipids
[27]). These variations indicate increased protein content
and corresponding decreased lipid content in the tumor.

As per the study protocol approved by the ethics com-
mission, in situ spectral measurements were limited to the
regions designated for resection. Therefore, intraopera-
tive measurements of normal brain tissue distant from the

@ Springer



546

Journal of Neuro-Oncology (2024) 170:543-553

Neuronavigation

Autofluorescence

AF int.
RS int.

In-situ spectroscopy

Raman spectra

Histopathology
g prTITe

AF int.
RS int.

AF int.
RS int.

no tissue
biopsy

AF int.
RS int.

DU T

1240-80 cm! 1437 cm™!

4 18 = 0
N i [ ] £ *
23 §17 W S S ks
- g -5

~

S g 16 3
<2 T S -10 3
s £ 15 - <
€ £ o
=1 £-15
< ° d 2™ = ] o *

v T T T 13 T T T T T ‘20 T T T T T

| nm m v v | nm m v v 1 n m v v

Fig. 1 Intraoperative in situ spectroscopic exemplary measurement of
a GBM. A Solid nonnecrotic tumor (positions I-1I), tumor-infiltrated
brain tissue (position III) and border regions with no or minimal infil-
tration (positions IV-V) were measured based on surgeon evaluation
and neuronavigation. In situ spectroscopy was performed at these
positions to retrieve autofluorescence (AF, here shown in the shift
range of 360-2040 cm™!), and Raman spectroscopy was also per-
formed at these positions (RS AF, here shown in the shift range of

tumor could not be obtained. To obtain reference spectra
of nonneoplastic tissue, additional spectra were acquired
from freshly resected samples of hippocampi from epileptic
patients.

Figure 2A shows the mean Raman spectra acquired in
situ for all measured tumor types compared with the mean
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550—1800 cm™'). Whenever possible (here for positions I, II, III and
V), a tissue biopsy was excised at the measurement position and fur-
ther processed for histology (HE) and immunohistochemistry (Ki67);
all scale bars: 100 um. B AF intensity. C Intensity of the RS band at
1437 cm™!, representative of the lipid tissue content. D Intensity of
the RS band in the range of 1240-1280 cm™!, representative of the
protein content

spectrum of normal brain tissue acquired ex vivo; the mean
difference spectra are shown in Fig. 2B. These data show
spectral differences underpinning the two main biochemi-
cal alterations that are common to tumors in the protein and
lipid regions mentioned above. These spectral differences
between solid tumors and nonneoplastic tissue become
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Fig. 2 Intraoperative spectroscopy in situ. A Mean Raman spectra of
tumor entities (solid tumor and tumor border) in comparison with the
nonneoplastic brain ex vivo; border regions were not available for
meningioma. B Mean difference spectra of tumors calculated using
the mean spectrum of ex vivo nontumor tissue. C Median autofluo-

more pronounced with increasing malignancy in gliomas,
while the largest changes are observed for metastases and
meningioma. At the tumor border, all tumor entities exhibit
spectrally similar yet smaller differences than solid tumors.
These differences are more prominent for glioma WHO

rescence (AF) intensity (box and whiskers with Tukey method). D
Scatter plot of AF intensity and intensity of the lipids at 1437 cm™!
from Raman spectroscopy (RS). E Scatter plot of AF intensity and the
intensity of the RS protein band between 1240 and 1280 cm™!

II-IIT and minimal in the case of metastasis borders, imply-
ing different degrees of infiltration in the border regions.
Despite the very high variability across measurements,
the median AF intensity of all types of solid tumors (shown
in Fig. 2C) is significantly lower than that of ex vivo
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nonneoplastic tissue (Kruskal-Wallis test and Dunn’s mul-
tiple comparisons test, both P <0.001). Furthermore, the AF
intensity of tumor borders acquired in situ is higher than
that of corresponding solid tumors for GBM and metas-
tases (Dunn’s multiple comparisons test, P=0.0017 and
P <0.001, respectively). Specifically, the difference is larg-
est for metastatic lesions, which exhibit the lowest median
AF intensity in the tumor tissue, and is not significant for
gliomas WHO II-III and GBM. Interestingly, the RS and
AF data are correlated, as shown by the scatter plots in
Fig. 2D, E. The AF intensity exhibits a positive correlation
with the intensity of the RS band of lipids at 1437 cm™!
(Spearman’s r=0.54, P<0.001) and a negative correlation
with the intensity of the protein band at 1240—1280 cm™!
(Spearman’s r = -0.46, P<0.001). The 3D scatter plot of
AF intensity and both Raman bands is shown in Supporting
Information, Fig. S7.

To confirm the results of in situ measurements while
avoiding artifacts from OR illumination and neuronaviga-
tion, ex vivo tumor tissue samples were also measured.
Analysis of the RS and AF intensity data confirmed all
the in situ measurements, including correlations between
the AF and RS bands (supporting Fig. S6). Overall, the ex
vivo measurements are in good agreement with previously
published results obtained with laboratory equipment [24].
Moreover, there is a very good agreement between ex vivo
and in vivo Raman spectra (see Supporting Information,
Fig. S4). Therefore, the large ex vivo spectroscopic dataset
(including spectra of nonneoplastic brain tissue excluding
spectra of the dura) was used to train the classification mod-
els to be applied on intraoperative data. The results of classi-
fication of the intraoperative AF and RS datasets are shown
in Fig. 3 and quantified in Table 1. The results of leave-
one-patient-out classification of the ex vivo training set are
shown for each spectrum and patient in Supporting Fig. S8.
The AF intensity as well as the intensities of the RS band of
lipids (at 1437 cm™") and proteins (at 1240—1280 cm™ ') are
shown for additional reference.

The classification results of the RS data compared with
the surgeon’s evaluation of tissue type at the measurement
position showed that 79% of the spectra acquired from
the tumor were classified as such, while 90% of the spec-
tra acquired at the border were classified as nonneoplastic.
The classification results of the subset of Raman spectra
for which a biopsy was available were also compared with
histopathological evaluation performed by an experienced
neuropathologist. Eighty tissue biopsies provided direct his-
topathological reference information for 121 spectra, and
the tissue was categorized by the pathologist as either neo-
plastic or as only slightly infiltrated (max 1-2% of tumor
cells) or tumor free. The classification correctly recognized
tumor for 80% of the Raman spectra of solid tumors and
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nonneoplastic tissue for 89% of the spectra of slightly infil-
trated/nonneoplastic tissue. The classification results of AF
spectra compared with surgeons’ evaluation of tissue type as
well as histopathology provided comparable overall results.
However, the sensitivity was rather low, as only 68% of the
spectra were acquired from tumors classified as such.

For both methods, the best sensitivity was achieved for
metastases (> 85%), which also displayed a pattern of classi-
fication consistent with the AF and RS intensities (for exam-
ple, patient 3 in Fig. 3). The lowest sensitivity was obtained
for glioma WHO II-III, which can generally be justified by
the small spectral differences between tumor and ex vivo
normal tissue highlighted in Fig. 2B. Furthermore, histopa-
thology did not match surgeons’ evaluation for six samples
of glioma and two samples of GBM (compare in Fig. 3); in
these cases, it remains questionable which tissue was mea-
sured. Additionally, the AF and RS intensities are less con-
sistent with tissue type for glioma and GBM (for example,
see patients 15 and 9, respectively). A possible explanation
is provided once again by the smaller differences between
the tumor and border regions that can be extracted from the
average spectra in Fig. 2A. In Fig. 3, the patient number
gives the measurement order and corresponds to steriliza-
tion cycles that the Raman probe already underwent. No
decline of classification performances was observed for
the patients that were measured later in the course of the
research, whereas interpatient and intertumoral variabilities
dominate the classification rate.

The lower classification performance provided by AF in
comparison to that provided by RS is a consequence of the
high interpatient variability in AF intensity (described by
the PC n.1 and explaining the largest signal variance; see
supporting Fig. S5b). This variability was found both in the
tumor and in the border region; it was already suggested by
the high scattering of the data in Fig. 2C and further con-
firmed by an interpatient analysis. However, the analysis
of AF intensity in the tumor and in border regions of each
patient showed that it was lower in the tumors of all patients,
with only two exceptions (Fig. 4). The ratio between the AF
intensity in the tumor region and that in the border regions
is highly variable, but it is in most cases a reliable parameter
for tumor identification irrespective of the tumor type.

Discussion

In addition to the established techniques for the localization
and visualization of brain tumors during surgery, the appli-
cation of intraoperative in situ RS offers a valuable oppor-
tunity to enhance brain tumor removal and facilitate safe
maximal resection. RS provides rapid biochemical informa-
tion about the tissue under investigation, complementing
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Table 1 Classification results compared to the surgeon’s evaluation and histopathology (ground truth). The number of spectra is reported

Surgeon’s evaluation Classification RS Classification AF
Tumor Border Tumor Nonneopl. Tumor Nonneopl.
Glioma 22 23 14/22 23/23 12/22 22/23
GBM 34 41 25/34 32/41 19/34 39/41
Metastases 44 42 38/44 40/42 38/44 42/42
Meningioma 12 0 11/12 0/0 7/12 0/0
Total 112 106 88 95 76 103
Percentage 79% 90% 68% 97%
Total 218 183/218 179/218
Percentage 84% 82%
Histopathology Classification RS Classification AF
Tumor Infilt. 0-2% Tumor Nonneopl. Tumor Nonneopl.
Glioma 9 11 5/9 9/11 6/9 10/11
GBM 25 15 20/25 12/15 17/25 13/15
Metastases 31 20 26/31 20/20 26/31 20/20
Meningioma 10 0 9 0/0 5 0/0
Total 75 46 60/75 41/46 54/75 43/46
Percentage 80% 89% 72% 93%
Total 121 101/121 97/121
Percentage 83% 80%
157 $ which were promptly integrated into the standard operat-
] ing procedures without any significant delays of surgeries.
In our set-up, each measurement took 4s (2s for acquisi-
8 1 . tion of the background and 2s for the spectrum), resulting
g 107 in a minimal increase in surgical duration. Furthermore, we
=] demonstrated that the fiber probe maintained sufficient opti-
é s cal performance after repeated sterilization, making it suit-
E 1 o ooe able for use in at least 30 operations. Larger variations in the
59 transmitted laser power and/or collected signal intensity due
] : ®e to probe degradation during time can be compensated by
e . periodic checks and consequent adjustment of the measure-
F-e--- f-' --t--- ment integration time. This may further extend the lifetime
0 T T T of the fiber probe and renders the technique economically
& 0@* ,ba‘ba viable. We did not observe a systematic decline of classi-
@ &é fication results over time. If any is present, it is masked by
W ' ’

Fig.4 Autofluorescence intensity at tumor borders ratioed on the auto-
fluorescence intensity of solid tumors. Each datapoint is the mean ratio
for each patient

established methods. Pioneering work on intraoperative RS
was initially reported by Jermyn et al., who utilized a fiber
probe for in situ detection of gliomas [15]. Subsequently, the
same research group published studies highlighting techni-
cal advancements [28, 29], referenced tumor detection by
RS using MRI data [14], and performed a multicenter study
on GBM, metastases and meningioma [30]. Building upon
these works, we successfully integrated spectroscopy into
the surgical workflow without any complications. The med-
ical staff demonstrated a high level of acceptance regarding
the implementation of the essential laser safety regulations,
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interpatient variability.

The primary sources of interference in our study origi-
nated from the operating microscope light and the optical
neuronavigation system. The correction of light and other
spectral artefacts significantly hindering the interpretation
of spectra is a well-recognized challenge [31]. Previous
works by Jermyn and Desroches did not correct for these
artefacts [15, 28, 29], while other groups emphasized the
impact of preprocessing methods to allow direct compari-
sons among different RS studies on brain tissue [32]. We
implemented background spectrum acquisition and sub-
sequent subtraction techniques to eliminate external illu-
mination signals. A further correction step eliminated all
instrument-related artefacts, providing Raman spectra that
allowed for accurate identification and quantification of
bands. Although not essential for successful classification
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using artificial intelligence, this correction step is crucial for
comprehending the underlying biochemical changes asso-
ciated with classification, facilitating meaningful compari-
sons with other studies and enhancing the interpretability
of the results.

Our findings confirm that RS is a reliable method for
the intraoperative detection of gliomas, meningiomas and
metastases [15, 30]. Therefore, we exploited RS as a refer-
ence for the interpretation of AF data.

AF spectroscopy and imaging in the visible range consti-
tute well recognized tools for biomedical research and diag-
nosis in a variety of organs and enable delineating tumors.
Interestingly, several neoplasms possess weaker AF com-
pared to normal tissue [33, 34]. AF demonstrated especially
useful in hepatology, as it enables to retrieve of a variety of
diagnostic parameters, including energy metabolism, fibro-
sis and lipid accumulation in disease and cancer [35]. In
normal liver and colorectal liver metastasis samples, visible
and NIR AF was found significantly lower in the neoplastic
tissue. Using excitation at 785 nm, a high level of tissue
discrimination was achieved both on the basis of Raman
spectra and AF intensity [36].

In the visible range, the majority of brain tumor types has
significantly weaker AF compared to normal brain tissue
[37], and the diagnostic potential of AF for the intraopera-
tive delineation of GBM margins was already demonstrated
[38]. Only few studies investigated brain AF in the near
infrared upon excitation with long-wavelength light [24,
39]. It was shown different anatomical structures within the
mouse brain have well-defined NIR AF fingerprints related
to lipids and melanin [39], but detailed studies about the
source of NIR AF in the human brain are not available yet.
Our results confirm that AF intensity is generally lower in
the tumors. We observed correlations between AF intensity
and both lipid and protein content in the tissue retrieved by
RS. However, we do not suggest lipids to be the source of
AF but rather suggest an indirect relationship. In light of
these results, we examined the AF intensity from the solid
tumor to the border regions and found that its reduction in
the tumor region was consistent within the same patient,
although it can vary significantly from patient to patient.
While the presence of interpatient variability limits the per-
formance of classification models based on pooled datasets
from multiple patients, our findings indicate that establish-
ing a patient-specific threshold for AF intensity alone could
delineate tumor borders.

Exploiting the near-infrared AF intensity would simplify
the measurement process (both hardware and software) by
eliminating the need for extensive spectral analysis while
retaining the main advantages of long-wavelength excita-
tion over standard visible fluorescence, such as increased
safety against tissue photodamage. Intrapatient analysis also

holds the potential to prolong the lifespan of fiber probes by
complying with possible signal losses associated with fiber
probe aging and repeated sterilization cycles.

The impossibility of generating systematic in vivo spec-
troscopic data from normal brain tissue is the limitation of
this study, which hindered an evaluation of the ability of
the system to differentiate between the normal brain and
slightly infiltrated border regions. Therefore, further studies
are required to investigate the sensitivity of AF for detecting
infiltration. These should include measurements of tumor
tissue, infiltrated tissue, and brain regions not foreseen for
resection, i.e., tumor-free border tissue and distant normal
brain parenchyma (which were lacking in the present study).

In summary, spectroscopic measurements can seamlessly
integrate into established neurosurgical protocols, allowing
for the classification of in vivo spectroscopic data based on
ex vivo training datasets. RS has been confirmed to be effec-
tive at identifying brain tumors in their natural environment,
while AF, which can complement RS or further develop as a
stand-alone method, has emerged as an additional technique
for delineating tumors intraoperatively.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s11060-
024-04809-w.

Acknowledgements We would like to thank the central sterile supply
department of Dresden University Hospital for their collaboration in
the development and execution of the sterilization protocols for the
fiber probe. We also extend our gratitude to Herzzentrum Dresden and
particularly Dr. Anett Jannasch, for providing the mouse brain sam-
ples. Finally, we especially acknowledge the commitment of all oper-
ating room teams whose support has been highly valuable for achiev-
ing the research objectives.

Author contributions O.U. and R.G. conceived the strategy and wrote
the first draft manuscript. O.U., J.Z. and R.G. developed the meth-
odology and analyzed the data. J.Z., D.K., T.A.J and S.B.S. acquired
the data (ex vivo and intraoperative spectroscopy). S.R. and M.M.H.
provided clinical expertise. M.M. provided histopathological exper-
tise. G.S. and L.Y.E. provided facilities. All authors read and approved
the final manuscript.

Funding This work was supported by the Stiftung Hochschulmedizin
Dresden (Antrag 15.11.2019 to R.G. and O.U.)
Open Access funding enabled and organized by Projekt DEAL.

Data availability The datasets generated during and analysed during
the current study are available from the corresponding author on rea-
sonable request.

Declarations

Ethical approval All procedures involving humans were performed in
accordance with the Helsinki Declaration. The study was approved by
the Ethics Commission of the TU Dresden (study n. EK 323,122,008
and EK 24012019). Mouse brains were obtained from the Heart Center
Dresden. No animals were additionally killed in the sense of the 3R in

@ Springer


https://doi.org/10.1007/s11060-024-04809-w
https://doi.org/10.1007/s11060-024-04809-w

552

Journal of Neuro-Oncology (2024) 170:543-553

animal protection, but brains from other experiments were used (study
n. DD24-5131/338/26); brain explantation took place after regular
mouse killing and had no influence on the planning or execution of
animal experiments.

Consent to participate Informed consent was obtained from all indi-
vidual participants included in the study.

Consent for publication Not applicable.
Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Wirtz CR, Albert FK, Schwaderer M et al (2000) The benefit of
neuronavigation for neurosurgery analyzed by its impact on glio-
blastoma surgery. Neurol Res 22:354-360. https://doi.org/10.108
0/01616412.2000.11740684

2. Orringer DA, Golby A, Jolesz F (2012) Neuronavigation in the
surgical management of brain tumors: current and future trends.
Expert Rev Med Devices 9:491-500. https://doi.org/10.1586/
erd.12.42

3. Diez Valle R, Hadjipanayis CG, Stummer W (2019) Established
and emerging uses of 5-ALA in the brain: an overview. J Neuroon-
col 141:487-494. https://doi.org/10.1007/s11060-018-03087-7

4. Stepp H, Stummer W (2018) 5-ALA in the management of
malignant glioma. Lasers Surg Med 50:399—419. https://doi.
org/10.1002/1sm.22933

5. Coburger J, Merkel A, Scherer M et al (2016) Low-grade
glioma surgery in intraoperative magnetic resonance imag-
ing: results of a Multicenter Retrospective Assessment of the
German Study Group for Intraoperative Magnetic Resonance
Imaging. Neurosurgery 78:775-786. https://doi.org/10.1227/
NEU.0000000000001081

6. Hatiboglu MA, Weinberg JS, Suki D et al (2009) Impact of
intraoperative high-field magnetic resonance imaging guid-
ance on glioma surgery: a prospective volumetric analy-
sis. Neurosurgery 64:1073-1081. https://doi.org/10.1227/01.
NEU.0000345647.58219.07

7. Hollon T, Stummer W, Orringer D, Suero Molina E (2019) Sur-
gical adjuncts to increase the extent of resection: Intraoperative
MRI, fluorescence, and Raman Histology. Neurosurg Clin N Am
30:65-74. https://doi.org/10.1016/j.nec.2018.08.012

8. Broadbent B, Tseng J, Kast R et al (2016) Shining light on neu-
rosurgery diagnostics using Raman spectroscopy. J Neurooncol
130:1-9. https://doi.org/10.1007/s11060-016-2223-9

9. Kouri MA, Spyratou E, Karnachoriti M et al (2022) Raman Spec-
troscopy: a personalized decision-making Tool on clinicians’

@ Springer

10.

11.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

hands for in situ Cancer diagnosis and surgery Guidance. Cancers
14:1144. https://doi.org/10.3390/cancers14051144

Galli R, Juratli TA, Uckermann O (2023) Clinical Raman spec-
troscopy of brain tumors from an interdisciplinary perspective.
Clin Neuropathol 42:2—14. https://doi.org/10.5414/NP301522
Hollon T, Lewis S, Freudiger CW et al (2016) Improving the
accuracy of brain tumor surgery via Raman-based technol-
ogy. Neurosurg Focus 40:E9. https://doi.org/10.3171/2015.12.
FOCUS15557

Hollon T, Orringer DA (2021) Label-free brain tumor imaging
using Raman-based methods. J Neurooncol 151:393-402. https://
doi.org/10.1007/s11060-019-03380-z

Brusatori M, Auner G, Noh T et al (2017) Intraoperative Raman
Spectroscopy. Neurosurg Clin N Am 28:633-652. https://doi.
org/10.1016/j.nec.2017.05.014

. Jermyn M, Desroches J, Mercier J et al (2016) Raman spec-

troscopy detects distant invasive brain cancer cells centimeters
beyond MRI capability in humans. Biomed Opt Express 7:5129—
5137. https://doi.org/10.1364/BOE.7.005129

Jermyn M, Mok K, Mercier J et al (2015) Intraoperative brain
cancer detection with Raman spectroscopy in humans. Sci Transl
Med 7:274ral9. https://doi.org/10.1126/scitranslmed.aaa2384
Kast R, Auner G, Yurgelevic S et al (2015) Identification of
regions of normal grey matter and white matter from patho-
logic glioblastoma and necrosis in frozen sections using Raman
imaging. J Neurooncol 125:287-295. https://doi.org/10.1007/
s11060-015-1929-4

Morais CLM, Lilo T, Ashton KM et al (2019) Determination of
meningioma brain tumour grades using Raman microspectros-
copy imaging. Analyst 144:7024-7031. https://doi.org/10.1039/
c9an01551e

Quesnel A, Coles N, Angione C et al (2023) Glycosylation spec-
tral signatures for glioma grade discrimination using Raman
spectroscopy. BMC Cancer 23:174. https://doi.org/10.1186/
$12885-023-10588-w

Uckermann O, Yao W, Juratli TA et al (2018) IDH1 mutation in
human glioma induces chemical alterations that are amenable to
optical Raman spectroscopy. J Neurooncol 139:261-268. https://
doi.org/10.1007/s11060-018-2883-8

Stewart HL, Birch DJS (2021) Fluorescence guided surgery. Meth-
ods Appl Fluoresc 9:042002. https://doi.org/10.1088/2050-6120/
acldbb

Lieber CA, Mahadevan-Jansen A (2003) Automated
method for subtraction of fluorescence from Biological
Raman Spectra. Appl Spectrosc 57:1363—-1367. https://doi.
org/10.1366/000370203322554518

Wei D, Chen S, Liu Q (2015) Review of fluorescence suppression
techniques in Raman Spectroscopy. Appl Spectrosc Rev 50:387—
406. https://doi.org/10.1080/05704928.2014.999936

Chang K-T, Lin Y-Y, Lin Y-Y et al (2019) In vivo real-time dis-
crimination among glioma, Infiltration Zone, and normal brain
tissue via Autofluorescence Technology. World Neurosurg
122:¢773-¢782. https://doi.org/10.1016/j.wneu.2018.10.144
Galli R, Meinhardt M, Koch E et al (2019) Rapid Label-Free
Analysis of Brain Tumor Biopsies by Near Infrared Raman and
fluorescence Spectroscopy—A study of 209 patients. Front Oncol
9. https://doi.org/10.3389/fonc.2019.01165

Huang Z, Lui H, McLean DI et al (2005) Raman spectros-
copy in combination with background near-infrared auto-
fluorescence enhances the in vivo assessment of malignant
tissues. Photochem Photobiol 81:1219-1226. https://doi.
org/10.1562/2005-02-24-RA-449

Nazeer SS, Saraswathy A, Gupta AK, Jayasree RS (2013) Fluores-
cence spectroscopy as a highly potential single-entity tool to iden-
tify chromophores and fluorophores: study on neoplastic human


https://doi.org/10.3390/cancers14051144
https://doi.org/10.5414/NP301522
https://doi.org/10.3171/2015.12.FOCUS15557
https://doi.org/10.3171/2015.12.FOCUS15557
https://doi.org/10.1007/s11060-019-03380-z
https://doi.org/10.1007/s11060-019-03380-z
https://doi.org/10.1016/j.nec.2017.05.014
https://doi.org/10.1016/j.nec.2017.05.014
https://doi.org/10.1364/BOE.7.005129
https://doi.org/10.1126/scitranslmed.aaa2384
https://doi.org/10.1007/s11060-015-1929-4
https://doi.org/10.1007/s11060-015-1929-4
https://doi.org/10.1039/c9an01551e
https://doi.org/10.1039/c9an01551e
https://doi.org/10.1186/s12885-023-10588-w
https://doi.org/10.1186/s12885-023-10588-w
https://doi.org/10.1007/s11060-018-2883-8
https://doi.org/10.1007/s11060-018-2883-8
https://doi.org/10.1088/2050-6120/ac1dbb
https://doi.org/10.1088/2050-6120/ac1dbb
https://doi.org/10.1366/000370203322554518
https://doi.org/10.1366/000370203322554518
https://doi.org/10.1080/05704928.2014.999936
https://doi.org/10.1016/j.wneu.2018.10.144
https://doi.org/10.3389/fonc.2019.01165
https://doi.org/10.1562/2005-02-24-RA-449
https://doi.org/10.1562/2005-02-24-RA-449
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1080/01616412.2000.11740684
https://doi.org/10.1080/01616412.2000.11740684
https://doi.org/10.1586/erd.12.42
https://doi.org/10.1586/erd.12.42
https://doi.org/10.1007/s11060-018-03087-7
https://doi.org/10.1002/lsm.22933
https://doi.org/10.1002/lsm.22933
https://doi.org/10.1227/NEU.0000000000001081
https://doi.org/10.1227/NEU.0000000000001081
https://doi.org/10.1227/01.NEU.0000345647.58219.07
https://doi.org/10.1227/01.NEU.0000345647.58219.07
https://doi.org/10.1016/j.nec.2018.08.012
https://doi.org/10.1007/s11060-016-2223-9

Journal of Neuro-Oncology (2024) 170:543-553

553

217.

28.

29.

30.

31.

32.

33.

34.

brain lesions. J Biomed Opt 18:067002. https://doi.org/10.1117/1.
JBO.18.6.067002

Talari ACS, Movasaghi Z, Rehman S, Rehman Iur (2015) Raman
Spectroscopy of Biological Tissues. Appl Spectrosc Rev 50:46—
111. https://doi.org/10.1080/05704928.2014.923902

Jermyn M, Desroches J, Mercier J et al (2016) Neural networks
improve brain cancer detection with Raman spectroscopy in
the presence of operating room light artifacts. J Biomed Opt
21:94002. https://doi.org/10.1117/1.JB0O.21.9.094002

Desroches J, Jermyn M, Mok K et al (2015) Characterization of
a Raman spectroscopy probe system for intraoperative brain tis-
sue classification. Biomed Opt Express 6:2380—-2397. https://doi.
org/10.1364/BOE.6.002380

Ember K, Dallaire F, Plante A et al (2024) In situ brain tumor
detection using a Raman spectroscopy system-results of a
multicenter study. Sci Rep 14:13309. https://doi.org/10.1038/
$41598-024-62543-9

Cordero E, Latka I, Matthaus C et al (2018) In-vivo Raman spec-
troscopy: from basics to applications. J Biomed Opt 23:1-23.
https://doi.org/10.1117/1.JB0O.23.7.071210

Wahl J, Klint E, Hallbeck M et al (2022) Impact of preprocess-
ing methods on the Raman spectra of brain tissue. Biomed Opt
Express 13:6763-6777. https://doi.org/10.1364/BOE.476507
Croce AC, Bottiroli G (2014) Autofluorescence spectroscopy and
imaging: a tool for biomedical research and diagnosis. Eur J His-
tochem EJH 58:2461. https://doi.org/10.4081/ejh.2014.2461
Campbell JM, Habibalahi A, Handley S et al (2023) Emerg-
ing clinical applications in oncology for non-invasive

35.

36.

37.

38.

39.

multi- and hyperspectral imaging of cell and tissue autofluores-
cence. J Biophotonics 16:¢202300105. https://doi.org/10.1002/
jbi0.202300105

Croce AC, Ferrigno A, Bottiroli G, Vairetti M (2018) Autoflu-
orescence-based optical biopsy: an effective diagnostic tool in
hepatology. Liver Int off J Int Assoc Study Liver 38:1160—1174.
https://doi.org/10.1111/1iv.13753

Corden C, Boitor R, Dusanjh PK et al (2023) Autofluorescence-
Raman Spectroscopy for Ex vivo mapping colorectal liver
metastases and liver tissue. J Surg Res 288:10-20. https://doi.
org/10.1016/j.jss.2023.02.014

Saraswathy A, Jayasree RS, Baiju KV et al (2009) Optimum
wavelength for the differentiation of brain tumor tissue using
autofluorescence spectroscopy. Photomed Laser Surg 27:425-
433. https://doi.org/10.1089/pho.2008.2316

Croce AC, Fiorani S, Locatelli D et al (2003) Diagnostic potential
of autofluorescence for an assisted intraoperative delineation of
glioblastoma resection margins. Photochem Photobiol 77:309—
318. https://doi.org/10.1562/0031-8655(2003)077%3C0309:dpo
afa%3E2.0.co;2

Lifante J, Del Rosal B, Chaves-Coira I et al (2020) The near-
infrared autofluorescence fingerprint of the brain. J Biophotonics
13:€202000154. https://doi.org/10.1002/jbi0.202000154

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1002/jbio.202300105
https://doi.org/10.1002/jbio.202300105
https://doi.org/10.1111/liv.13753
https://doi.org/10.1016/j.jss.2023.02.014
https://doi.org/10.1016/j.jss.2023.02.014
https://doi.org/10.1089/pho.2008.2316
https://doi.org/10.1562/0031-8655(2003)077%3C0309:dpoafa%3E2.0.co;2
https://doi.org/10.1562/0031-8655(2003)077%3C0309:dpoafa%3E2.0.co;2
https://doi.org/10.1002/jbio.202000154
https://doi.org/10.1117/1.JBO.18.6.067002
https://doi.org/10.1117/1.JBO.18.6.067002
https://doi.org/10.1080/05704928.2014.923902
https://doi.org/10.1117/1.JBO.21.9.094002
https://doi.org/10.1364/BOE.6.002380
https://doi.org/10.1364/BOE.6.002380
https://doi.org/10.1038/s41598-024-62543-9
https://doi.org/10.1038/s41598-024-62543-9
https://doi.org/10.1117/1.JBO.23.7.071210
https://doi.org/10.1364/BOE.476507
https://doi.org/10.4081/ejh.2014.2461

	﻿Raman and autofluorescence spectroscopy for in situ identification of neoplastic tissue during surgical treatment of brain tumors
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Patients
	﻿Raman probe and spectrometer
	﻿Raman probe sterilization and quality control
	﻿Intraoperative in situ spectroscopy
	﻿Ex vivo spectroscopy
	﻿Histopathology
	﻿Spectral data processing and classification
	﻿Statistics

	﻿Results
	﻿Discussion
	﻿References


