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Characterization of brain tumours requires neuropathological expertise and is generally performed by histological evaluation and
molecular analysis. One emerging technique to assist pathologists in future tumour diagnostics is multimodal optical spec-
troscopy. In the current clinical routine, tissue preprocessing with formalin is widely established and suitable for spectroscopic
investigations since degradation processes impede the measurement of native tissue. However, formalin fixation results in
alterations of the tissue chemistry and morphology for example by protein cross-linking. As optical spectroscopy is sensitive to
these variations, we evaluate the effects of formalin fixation on multimodal brain tumour data in this proof-of-concept study.
Nonfixed and formalin-fixed cross sections of different common human brain tumours were subjected to analysis of chemical
variations using ultraviolet and Fourier-transform infrared microspectroscopy. Morphological changes were assessed by elastic
light scattering microspectroscopy in the visible wavelength range. Data were analysed with multivariate data analysis and
compared with histopathology. Tissue type classifications deduced by optical spectroscopy are highly comparable and inde-
pendent from the preparation and the fixation protocol. However, formalin fixation leads to slightly better classification models
due to improved stability of the tissue. As a consequence, spectroscopic methods represent an appropriate additional contrast for
chemical and morphological information in neuropathological diagnosis and should be investigated to a greater extent. Fur-
thermore, they can be included in the clinical workflow even after formalin fixation.
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1. Introduction

The digital transformation has made its way into clinical di-
agnostics and affects the microscopic diagnosis of pathological
changes [1]. Digital pathology replaces conventional micros-
copy since diagnosis can be achieved directly on screen [2].
Further advantages are the combination of data management
solutions and evaluation algorithms, as well as the global ex-
change of data sets [1, 3]. Investigating a large number of
samples in a short time (high throughput screening) requires a
digital and predefined process chain, allowing pathologists and
digital pathology systems to preselect samples and conse-
quently spend more time with diagnosing [4]. Moreover, the
process chain enables a simple integration of additional
spectroscopic contrast methods, comparable to classical
staining, to improve the selection [3, 4]. One of these additional
contrast methods is optical spectroscopy [5, 6]. Its imple-
mentation into the clinical routine demands a standardized
sample handling [7], especially in clinical practice [1, 8].
Therefore, optical spectroscopic methods have to be critically
examined for their suitability in clinical routine.

In histopathology, tissue samples are usually obtained from
biopsies and resections and immediately treated with formalin
for preservation purposes [9]. Formalin is the most used fix-
ative in pathology laboratories [10-13]. This procedure should
ensure chemical preservation of the tissue for further inves-
tigations and molecular analysis after fixation [10, 11, 14-16].
Although no fixative meets all these criteria, formalin fulfils
most of these requirements [11, 17, 18] as it inhibits autolysis
and stabilizes the tissue by cross-linking with amino groups of
amino acids present in peptides and proteins. Fixation with
formalin does not destroy nucleic acids, carbohydrates, and
lipids. In addition, the three-dimensional structure is retained
so that it can be explicitly investigated [9, 17, 18].

After fixation, specimens are commonly embedded in,
e.g., paraffin for section preparation, and subsequent tissue
sections are histologically stained enabling their microscopic
examination [7, 10]. One of the most common routine
staining methods is hematoxylin-eosin (H & E) staining.
Staining of cell nuclei and cytoplasm allows judgement of
cell arrangement, density and number of mitoses, devel-
opment of necrosis, and nuclear and cellular pleomorphism.
These four morphological characteristics are the main cri-
teria for classification of tumours of the central nervous
system (CNS) in humans [19]. Based on histopathology and
the resulting morphological factors and, more recently, on
genetic fingerprints, the World Health Organization (WHO)
classifies primary tumours of the CNS in four grades (I-IV)
[19, 20] with benign tumours classified as WHO grade L. As
the highest grade, grade IV indicates the most malignant
tumours, such as glioblastoma multiforme [19-22].

Improvement of cancer diagnosis is an ongoing task. Early,
targeted and safe cancer therapies can only result in enhanced
patient prognosis with a firm basis in diagnosis [23-26]. One
approach for a meaningful diagnosis is a combination of
microscopic analysis with spectroscopic methods, which does
not require any additional preparation effort of the tumour
specimen [27, 28]. Therefore, an increasing number of spec-
troscopic single techniques, especially Raman- and infrared
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(IR) spectroscopy, emerge, aiming at the classification of brain
tumours [29-32]. Further studies consider elastic light scat-
tering spectroscopy (ELS), which is particularly sensitive to
morphological differences in tissues [33, 34]. It enables one of
the earliest detections of carcinogenesis [35-37]. Absorption
spectroscopy within the ultraviolet (UV) spectral range is
another technique for characterizing cell lines and tumorous
tissue [38-40]. Different spectroscopic techniques can com-
plement each other by their information content [41] and thus
increase sensitivity and specificity [42, 43]. This approach is
challenged by multimodal optical spectroscopy. It generates
large data sets, which are evaluated using multivariate methods
to reduce the amount of data and identify small spectral dif-
ferences [44-46]. In numerous studies, optical spectroscopic
techniques in combination with multivariate data analysis
methods are used for cancer diagnosis [47-49]. In order to
identify and visualize groups within datasets, a principal
component analysis (PCA) is an adequate tool [50]. The PCA
addresses the extraction of the most relevant information out of
a complex data table [51, 52]. A combination of PCA with the
Bayesian discriminant analysis (DA) enables the classification
of data and the additional deduction of model-related quality
parameters [53]. This PCA-DA-based classification can be
subsequently compared with the classical, histopathological
diagnosis. Additional quality parameters characterize more
precisely the multivariate model and indicate the model’s
prediction quality.

Up to now, various tissue preparation techniques have been
investigated by spectroscopy [54-61]. Most of these studies
used IR and Raman spectroscopy for that purpose. It was
shown that cells and tissue prepared with formalin are most
similar to their native state [54, 58, 62]. However, none of these
studies follows a multimodal concept with two or more
spectroscopic techniques. In addition, a comparison between
spectroscopy-based identification of brain tumours and his-
topathological tissue sections of these tumours has so far not
been performed. In this study, we pursue a multimodal
spectroscopic approach using three techniques, UV, ELS, and
Fourier-transform (FT) IR spectroscopy. For this purpose,
nonfixed and fixed tissue sections of brain tumours are ex-
amined with all three spectroscopic methods. We investigate
whether formalin fixation is the appropriate fixation protocol
for each spectroscopic method. The suitability of formalin
fixations to ensure chemical stability is verified with the rarely
applied UV and FTIR spectroscopy. Morphological preser-
vation by formalin fixation, however, is investigated with ELS
spectroscopy. Based on the multimodal data sets, key perfor-
mance indicators are calculated for the respective spectroscopic
method. Here, we show that multivariate models can be used
independently of fixation. Consequently, formalin-fixed tissue
sections are suitable for a multivariate model-based diagnosis.
Such a diagnostic tool is also simple to implement in a clinical
workflow combined with fundamental studies.

2. Materials and Methods

2.1. Sample Preparation. Eight human brain tumours of
different malignancies and tissue types were excised during
surgery and immediately transferred to liquid nitrogen. Two
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different sample sets were used for spectroscopic charac-
terization. Both sets were composed of tumour tissue
samples with different WHO grades. Each tumour entity
yielded three tissue cross sections. Based on a detailed
histopathological evaluation, the most suitable cross section
for spectroscopic measurements was chosen.

H&E staining confirmed that tissues taken for the an-
alyses were derived from the core tumours. Specimens were
sectioned at 10 ym layer thickness on a cryomicrotome and
placed on microscope slides. For UV microspectroscopy, the
tissues were prepared on quartz slides (Suprasil 1, Aachener
Quarzglas-Technologie Heinrich GmbH & Co. KG). For the
ELS and FTIR microspectroscopy, BioGold slides (Super-
Chip, Thermo SCIENTIFIC) were used. One half of the
slides were subsequently fixed with an aqueous formalde-
hyde solution (4% in PBS) and rinsed with PBS, whereas the
other half of the slides remained native. Adjacent tissue
sections with comparable tissue type and structure were
either formalin-fixed or remained native in order to com-
pare the effect of the fixation. Additionally, cross sections of
each sample were prepared on glass slides for H&E staining.

2.2. Histopathological Grading. Ten ym thick whole-mount
H&E-stained cross sections from eight tumour tissues were
inspected and graded by two independent board-certified
neuropathologists (AP and JS). For a detailed list of the
samples, see Table S1.

2.3. Data Acquisition. Throughout each tissue cross section,
15 single point measurements were performed for fixed and
nonfixed samples of all spectroscopic techniques. Mea-
surement points were selected, considering characteristic
morphological features for the different WHO grades.
Therefore, tissue heterogeneity was reflected by the
measurements.

2.4. Ultraviolet Absorption Microspectroscopy. For each tu-
mour, 15 measurements of each nonfixed and formalin-fixed
cross section were acquired. Measurements in transmission
were performed on a Zeiss MPM 800 and range from 230 nm
to 380nm. A blank quartz slide served as reference. Un-
polarized light from a XBO-lamp (14 V, 75 W) was spectrally
separated by a monochromator (spectral resolution 1nm,
spectral accuracy +2.5 nm) and coupled into the microscope
with an illumination aperture of 1.0 mm. The transmitted
light was guided through a quartz objective (Zeiss,
ULTRAFLUAR 10x, numerical aperture 0.20) and detected
by a photomultiplier in the image plane of the microscope.
The measuring aperture was 0.25 mm.

2.5. Elastic Light Scattering Microspectroscopy. Fifteen
measurements of each nonfixed and formalin-fixed cross
sections per tumour were acquired. Measurements in re-
flection were accomplished on a Zeiss MPM 800 and range
from 380 nm to 700 nm. Unpolarized white light from a
halogen lamp (12V, 100 W) was coupled into a dark-field
reflector, and the elastically scattered light was solely

collected by the dark-field objective (Zeiss, EPIPLAN-
NEOFLUAR 20x, numerical aperture 0.50). The back-
scattered light was spectrally separated by the monochro-
mator (spectral resolution 1 nm, spectral accuracy +2.5 nm)
and detected by a photomultiplier in the image plane of the
microscope. The measured spot was limited to a diameter of
0.63 mm with an aperture. Spectralon® is used as reference.

2.6. Fourier-Transform Infrared Microspectroscopy. Fifteen
measurements of each nonfixed and formalin-fixed tumour
cross section were performed in attenuated total reflection
with a PerkinElmer Autoimage microscope coupled to a
FTIR system 2000 spectrometer. The wavenumbers range
from 4000 cm™" to 700 cm™'. A Germanium crystal with an
aperture size of 100 ym x 100 ym was used. The system was
referenced against air, and 256 accumulations for each
measurement with a gain of 4 were acquired. The spectral

. -1
resolution was 8cm’™ .

2.7. Data Analysis. The PCA was calculated with the soft-
ware “The Unscrambler X 10.5” from CAMO with mean
centering, leverage correction, and NIPALS-algorithm.
Model outliers were identified in the influence plot hotel-
ling’s T? versus F-residuals (outlier limits 5% each). Uni-
variate calculations and plots were carried out with
OriginPro 2017G from OriginLab Corporation. For the
comparison of nonfixed to fixed models, each PCA was
combined with a Bayesian discriminant analysis with
Mahalanobis distance (UV and ELS microspectroscopy) or
Euclidean distance (FTIR microspectroscopy) in CAMO’s
software “the Unscrambler X 10.5.” The number of used
principal components (PCs) for the Bayesian discriminant
analysis was similar to the shown PCA models. The quality of
each model was determined by the degree of accordance
between the model’s prediction, and the pathologist’s as-
sumption was expressed in percent. This value is called
overall accuracy. Additionally, the average sensitivity,
specificity, false positive rate, and precision were calculated
based on the confusion matrix terminology (see explanation
of the confusion matrix terminology in the Supplementary
Materials for further details) (available here). This results in
one model of nonfixed and one model of formalin-fixed
samples for each spectroscopic method. Beyond that, an
additional model including both the nonfixed and formalin-
fixed spectra was calculated (Figures S5-S7).

2.8. Spectral Data Processing. The UV spectra were pre-
treated prior to the multivariate data analysis in the fol-
lowing way: standard normal variate (SNV) and
subsequently the Savitzky-Golay 1** (smoothed) derivative
(11 points, 2™ polynomial order).

The ELS spectra were preprocessed prior to multivariate
data analysis. The initial area normalization was followed by
the first SavitzkyGolay (smoothed) derivative (15 points, 2"¢
polynomial order).

The IR spectra were pretreated prior to multivariate data
analysis in the following way: the wavenumbers from



2410cm™ to 2240 cm™ were left out due to the CO, ab-
sorption of air. A unit vector normalization followed by the
first SavitzkyGolay (smoothed) derivative (15 points, 2™
polynomial order) was performed.

3. Results

3.1. Brain Tumour Samples and Histopathological Grading.
In order to validate the diagnosis of the spectroscopically
investigated tissue samples, a routine neuropathological
diagnosis of the tissue sections was performed by two in-
dependent certified neuropathologists (AP and J]S). The
sample set I consisted of a WHO-grade I fibrous menin-
gioma (in the following mentioned as sample A), a WHO
grade II oligodendroglioma (sample B), a WHO grade III
anaplastic ependymoma (sample C), and a WHO grade IV
glioblastoma (sample D) (Figures 1(a)-1(d)). A second data
set was provided to demonstrate the feasibility of this study:
sample set IL. It consists of a WHO grade I plexus papilloma
(in the following mentioned as sample E), a WHO grade II
oligodendroglioma (sample F), a WHO grade III anaplastic
oligodendroglioma (sample G), and a WHO grade IV
glioblastoma (sample H) (Figures 1(e)-1(h)). These tumours
were chosen as representative tumour entities for this proof-
of-concept study (Table S1).

3.2. Ultraviolet Absorption Microspectroscopy of Nonfixed and
Formalin-Fixed Human Brain Tumours. Figures 2(a)-2(d)
show the UV absorption mean spectra of the human brain
tumours. A high absorption at 230 nm and a broad ab-
sorption band between 250 nm and 300 nm is visible. The
mean spectra have nearly the same shape, and the non-
fixed (Figures 2(a) and 2(c)) and formalin-fixed ones
(Figures 2(b) and 2(d)) are mostly comparable.

Sample B and sample H, however, reveal small spectral
differences between 240nm to 260nm and 330nm to
360 nm for nonfixed and fixed cross sections. In order to
highlight these differences, derivative spectra were generated
(Figure S1).

Figures 2(e)-2(l) show the PCA models of the preprocessed
spectra and allow a differentiation of the four tumour samples
for nonfixed and formalin-fixed cross sections of each sample
set. The 3D score plot of the nonfixed cross sections for sample
set I is shown in Figure 2(e). On PC1 (79% explained variance),
oligodendroglioma, sample B is separated from the other tissue
samples. PC2 (15% explained variance) demarcates anaplastic
ependymoma, sample C from meningioma, sample A and
glioblastoma, sample D. PC3 (2% explained variance) distin-
guishes meningioma, sample A from glioblastoma, sample
D. The 3D scores plot of PC1 (86% explained variance) versus
PC2 (7 % explained variance) versus PC3 (3% explained var-
iance) of the formalin-fixed brain tumour cross sections for
sample set I is shown in Figure 2(f). On PC1, samples A, B, and
C can be distinguished. PC2 and PC3 are needed to demarcate
sample D from the other tissue samples. The corresponding
loadings plots are shown in Figure 2(i) for the nonfixed model
and in Figure 2(j) for the formalin-fixed model and have
comparable trends. The main variance of nonfixed and
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formalin-fixed brain tumour cross sections is located at 240 nm
for PCI. The extrema of the PC2 loadings for the formalin-fixed
cross sections shift by 5 nm to longer wavelengths compared to
the nonfixed ones. For the nonfixed cross sections, the extreme
values are at 245 nm and at 280 nm. They are located at 250 nm
and 285 nm for the formalin-fixed cross sections. On PC3, we
observed the main variance at 240 nm, 250 nm, and 290 nm for
nonfixed and formalin-fixed cross sections. Comparable PCA
models could be achieved with sample set II for the nonfixed
(Figures 2(g) and 2(k)) and the formalin-fixed (Figures 2(h) and
2(1)) brain tumour cross sections. Due to the combination of
each PCA with a Bayesian discriminant analysis using Maha-
lanobis distance calculation, a quality comparison of nonfixed
and formalin-fixed models was possible. The accordance of the
model’s prediction with the pathologist’s assumption results in
82% for the nonfixed sample set I and in 85% the nonfixed
sample set II. The formalin-fixed sample set I achieved an
overall accuracy of 95%, whereas an accuracy of 75% was
determined for sample set II (Tables S5-S8).

3.3. Elastic Light Scattering Microspectroscopy of Nonfixed and
Formalin-Fixed Human Brain Tumours. Figures 3(a)-3(d)
show the ELS mean spectra of the human brain tumours for
each tissue sample. In each mean spectrum, a broad maximum
between 400 nm and 500 nm is observable. The spectra are
tailing from 500 nm to 700 nm and have nearly the same shape.
The spectra of nonfixed cross sections (Figures 3(a) and 3(c))
and formalin-fixed ones (Figures 3(b) and 3(d)) are mostly
comparable.

Sample C, however, reveals small spectral differences
between 400 nm to 450 nm for nonfixed and fixed cross
sections. In order to highlight these differences, derivative
spectra were generated (Figure S3).

Figures 3(e)-3(l) shows the PCA models of the pre-
processed spectra. The models allow a differentiation of the
tissues for nonfixed sample set I and sample set II and for-
malin-fixed cross sections of both sample sets. The scores plot
of nonfixed cross sections sample set I is shown in Figure 3(e).
PC1 (51% explained variance) distinguishes the tissues. Here,
the tissues are located in the orders B, D, C, and A on PCI.
PC2 (9% explained variance) further enhances the separation
of the tissues, specifically sample A and sample B from sample
C and sample D. The scores plot of PC1 (59% explained
variance) versus PC2 (9% explained variance) of the formalin-
fixed brain tumour cross sections sample set I is shown in
Figure 3(f). On PC1, all tissue samples are evenly arranged in
the same order as for the nonfixed PCA model. The same
applies to PC2, except that PC2 is mirrored. Overall, we find
less overlap between the clusters in the scores plot of the
formalin-fixed samples. The corresponding loadings plots are
shown in Figure 3(i) for the nonfixed model and in Figure 3(j)
for the formalin-fixed sample set I model. The main variance
of nonfixed and formalin-fixed cross sections is for PC1 at
500 nm. The loadings plots of PC1 have nearly the same shape.
For PC2, the main variance and the appearance of the
loadings are different. Comparable PCA models could be
achieved with sample set II for the nonfixed (Figures 3(g) and
3(k)) and the formalin-fixed (Figures 3(h) and 3(l)) brain
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FiGure 1: Histological features of brain tumour tissues used for spectroscopic analyses (H&E staining). (a) fibrous meningioma (WHO
grade I sample (A)) with isomorphic tumour cells and eosinophilic collagen fascicles (arrow); (b) low-grade oligodendroglioma (WHO
grade II, sample (B)) presented with the typical honeycomb pattern of tumour cells with isomorphic nuclei. Single cells resemble fried eggs
with blue yolk (nucleus); neither mitosis nor vascular proliferations are detectable. (c) anaplastic ependymoma (WHO grade III, sample (C))
is a cellular neoplasm with prominent perivascular pseudorosettes (asterisks) and increased proliferation; (d) glioblastoma (WHO grade IV,
sample (D)) is characterized by polymorphous tumour cells, some of which are multinucleate (asterisks), by mitotic activity and by
prominent vascular proliferation. (e) plexus papilloma (WHO grade I sample (E)) presented with typical papillary architecture, iso-
morphous tumour cells, and nuclei; no mitoses are detectable; (f) low-grade oligodendroglioma (WHO grade II, sample (F)) with the
characteristic honeycomb pattern (similar to Figure 1(b)); (g) features of anaplastic oligodendroglioma (WHO grade III, sample (G))
consists of a honeycomb pattern similar to low-grade oligodendroglioma, higher cellularity, and pleomorphic nuclei and occasional mitoses
(arrow); (h) glioblastoma (WHO grade IV, sample (H)) as a highly cellular and polymorphous glial tumour with vascular proliferation
(arrow) and multinucleated cells. Scale bar in (a) is valid for (a)-(h), 50 ym.


















