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Simple Summary: Biomechanics has emerged as a key player in diffuse glioma progression and
invasion, as the glioma cells interact both chemically and mechanically with the extracellular matrix
to facilitate proliferation and cell migration, altering the mechanical properties of tumor and adjacent
brain tissue. The quantification of these properties is expected to contribute to advances in glioma
biology, diagnostic instrumentation, and treatment technology. Previous studies have associated
isocitrate dehydrogenase gene family (IDH) mutations and World Health Organization (WHO) grade
with differences in glioma elasticity, although not on fresh tissue specimens. This is the first study
to investigate the combined influence of glioma IDH mutation status and WHO grade on both
tumor and peritumoral white matter fresh tissue elasticity by using atomic force microscope (AFM)
nanoindentation. It is also the first to systematically determine the elastic modulus of human white
matter using AFM nanoindentation with spherical tips on fresh tissue slices ex vivo.

Abstract: This study aims to investigate the influence of isocitrate dehydrogenase gene family (IDH)
mutations, World Health Organization (WHO) grade, and mechanical preconditioning on glioma and
adjacent brain elasticity through standard monotonic and repetitive atomic force microscope (AFM)
nanoindentation. The elastic modulus was measured ex vivo on fresh tissue specimens acquired
during craniotomy from the tumor and the peritumoral white matter of 16 diffuse glioma patients.
Linear mixed-effects models examined the impact of tumor traits and preconditioning on tissue
elasticity. Tissues from IDH-mutant cases were stiffer than those from IDH-wildtype ones among
anaplastic astrocytoma patients (p = 0.0496) but of similar elasticity to IDH-wildtype cases for diffuse
astrocytoma patients (p = 0.480). The tumor was found to be non-significantly softer than white matter
in anaplastic astrocytomas (p = 0.070), but of similar elasticity to adjacent brain in diffuse astrocytomas
(p = 0.492) and glioblastomas (p = 0.593). During repetitive indentation, both tumor (p = 0.002) and
white matter (p = 0.003) showed initial stiffening followed by softening. Stiffening was fully reversed
in white matter (p = 0.942) and partially reversed in tumor (p = 0.015). Tissue elasticity comprises a
phenotypic characteristic closely related to glioma histopathology. Heterogeneity between patients
should be further explored.

Keywords: diffuse glioma; elastic modulus; atomic force microscopy; WHO grade; IDH;
tissue mechanics
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1. Introduction

Mechanical interactions play a central role in diffuse glioma progression and invasion,
as the extracellular matrix (ECM) provides mechanical stimuli to glioma cells, serving as
a substrate to adhere and facilitate migration [1,2]. Concurrently, glioma cells actively
remodel normal brain ECM to their benefit and disrupt the tissue’s mechanical home-
ostasis [3,4]. Neurosurgeons have long attributed the resultant alteration of the tissue
mechanical properties to differences in consistency between white matter and glioma tis-
sue. However, the quantification of such differences has the potential to further illuminate
gliomagenesis [5,6]; to assist in the development and refinement of diagnostic techniques
that utilize knowledge about tissue mechanical behavior; and to incorporate information
about tissue mechanics in aspects of glioma surgery (e.g., neuronavigation [7] and haptics
for surgical robotics [8–10]). To acquire such information, the study of the mechanical
behavior of diffuse glioma tissues under internal mechanical stress is needed both at the
microscale and the macroscale.

Tissues are non-linear/non-homogeneous composite materials and their mechanical
behavior can be described by using non-linear elasticity and more complex theories. How-
ever, under low deformation, they may be assumed to behave as homogeneous linear elastic
materials, thus making related experimental interpretation more convenient and feasible.
The mechanical stress σ (force per unit area) that such materials experience during com-
pression/tension is taken to be proportional to the strain ε (length change per initial length)
through the elastic modulus E (σ = Eε), measured in Pascal (Pa) [11]. In sensitive and soft
materials, such as glioma tissues, elasticity is usually probed using elastography or atomic
force microscope (AFM) nanoindentation. Elastography maps tissue elasticity in vivo at
the macroscale using imaging techniques through wave propagation interpretations. Both
ultrasound elastography [12–15] and magnetic resonance elastography (MRE) [16–19] have
been extensively used for the determination of glioma elasticity. The AFM [20], on the other
hand, is a type of scanning probe microscope designed for local measurements, whereby a
specimen moves under a microcantilever. During the process of the imposed continuous
contact between the cantilever tip and the specimen, the cantilever bends and its deflection
is recorded along with the specimen position. Consequently, mapping of the specimen
surface morphology and/or measurement of the specimen elasticity is performed with
nanoscale resolution for both position and force. Due to its resolution, versatility, and
ability to provide direct measurements of tissue elasticity, AFM nanoindentation became
an established technique for the ex vivo determination of fresh unfixed brain [21–25] and
glioma tissue elasticity [26,27].

Two histopathological factors that determine diffuse glioma prognosis, namely WHO
grade [12–14,16–18,27] and isocitrate dehydrogenase gene family (IDH) mutation status [16,27],
have been studied and associated with the observed differences in diffuse glioma tissue
and peritumoral white matter elasticity. However, the possibility of a synergistic effect on
tissue elasticity has not yet been examined ex vivo on fresh tissue at the microscale. This
study primarily aims to determine the combined influence of these two factors on glioma
and peritumoral white matter elasticity by directly probing the mechanical behavior of
fresh tissues ex vivo. A secondary objective pursued is the investigation of the mechanical
behavior of diffuse glioma and white matter tissue under repetitive indentation.

2. Materials and Methods
2.1. Tissue Acquisition

The present work is a prospective observational cross-sectional study for investigating
the influence of IDH mutation status and WHO grade on diffuse glioma tissue and peri-
tumoral white matter elasticity, as determined ex vivo on fresh surgical tissue specimens
with AFM nanoindentation. The work has been approved by the institutional bioethics
committee and all procedures followed were in accordance with the Helsinki Declaration.
Prior written informed consent was obtained by all patients (or a parent/guardian, when
the patient could not be held accountable for consent).
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All patients of age > 16 years submitted to craniotomy for the resection of a supraten-
torial intra-axial tumor by the same surgeon (N.F.) between 2017 and 2019 were eligible for
inclusion in the study. Demographic data (patient age and gender) were recorded preoper-
atively. Fresh tissue specimens were acquired from the periphery of the resected lesions
during the operation, avoiding necrotic regions and tissue compression. All procedures
were performed according to the rule of maximal safe tumor resection. The study did
not influence and was not influenced by the extent of resection or the treatment protocol.
The specimens for the study comprised a minimal part of the resected tumor. They were
obtained after securing sufficient tissue specimens for histopathology, which was also
conducted as a separate procedure following the usual route. In shortage of sufficient
resectable tissue, the patient was excluded from the study.

White matter tissue specimens, resected at 1 cm from the lesion border on FLAIR
and/or T1W contrast-enhanced MRI, were kept during the surgical approach to the tumor.
The resection of these specimens, which are usually discarded, has no functional conse-
quence and, as a common practice, would be performed irrespective of the participation
of the patient in the study. Information about tumor characteristics (IDH mutation status,
1p/19q codeletion, WHO grade) was available postoperatively from the histopathological
examination performed by an experienced neuropathologist (A.C.), following the WHO
2016 guidelines. The detection of IDH mutations was achieved using immunohistochem-
istry and high resolution melting (HRM) analysis of isocitrate dehydrogenase 1 (IDH1)
and isocitrate dehydrogenase 2 (IDH2) gene real-time polymerase chain reaction (rtPCR)
data [28]. The detection of 1p/19q codeletion was attained using quantitative microsatel-
lite analysis (QuMA) [29]. Patients with a diagnosis different than diffuse glioma were
excluded from the study.

2.2. Slice Preparation

The specimens were embedded in 2% w/v low melting point agarose and 5 mg/mL
glucose in PBS, to retain structural integrity [25], and sliced into constant width samples,
appropriate for AFM nanoindentation, with a vibratome (VT1000S, Leica Biosystems,
Nussloch, Germany) following a protocol used for similar type experiments [21]. Slicing
was performed in constantly carbogenated (95% O2, 5% CO2) ice-cold (0–4 ◦C) artificial
cerebrospinal fluid (aCSF, containing in mM: 120 NaCl, 2.5 KCl, 26 NaHCO3, 2 CaCl2,
1 NaH2PO4, 2 MgCl2, 1 Kynurenic acid, and 10 Glucose, pH 7.4) with the following
parameters: slice thickness 350 µm, clearance angle 5◦, horizontal amplitude 0.8 mm,
sectioning frequency 80 Hz, sectioning speed 0.050 mm/s. Slices were transferred on sterile
glass coverslips coated with Corning Cell-Tak Cell and Tissue Adhesive (Corning Life
Sciences, Amsterdam, The Netherlands).

2.3. Elasticity Measurements

The measurements were performed with a Multimode III AFM (Bruker, Billerica,
MA, USA) using a liquid cell. SiN cantilevers pre-calibrated by the manufacturer with
the Sader method [30] (nominal spring constant k = 0.03 N/m, calibrated k = 0.05 N/m)
having a 25-µm spherical polystyrene bead attached to the tip (Novascan Technologies,
Boone, IA, USA) were used. The probe tip sphere diameter was verified by contact mode
surface scanning on a tip characterization test grating (TGT1, NT-MDT, Moscow, Russia).
Briefly, for each patient, a slice of each tissue type (white matter, glioma) was mounted on
the AFM scanner in Leibovitz L-15 medium (Gibco, Thermo Fisher Scientific, Waltham,
MA, USA)—a CO2 independent medium that can accommodate glioma and white matter
tissue for short periods [31]. After allowing the tissue, the medium, and the device to
equilibrate for 10 min at 25 ◦C, the position of the cantilever above the tissue was optically
verified. Then, indentations, 100 µm apart from each other, were performed in a 3 × 3 grid
at a vertical scan rate of 1.74 Hz, a 2.32 µm ramp size, with an indentation velocity of
8.08 µm/s. A total of 9 force curves per slice were obtained. The last indentation for each
slice was repeated on the same position five times at 2-min intervals. All measurements
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were accomplished within 8 h after tissue acquisition to avoid deterioration of the fresh
unfixed tissues. Force curves exhibiting artifacts were discarded.

2.4. Force Curve Analysis

Force-distance curves were analyzed with the Nanoscope Analysis 1.5 software pro-
vided by the AFM manufacturer (Bruker, Billerica, MA, USA). The raw force curves
included a non-contact region and consisted of an approaching and retraction arm. The
approaching curves, recorded as deflection d of the cantilever versus displacement z of the
specimen in the vertical axis, were transformed to force F = kd versus separation w = z − d
curves. The elastic modulus was estimated for each approaching force-separation curve
through the Hertz model [32] equation

F =
4
3

E
1− v2

√
rδ3/2 (1)

where v denotes the Poisson ratio (assumed to be 0.5 [22,23,25,26]), r is the tip radius, and
δ = w − w0 stands for the indentation depth. The contact point location w0 was treated as a
fitting parameter [33], while the lower 20% and the higher 10% of the full force range were
ignored in the fitting process to estimate the elastic modulus accurately [21,22].

2.5. Statistical Analysis

The conformity of the continuous variables with normal distribution was tested by
using the Kolmogorov–Smirnov normality test with the Lilliefors correction. The mean
and the standard deviation were obtained for normally distributed variables, while for
non-normally distributed variables, the median and the range were reported.

To study the influence of histopathological characteristics on the elastic modulus,
the main effects of tissue type (white matter vs. tumor), IDH mutation status (wild-
type vs. mutant), and WHO grade (grade II-III vs. IV, grade II vs. III), along with all
possible interactions between them were analyzed as fixed effects in a linear mixed-effects
model [34] of the elastic modulus (monotonic indentation model), using planned contrasts
and grouping measurements by patient. The influence of age was also investigated in the
same model as a fixed effect.

To consider the mechanical behavior of tissues under repetitive deformation, the
influence of the repetition of the last indentation for each slice on the elastic modulus
was analyzed as a fixed effect in a separate linear mixed-effects model (repetitive inden-
tation model), using orthogonal polynomial trends (linear, quadratic) and also grouping
by patient. The main effect of tissue type and its interaction with repetition were also
investigated as fixed effects.

In both monotonic and repetitive indentation models, sources of inter-patient hetero-
geneity, including both a random intercept and a random slope for tissue type [35], were
studied. Fitting models with a variance structure to account for possible heteroscedasticity
across patients was considered. For repetitive indentation only, a first-order autoregressive
correlation structure to take into account possible intra-patient dependence of the residual
errors was also pursued. The conformity with the assumptions of the linear mixed-effects
model theory—i.e., normality and independence of the residuals, as well as of the ran-
dom coefficients, homoscedasticity, linearity, and no perfect multicollinearity between
predictors—was evaluated graphically and, where appropriate, formally. Before analysis, a
logarithmic transformation was applied to the elastic modulus, as the latter cannot take
negative values.

Reported results were back-transformed to the original scale to facilitate interpretation,
and related effects were expressed as ratios of the elastic modulus between contrasting
categories. The significance of the variance structures and the correlation structure were
tested using the likelihood-ratio test (LRT) with the respective degrees of freedom. The
random intercepts and slopes were tested with the LRT against a mixed 0.5 χ2

0 + 0.5 χ2
1

distribution [36], whereas degrees of freedom for the F- and t-tests used for the fixed effects
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were estimated using the Satterthwaite approximation [37,38]. Interaction effects were
further investigated with planned contrasts and simple effects analyses of the predictors,
while estimated marginal geometric means of the elastic modulus for each predictor
level were calculated. Subgroup analyses were planned for tumors of astrocytic and
oligodendroglial origin.

The level of statistical significance for all analyses was defined as p < 0.05. Statisti-
cal analyses were conducted using the R software environment [39] with the packages
emmeans [40], nlme [41], nortest [42], and pastecs [43].

3. Results
3.1. Descriptive Statistics

Twenty patients were initially eligible for participation in the study. One patient
refused participation in research and another declined surgery. As a result, both were
excluded from enrollment. Of the eighteen patients enrolled, one was excluded from
further analysis because the tumor specimen was insufficient for the study and another
because a diagnosis of a WHO grade I glioma was made.

Data from the remaining sixteen patients, ten male and six female, with a median
age of 50.5 (range 17–77) years, were analyzed. An IDH1/2 mutation was detected in
tumors from four patients, while twelve patients had an IDH-wildtype tumor. Five patients
harbored a WHO grade II diffuse astrocytoma, two an anaplastic astrocytoma, and nine
a glioblastoma. No oligodendroglial tumor was detected. The tumor resided in the left
hemisphere in four patients and the right one in twelve (Table 1). In total, 293 measurements
at different points across the surface of the slices were performed. The median value of
the elastic modulus was 209 (range 64–1170) Pa for peritumoral white matter and 175.5
(range 51–1110) Pa for tumor tissue. Another 129 measurements were performed to study
the influence of repetitive indentation.

Table 1. Patient and tumor characteristics.

No. Gender Age (Years) Side Lobe(s) IDH Mutation Status Grade

1 Female 27 Right Parietal Wild-type III
2 Male 77 Right Parietal, Occipital Wild-type IV
3 Male 36 Left Frontal, Temporal, Insula Mutant II
4 Female 69 Left Temporal Wild-type IV
5 Male 17 Right Frontal Wild-type II
6 Male 36 Right Frontal, Parietal Mutant II
7 Female 46 Right Frontal Wild-type IV
8 Male 75 Right Temporal Wild-type IV
9 Female 64 Left Temporal Wild-type IV
10 Male 68 Right Temporal, Parietal Mutant II
11 Female 55 Right Frontal, Parietal Wild-type IV
12 Male 61 Left Temporal, Parietal Wild-type IV
13 Female 25 Right Temporal Wild-type IV
14 Male 55 Right Temporal, Occipital Wild-type IV
15 Male 39 Right Frontal Mutant III
16 Male 24 Right Frontal, Temporal, Insula Wild-type II

IDH, isocitrate dehydrogenase gene family.

3.2. Relation with Patient and Tumor Characteristics—Monotonic Indentation Model

In the monotonic indentation model, the relationship between E and tissue type
showed considerable inter-patient heterogeneity, as intercepts and slopes (for both p < 0.001)
varied significantly across patients. A variance structure to account for heteroscedasticity
among patients was employed (p < 0.001).

The main effects of tissue type, age, IDH mutation status, and WHO grade, as well as
the tissue type by IDH mutation status interaction effect, were non-significant (Table 2).
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Table 2. Fixed effects in the linear mixed-effects model of the association between the elastic modulus and tumor character-
istics (monotonic indentation model).

Effect Contrast Ratio 95% CI p

Tissue type White matter vs. Tumor tissue 0.76 0.48, 1.19 0.211

Age (years) 1.00 0.99, 1.01 0.980

IDH mutation status Wild-type vs. mutant IDH 1.57 0.57, 4.31 0.359

WHO grade 0.532

Grade II-III vs. IV 1.41 0.72, 2.79 0.300

Grade II vs. III 0.74 0.28, 1.95 0.518

IDH mutation status ×WHO grade Wild-type vs. mutant IDH × Grade II vs. III 2.80 1.05, 7.48 0.041

Tissue type × IDH mutation status White matter vs. tumor tissue ×Wild-type vs. mutant IDH 1.56 0.16, 14.85 0.684

Tissue type ×WHO grade 0.157

White matter vs. tumor tissue × Grade II-III vs. IV 1.38 0.45, 4.29 0.555

White matter vs. tumor tissue × Grade II vs. III 0.12 0.01, 1.09 0.058

Tissue type × IDH mutation
status ×WHO grade

White matter vs. tumor tissue ×Wild-type vs. mutant
IDH × Grade II vs. III

0.56 0.06, 5.11 0.590

For each main effect, the proportional change in elastic modulus per year (for the effect of age) or between contrasting categories of the
factor (for tissue type, IDH mutation status, and WHO grade) is reported. For each interaction term, the ratio compares the effects of a
factor between contrasting categories of another factor. IDH, isocitrate dehydrogenase gene family; WHO, World Health Organization.

In contrast, the IDH mutation status by WHO grade interaction effect was significant,
indicating that the effect of IDH mutation status on tissue elasticity was different between
patients with a WHO grade II diffuse astrocytoma and a WHO grade III anaplastic astrocy-
toma. Therefore, the tissue elasticity was similar between patients with an IDH-mutant and
an IDH-wildtype diffuse astrocytoma (ratio = 0.82, 95% CI 0.45–1.49, p = 0.480). This pattern
was independent of tissue type (white matter: ratio = 0.61, 95% CI 0.27–1.37, p = 0.221;
tumor: ratio = 1.09, 95% CI 0.49–2.47, p = 0.823). Tissues from IDH-mutant anaplastic astro-
cytoma cases were significantly stiffer than those from IDH-wildtype ones, when tissue
type was ignored (ratio = 2.29, 95% CI 1.00–5.22, p = 0.0496) (Figure 1). A similar, although
non-significant, proportional difference in elasticity was observed between IDH-mutant
and IDH-wildtype anaplastic astrocytoma cases in both white matter (ratio = 2.27, 95% CI
0.69–7.50, p = 0.173) and tumor tissue (ratio = 2.30, 95% CI 0.70–7.60, p = 0.164).

The effect of tissue type was similar between IDH-wildtype glioblastoma patients, where
the elasticity was comparable between tumor and peritumoral white matter (ratio = 0.89,
95% CI 0.57–1.39, p = 0.593), and the average of IDH-wildtype WHO grade II and III
astrocytoma cases. However, the effect of tissue-type differed between diffuse astrocytoma
and anaplastic astrocytoma patients, although not significantly. Looking at each simple
effect, in WHO grade II cases, the elasticity of tumor was similar to that of peritumoral
white matter (ratio = 1.24, 95% CI 0.68–2.25, p = 0.462), but in WHO grade III cases the tumor
was non-significantly softer than white matter (ratio = 0.43, 95% CI 0.17–1.08, p = 0.070)
(Figure 2).

The initially planned subgroup analyses were not performed, as no oligodendroglial
tumor was detected.

3.3. Repetitive Indentation Model

In the repetitive indentation model, the relationship between the elastic modulus
and tissue type showed considerable inter-patient heterogeneity, as well as intercepts and
slopes (both p < 0.001) varying significantly across patients. Both a variance structure to
correct for heteroscedasticity among patients (p < 0.001) and a first-order autoregressive
correlation structure (p = 0.006) were employed.
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There was a significant main effect of repetitive indentation, as both linear and
quadratic trends of repetition were significant. However, the main effect of tissue type
was not significant (Table 3). Most notably, the linear trend was steeper in tumors than in
brain, even though the quadratic trends were similar. Indeed, looking at simple effects, in
peritumoral white matter tissue the linear trend was non-significant (ratio = 1.00, 95% CI
0.91–1.10, p = 0.942), in contrast to the quadratic one which was significant (ratio = 0.88,
95% CI 0.81–0.95, p = 0.002). However, in tumor tissue both the linear (ratio = 1.17, 95% CI
1.06–1.28, p = 0.003) and the quadratic trend of repetition (ratio = 0.90, 95% CI 0.83–0.98,
p = 0.015) were significant (Figure 3).

Table 3. Fixed effects in the linear mixed-effects model of the association between the elastic modulus
and repetitive indentation (repetitive indentation model).

Effect Contrast Ratio 95% CI p

Tissue type White matter vs. tumor tissue 1.09 0.65, 1.83 0.723

Repetition <0.001

Linear trend 1.13 1.02, 1.26 0.021

Quadratic trend 0.85 0.79, 0.92 <0.001

Tissue type × Repetition 0.065

White matter vs. tumor tissue
× Linear trend

1.27 1.03, 1.57 0.026

White matter vs. tumor tissue
× Quadratic trend

1.04 0.89, 1.21 0.646

For tissue type, the proportional change in elastic modulus between categories of the factor is reported. Ratios for
trends are indicative of the overall proportional change in the elastic modulus across repetitions (linear trend) and
the proportional change of the instantaneous proportional change of the elastic modulus per repetition (quadratic
trend), respectively. For each interaction term, the ratio compares the effects of each trend between categories of
tissue type.
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4. Discussion

In the present study, tissues from IDH-mutant WHO grade III astrocytomas were
found to be 129% stiffer than those from IDH-wildtype cases. This finding was also
observed with a similar proportional difference when peritumoral white matter and tumor
tissue were considered separately, although the loss of power prevented it from showing
statistical significance. An MRE study also found IDH1-R132C-mutant WHO grade III
gliomas to be stiffer than IDH1-wildtype ones [16]. On the contrary, a previous AFM
indentation study found IDH1-R132C-mutant WHO grade II and III gliomas to be softer
than IDH1-wildtype ones [27]. However, the latter study was performed on fresh frozen
tissues and it also showed that the elastic modulus of fresh tissues differed from that
of frozen ones. Instead, the present study measured tissue elasticity on fresh tissues
to establish a more accurate approximation of the in vivo elasticity, with the drawback,
however, of time constraints.

Tissue elasticity was similar between IDH-mutant and IDH-wildtype diffuse astrocy-
tomas, while the sample of Pepin et al. [16] did not recruit any patient with an IDH-wildtype
diffuse astrocytoma and, therefore, was unable to study the effect of IDH mutation status in
WHO grade II tumors. However, they were able to study this effect in glioblastomas, and
they observed that IDH1-mutant tumors were on average stiffer than IDH1-wildtype ones.
In contrast, Miroshnikova et al. [27] found IDH1-mutant glioblastomas to be softer than
IDH1-wildtype ones, with an elasticity comparable to that of IDH1-mutant WHO grade II
and III tumors. Neither of these studies sought rare IDH1/IDH2 mutations, thus adding to
the uncertainty of their findings. The present study was not able to enroll any patient with
an IDH-mutant glioblastoma, although it seems that the investigation of the mechanical
properties of these rare tumors could provide further evidence about tumor progression.

Despite the fact that IDH mutations appear early in gliomagenesis [44], it remains un-
clear whether they initiate a less aggressive pathway to tumor development in comparison
to IDH-wildtype gliomas [45] or they represent a tumor-suppressive factor that counterbal-
ances glioma tumorigenesis and progression [46]. The IDH mutations present in diffuse
gliomas are of the gain-of-function type and result in the production of 2-hydroxyglutarate
(2-HG) [47], a metabolite inhibiting enzymes that prevent histone and DNA hypermethy-
lation [48], leading to extensive DNA and histone methylation [49,50], associated with
favorable patient outcomes [51]. Furthermore, although initial research linked 2-HG with
the upregulation of hypoxia-induced factor 1α (HIF-1α) [52,53], a transcription factor acti-
vated by hypoxia and associated with tumor neovascularization, viability and growth [54],
later studies questioned this link supporting the downregulation of HIF-1α by 2-HG [55,56]
or supported a conditional regulation of HIF-1α depending on tissue stiffness [27]. It should
also be noted that interstitial hypoxia, a key feature of tumor progression, is correlated with
glioma grade and aggressiveness [57]. Many aspects of the interplay between hypoxia,
IDH mutation status, glioma progression, and tissue elasticity remain obscure [27,45]. In
view of these considerations, the exact mechanisms that affect the mechanical properties of
the microenvironment and result in the differences in elasticity observed between WHO
grade III cases but not between WHO grade II cases, as well as their implications on tumor
aggressiveness, are still not fully clarified [16]. Nevertheless, IDH-mutant WHO grade III
astrocytomas show a much more favorable profile than their IDH-wildtype counterparts in
terms of prognosis [58] and feasibility of gross total resection [59]. The possibility to deter-
mine IDH mutation status preoperatively using biomechanical methods, like MRE [16],
would assist surgical and medical treatment planning for such cases.

Moreover, in the present work, in WHO grade II cases, the elasticity of tumor tissue
was found similar to that of peritumoral white matter. Results from elastography seem
to be contradictory, as some studies found tumor tissue to be stiffer than white matter in
low-grade cases [13,14], and others found it softer across all grades [16]. However, this
inconsistency seems to be removed when considering that the latter study compared the tu-
mor with the contralateral hemisphere white matter. It has been proposed that peritumoral
white matter presents differences in elasticity from normal white matter, due to edema
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and compression by the lesion [15]. The results of a recent semi-quantitative ultrasound
elastographic study agree with this hypothesis, as the tumor core was found slightly stiffer
than the tumor periphery, which was slightly stiffer than the peritumoral white matter, and
the latter was substantially softer than distant white matter [12]. Moreover, diffuse glioma
cells have the propensity to invade adjacent brain tissue and to migrate along white matter
tracts and perivascular spaces [60]. It should be noted that in the present study, tumor cell
infiltration has not been quantified in the white matter specimens. Nevertheless, exploring
the possible association of peritumoral white matter elasticity with prominent traits of its
histology, like tumor cell infiltration, as well as myelin and hyaluronan [61] content and
properties, factors that play a key role in the interaction between glioma and extracellular
matrix [62–64], would be an interesting topic for future research.

Most elastographic studies combined findings from WHO grade III and IV gliomas [12–14]
and found that in ‘high-grade gliomas’, the whole tumor tissue was either softer [14] or
non-significantly stiffer [13] than peritumoral white matter. Moreover, Cepeda et al. [12],
also combining WHO grade III and IV tumors, found that the tumor core was substantially
softer than the tumor periphery, which, in turn, was slightly softer than the peritumoral
white matter. In the present study, the tumor was found softer than the peritumoral white
matter in WHO grade III cases, although non-significantly. Anaplastic astrocytomas are
characterized by hypercellularity [65] and ECM remodeling [66]. Although glioma cells
have been found to be stiffer than normal astrocytes [67,68], it has been observed that
cancer cells are, in general, softer than their respective ECM [69,70]. Although this has
not yet been proved in gliomas, if that is the case, a radical increase in cell proliferation
has the potential to decrease tissue stiffness in comparison to normal tissue. Furthermore,
glioma cells interact with the ECM [71,72], as they produce proteases that decompose
ECM constituents to enhance their migration [73], while they deposit a modified ECM that
serves as a substrate [74]. The result of these processes is the structural degradation and
disruption of tissue mechanical homeostasis [72], reflected in the (non-significant) softening
of anaplastic astrocytoma tissue on average as compared to peritumoral white matter.

In WHO grade IV cases, tumor elasticity was found similar to that of peritumoral
white matter in the present study. Glioblastoma periphery histopathology is characterized
by hypercellularity [75], intratumoral thromboses [76] and necrotic regions [75], while ECM
remodelling is even more evident [77]. Blood clots [78] are generally stiffer than average
glioma tissue, while necrotic tissue has been softer than non-necrotic ones [26]. Glioma
vascularity may also affect tissue elasticity, as blood vessels are stiffer [79] than either
average glioma tissue or white matter. It is established that diffuse gliomas, like most solid
tumors [80], show an angiogenic behavior [81], which is more evident in glioblastomas [82].
In the present study, tumor or white matter vascularity has not been systematically assessed
in a quantitative manner. However, tumor vascularity was qualitatively assessed during
the histopathological examination of the tumors and it was found consistent with tumor
grading [65]. White matter histopathological examination did not make any conspicuous
observation regarding tissue vascularity. The result of the complexity of the factors at
play in the case of glioblastomas is considerable intra-tumor mechanical heterogeneity [19]
and equivocal results between studies [12–14] or even within the same study [19]. In
MRE studies (which average over the entire tumor volume) increased glioma WHO grade
is consistently associated with decreased tumor elastic modulus [16–18]. More insight
could be gained into the relationship between WHO grade and elasticity by further studies
addressing the individual contribution of each histopathological feature.

Furthermore, it has been observed that white matter stiffness is positively correlated
with myelin content [83]. Nevertheless, although acute demyelination has been associated
with decreased stiffness, chronic acquired demyelination has been connected to increased
stiffness [84], while inherited hypomyelination does not affect tissue stiffness [85]. In the
present study, the white matter specimens were only examined to verify that they truly
represent white matter tissue and their content in myelin was not quantitatively deter-
mined. However, none of the patients was known to suffer from a demyelinating disease.
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Furthermore, although advanced age is related to white matter demyelination [86,87], age
was not associated with tissue elasticity in the sample of the present work. These results
agree with observations on mammalian brain tissue, where white matter elasticity did not
differ between young and old subjects, with the exception of striatal white matter [85].

In the repetitive indentation model, although both tumor and peritumoral white
matter showed initial stiffening followed by softening with repetitive indentations, it
seems that for the number of repetitions studied in this work, stiffening was fully reversed
in white matter, while only partially reversed in tumors. Although the effects were not
large, when considering measurement accuracy, even small deviations from the true
value of the measured quantity are important. It follows that further research on glioma
and/or white matter elasticity using nanoindentation should take into account the effects
of preconditioning. Therefore, the difference in the mechanical behavior between white
matter and tumor tissue is worth investigating further.

It should also be pointed out that the heterogeneity between subjects in both monotonic
and repetitive indentation models was considerable. This heterogeneity could be attributed
to various factors not studied yet, for which future research on glioma elasticity should
consider and further identify. In this context, a few remarks on mathematical modeling
are in order. Apart from non-linear elasticity theory (which was long ago known in the
literature), reference is made to gradient elasticity theory [88–90] for linear heterogeneous
elastic materials. Within a one-dimensional version, this theory reads σ = E[ε − l2∂2ε/∂2x],
where the second term on the right-hand side is an enhancement of linear elasticity, with l
being an internal material length related to the underlying heterogeneity. Employment of
this gradient elasticity relation can lead to a modification of Equation (1). which, in turn,
can be used for interpreting F-δ curves, which will now depend on the newly introduced
heterogeneity parameter l. Thus, measurements of the elastic modulus E, would now
depend on the particular microstructural heterogeneity of the specimen tested through the
internal length l. Such type of considerations will be a subject of future studies.

Obviously, the present work meets certain limitations. The sample size of the study
is certainly small, even if it is comparable to that of studies that investigated similar
effects [16,19,26,27]. Apart from the relatively low statistical power of the present study to
detect true effects, no IDH-mutant glioblastomas were studied. As a result, the effect of IDH
mutation status on tissue elasticity could not be investigated in glioblastomas. Moreover,
very few patients with an anaplastic glioma participated, a fact that may compromise the
ability of the study to provide definite conclusions on WHO grade III astrocytic tumors.
Nevertheless, it should be noted that these are quite rare tumors, and a prospective obser-
vational study cannot detect a priori factors that become known only later in its course.
Additionally, the present work should ideally be viewed as a first effort to unravel a puzzle
that will be completed with further similar medium-to-large sample size replication studies
from multiple centers to minimize sources of possible bias and provide more reliable results.
Further studies with a larger sample would achieve higher power and could also examine
the possible effect of 1p/19q codeletion and other factors that may influence the mechanical
behavior of diffuse gliomas.

The present study recruited patients between 2017 and 2019, therefore, tumor identi-
fication followed the 2016 WHO guidelines for the classification of tumors of the central
nervous system, which did not designate any diffuse pediatric-type glioma diagnostic
category apart from the diffuse midline glioma, H3 K27M-mutant [65]. All necessary
molecular characterization for a hemispheric non-midline diffuse glioma following the
2016 guidelines was performed, and immunohistochemical and molecular analysis was
planned for the necessary genes/chromosomes. However, a systematic search for a wide
array of gene mutations, such as histone mutations in non-midline tumors, was not yet
justified. Four patients in this study were <30 years old, all harboring IDH-wildtype tumors
(patients 1, 4, 13, and 16, Table 1). The possibility that these tumors belonged to a newly
defined diagnostic category of diffuse pediatric-type low-grade or high-grade glioma [91]
cannot be excluded, a hypothesis requiring further immunohistochemical and molecular
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analyses to be verified or rejected. Future studies, following the 2021 WHO guidelines,
should address this issue and classify cases using a wider molecular profiling strategy.

The elasticity measurements conducted ex vivo on fresh unfixed tissue slices should
be considered as a realistic approximation of direct in vivo tissue elasticity. Ideally, the
measurements should be done in situ, which does not lie within the capabilities of the
present technology. In addition, only nine measurements per slice were performed due to
time limits, as the tissues were not fixed, and the present study did not aim to map the elas-
ticity across the surface of each slice but to determine its association with histopathological
features. Currently, AFM setups with a z scan range that is > 100 µm, which improves
measurement performance, are still not universally available. Further optimization, stan-
dardization, and automatization of all methods from harvesting to measurement would
enable the attainment of a shorter total examination time per specimen and, consequently,
higher statistical power, better specimen quality, and more measurements per specimen.
A higher number of measurements would achieve better precision, even though a large
intra-patient heterogeneity has been found by studies with more measurements per tissue
as well [19,26]. Likewise, time limits prevented elasticity measurements on multiple slices
per patient for each tissue type. Future advances in technology could also achieve multiple
serial slice measurements and enable the study of elasticity in three dimensions.

Owing to its versatility, AFM nanoindentation is not yet a standardized procedure.
However, efforts to minimize confounding effects—due to substrate, low/high indentation
speed, tip shape, osmolarity, and pH—and achieve results as close as possible to the true
elastic modulus have already been made. The Hertz model, used to estimate the elastic
modulus from the recorded force curves, assumes linear elasticity, even though it is well
known that tissues are non-linear elastic and even more complex materials. Nevertheless,
linear elasticity is a widely used approximation at low stress levels. All experimental
parameters, like tip radius, indentation depth, and distance between indentation sites, were
chosen to fulfill model assumptions. It should be emphasized that the values obtained for
the elastic modulus of white matter tissue were comparable to those observed in mammals
using the same method [21,24].

To the best of our knowledge, this study is the first to investigate the interaction effect
between glioma IDH mutation status and WHO grade on the elastic modulus for both
tumor tissue proper and peritumoral white matter using AFM nanoindentation. Moreover,
this study appears to be the first to systematically determine the elastic modulus of human
white matter using AFM nanoindentation with spherical tips on fresh tissue slices ex vivo.

5. Conclusions

In summary, tissues from IDH-mutant cases were found significantly stiffer than those
from IDH-wildtype ones among anaplastic astrocytoma patients but similar in elasticity to
IDH-wildtype cases among diffuse astrocytoma patients. The tumor periphery was found
similar in elasticity to that of adjacent white matter in WHO grade II and IV tumors, while
non-significantly softer in WHO grade III tumors. During repetitive indentation, both
tumor and peritumoral white matter showed initial stiffening followed by softening, but
stiffening was fully reversed in white matter, while only partially in a tumor.

These results present preliminary but definite evidence that the mechanical properties
comprise a phenotypic characteristic related to histopathological traits of diffuse gliomas.
Intrinsic brain tumor mechanobiology has the potential to offer insight into the mechanisms
of gliomagenesis, a novel view on glioma biology, and enhanced tools for the clinical
practice of neuro-oncology. To take full advantage of the mechanical phenotype of gliomas,
sources of inherent heterogeneity across patients and within each patient should be sought
by further research implementing larger samples and investigating more factors possibly
influencing glioma tissue mechanics.

Author Contributions: Conceptualization, A.T. and N.F.; methodology, A.T., A.S.T., A.K., E.C.A.
and N.F.; software, A.T.; validation, P.S., E.C.A. and N.F.; formal analysis, A.T., E.C.A. and N.F.;
investigation, A.T., A.S.T., A.K. and A.C.; resources, A.S.T., A.K., E.C.A. and N.F.; data curation, A.T.;



Cancers 2021, 13, 4539 13 of 16

writing—original draft preparation, A.T., A.S.T., A.K., A.C. and P.S.; writing—review and editing,
E.C.A. and N.F.; visualization, A.T.; supervision, E.C.A. and N.F.; project administration, A.T.; funding
acquisition, A.T. All authors have read and agreed to the published version of the manuscript.

Funding: This research is co-financed by Greece and the European Union (European Social Fund-
ESF) through the Operational Programme “Human Resources Development, Education and Lifelong
Learning” in the context of the project “Strengthening Human Resources Research Potential via
Doctorate Research” (MIS-5000432), implemented by the State Scholarships Foundation (IKΥ).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Ethics Committee of the School of Medicine
of Aristotle University of Thessaloniki (protocol code 332/2016, date of approval 11 November 2016).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy restrictions.

Acknowledgments: The authors would like to thank A. Field, J. Guck, G. Papadopoulos, E. Andriotis,
E. Angelidou, A. Chatzisotiriou, M. Chiotelli, M. Iwashita, A. Konstantinidis, S. Nikolopoulos, T.
Tsapikouni, and E. Ulbricht for their indispensable feedback on the methods used in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Thomas, T.W.; DiMilla, P.A. Spreading and motility of human glioblastoma cells on sheets of silicone rubber depend on substratum

compliance. Med. Biol. Eng. Comput. 2000, 38, 360–370. [CrossRef]
2. Ulrich, T.A.; de Juan Pardo, E.M.; Kumar, S. The mechanical rigidity of the extracellular matrix regulates the structure, motility,

and proliferation of glioma cells. Cancer Res. 2009, 69, 4167–4174. [CrossRef]
3. Nakada, M.; Kita, D.; Futami, K.; Yamashita, J.; Fujimoto, N.; Sato, H.; Okada, Y. Roles of membrane type 1 matrix metallopro-

teinase and tissue inhibitor of metalloproteinases 2 in invasion and dissemination of human malignant glioma. J. Neurosurg. 2001,
94, 464–473. [CrossRef] [PubMed]

4. Rao, J.S. Molecular mechanisms of glioma invasiveness: The role of proteases. Nat. Rev. Cancer 2003, 3, 489–501. [CrossRef]
[PubMed]

5. Bondiau, P.Y.; Clatz, O.; Sermesant, M.; Marcy, P.Y.; Delingette, H.; Frenay, M.; Ayache, N. Biocomputing: Numerical simulation
of glioblastoma growth using diffusion tensor imaging. Phys. Med. Biol. 2008, 53, 879–893. [CrossRef] [PubMed]

6. Mierke, C.T. The fundamental role of mechanical properties in the progression of cancer disease and inflammation. Rep. Prog.
Phys. 2014, 77, 076602. [CrossRef]

7. Liu, Y.; Yao, C.; Drakopoulos, F.; Wu, J.; Zhou, L.; Chrisochoides, N. A nonrigid registration method for correcting brain
deformation induced by tumor resection. Med. Phys. 2014, 41, 101710. [CrossRef]

8. Tegin, J.; Wikander, J. Tactile sensing in intelligent robotic manipulation—A review. Ind. Robot 2005, 32, 64–70. [CrossRef]
9. Uribe, D.O.; Stroop, R.; Wallaschek, J. Piezoelectric self-sensing system for tactile intraoperative brain tumor delineation in

neurosurgery. Conf. Proc. IEEE Eng. Med. Biol. Soc. 2009, 2009, 737–740. [CrossRef]
10. Marcus, H.J.; Zareinia, K.; Gan, L.S.; Yang, F.W.; Lama, S.; Yang, G.Z.; Sutherland, G.R. Forces exerted during microneurosurgery:

A cadaver study. Int. J. Med. Robot. 2014, 10, 251–256. [CrossRef]
11. Phillips, R.; Kondev, J.; Theriot, J.; Garcia, H.R. Physical Biology of the Cell, 2nd ed.; Garland Science: New York, NY, USA, 2013.
12. Cepeda, S.; Barrena, C.; Arrese, I.; Fernandez-Perez, G.; Sarabia, R. Intraoperative ultrasonographic elastography: A semi-

quantitative analysis of brain tumor elasticity patterns and peritumoral region. World Neurosurg. 2020, 135, e258–e270. [CrossRef]
13. Chauvet, D.; Imbault, M.; Capelle, L.; Demene, C.; Mossad, M.; Karachi, C.; Boch, A.L.; Gennisson, J.L.; Tanter, M. In vivo

measurement of brain tumor elasticity using intraoperative shear wave elastography. Ultraschall Med. 2016, 37, 584–590.
[CrossRef]

14. Prada, F.; Del Bene, M.; Rampini, A.; Mattei, L.; Casali, C.; Vetrano, I.G.; Gennari, A.G.; Sdao, S.; Saini, M.; Sconfienza, L.M.; et al.
Intraoperative strain elastosonography in brain tumor surgery. Oper. Neurosurg. (Hagerstown) 2019, 17, 227–236. [CrossRef]

15. Scholz, M.; Noack, V.; Pechlivanis, I.; Engelhardt, M.; Fricke, B.; Linstedt, U.; Brendel, B.; Ing, D.; Schmieder, K.; Ermert, H.; et al.
Vibrography during tumor neurosurgery. J. Ultrasound Med. 2005, 24, 985–992. [CrossRef]

16. Pepin, K.M.; McGee, K.P.; Arani, A.; Lake, D.S.; Glaser, K.J.; Manduca, A.; Parney, I.F.; Ehman, R.L.; Huston, J., 3rd. MR
elastography analysis of glioma stiffness and IDH1-mutation status. AJNR Am. J. Neuroradiol. 2018, 39, 31–36. [CrossRef]
[PubMed]

17. Reiss-Zimmermann, M.; Streitberger, K.J.; Sack, I.; Braun, J.; Arlt, F.; Fritzsch, D.; Hoffmann, K.T. High resolution imaging of
viscoelastic properties of intracranial tumours by multi-frequency magnetic resonance elastography. Clin. Neuroradiol. 2015, 25,
371–378. [CrossRef] [PubMed]

http://doi.org/10.1007/BF02347059
http://doi.org/10.1158/0008-5472.CAN-08-4859
http://doi.org/10.3171/jns.2001.94.3.0464
http://www.ncbi.nlm.nih.gov/pubmed/11235952
http://doi.org/10.1038/nrc1121
http://www.ncbi.nlm.nih.gov/pubmed/12835669
http://doi.org/10.1088/0031-9155/53/4/004
http://www.ncbi.nlm.nih.gov/pubmed/18263946
http://doi.org/10.1088/0034-4885/77/7/076602
http://doi.org/10.1118/1.4893754
http://doi.org/10.1108/01439910510573318
http://doi.org/10.1109/iembs.2009.5332409
http://doi.org/10.1002/rcs.1568
http://doi.org/10.1016/j.wneu.2019.11.133
http://doi.org/10.1055/s-0034-1399152
http://doi.org/10.1093/ons/opy323
http://doi.org/10.7863/jum.2005.24.7.985
http://doi.org/10.3174/ajnr.A5415
http://www.ncbi.nlm.nih.gov/pubmed/29074637
http://doi.org/10.1007/s00062-014-0311-9
http://www.ncbi.nlm.nih.gov/pubmed/24916129


Cancers 2021, 13, 4539 14 of 16

18. Simon, M.; Guo, J.; Papazoglou, S.; Scholand-Engler, H.; Erdmann, C.; Melchert, U.; Bonsanto, M.; Braun, J.; Petersen, D.; Sack, I.;
et al. Non-invasive characterization of intracranial tumors by magnetic resonance elastography. New J. Phys. 2013, 15, 085024.
[CrossRef]

19. Streitberger, K.-J.; Reiss-Zimmermann, M.; Freimann, F.B.; Bayerl, S.; Guo, J.; Arlt, F.; Wuerfel, J.; Braun, J.; Hoffmann, K.-T.; Sack,
I. High-resolution mechanical imaging of glioblastoma by multifrequency magnetic resonance elastography. PLoS ONE 2014, 9,
e110588. [CrossRef] [PubMed]

20. Binning, G.; Quate, C.F.; Gerber, C. Atomic force microscope. Phys. Rev. Lett. 1986, 56, 930–933. [CrossRef] [PubMed]
21. Christ, A.F.; Franze, K.; Gautier, H.; Moshayedi, P.; Fawcett, J.; Franklin, R.J.; Karadottir, R.T.; Guck, J. Mechanical difference

between white and gray matter in the rat cerebellum measured by scanning force microscopy. J. Biomech. 2010, 43, 2986–2992.
[CrossRef]

22. Elkin, B.S.; Azeloglu, E.U.; Costa, K.D.; Morrison, B., 3rd. Mechanical heterogeneity of the rat hippocampus measured by atomic
force microscope indentation. J. Neurotrauma 2007, 24, 812–822. [CrossRef] [PubMed]

23. Elkin, B.S.; Ilankovan, A.; Morrison, B., 3rd. Age-dependent regional mechanical properties of the rat hippocampus and cortex. J.
Biomech. Eng. 2010, 132, 011010. [CrossRef]

24. Holtzmann, K.; Gautier, H.O.; Christ, A.F.; Guck, J.; Karadottir, R.T.; Franze, K. Brain tissue stiffness is a sensitive marker for
acidosis. J. Neurosci. Methods 2016, 271, 50–54. [CrossRef] [PubMed]

25. Iwashita, M.; Kataoka, N.; Toida, K.; Kosodo, Y. Systematic profiling of spatiotemporal tissue and cellular stiffness in the
developing brain. Development 2014, 141, 3793–3798. [CrossRef] [PubMed]

26. Ciasca, G.; Sassun, T.E.; Minelli, E.; Antonelli, M.; Papi, M.; Santoro, A.; Giangaspero, F.; Delfini, R.; De Spirito, M. Nano-
mechanical signature of brain tumours. Nanoscale 2016, 8, 19629–19643. [CrossRef]

27. Miroshnikova, Y.A.; Mouw, J.K.; Barnes, J.M.; Pickup, M.W.; Lakins, J.N.; Kim, Y.; Lobo, K.; Persson, A.I.; Reis, G.F.; McKnight,
T.R.; et al. Tissue mechanics promote IDH1-dependent HIF1alpha-tenascin C feedback to regulate glioblastoma aggression. Nat.
Cell Biol. 2016, 18, 1336–1345. [CrossRef]

28. Hatae, R.; Hata, N.; Yoshimoto, K.; Kuga, D.; Akagi, Y.; Murata, H.; Suzuki, S.O.; Mizoguchi, M.; Iihara, K. Precise detection of
IDH1/2 and BRAF hotspot mutations in clinical glioma tissues by a differential calculus analysis of high-resolution melting data.
PLoS ONE 2016, 11, e0160489. [CrossRef] [PubMed]

29. Nigro, J.M.; Takahashi, M.A.; Ginzinger, D.G.; Law, M.; Passe, S.; Jenkins, R.B.; Aldape, K. Detection of 1p and 19q loss in
oligodendroglioma by quantitative microsatellite analysis, a real-time quantitative polymerase chain reaction assay. Am. J. Pathol.
2001, 158, 1253–1262. [CrossRef]

30. Sader, J.E.; Chon, J.W.M.; Mulvaney, P. Calibration of rectangular atomic force microscope cantilevers. Rev. Sci. Instrum. 1999, 70,
3967–3969. [CrossRef]

31. Palmero, E.; Palmero, S.; Murrell, W. Brain tissue banking for stem cells for our future. Sci. Rep. 2016, 6, 39394. [CrossRef]
32. Hertz, H. Ueber die Berührung fester elastischer Körper. J. Reine Angew. Math. 1881, 92, 156–171. [CrossRef]
33. Crick, S.L.; Yin, F.C. Assessing micromechanical properties of cells with atomic force microscopy: Importance of the contact point.

Biomech. Model. Mechanobiol. 2007, 6, 199–210. [CrossRef] [PubMed]
34. Laird, N.M.; Ware, J.H. Random-effects models for longitudinal data. Biometrics 1982, 38, 963–974. [CrossRef]
35. Barr, D.J.; Levy, R.; Scheepers, C.; Tily, H.J. Random effects structure for confirmatory hypothesis testing: Keep it maximal. J.

Mem. Lang. 2013, 68. [CrossRef]
36. Stram, D.O.; Lee, J.W. Variance components testing in the longitudinal mixed effects model. Biometrics 1994, 50, 1171–1177.

[CrossRef]
37. Fai, A.H.-T.; Cornelius, P.L. Approximate F-tests of multiple degree of freedom hypotheses in generalized least squares analyses

of unbalanced split-plot experiments. J. Stat. Comput. Simul. 1996, 54, 363–378. [CrossRef]
38. Luke, S.G. Evaluating significance in linear mixed-effects models in R. Behav. Res. Methods 2017, 49, 1494–1502. [CrossRef]
39. R Core Team. R: A Language and Environment for Statistical Computing Version 3.6.1; R Foundation for Statistical Computing:

Vienna, Austria, 2019.
40. Lenth, R. Emmeans: Estimated Marginal Means, Aka Least-Squares Means; R Package Version 1.4.1; 2019.
41. Pinheiro, J.; Bates, D.; Debroy, S.; Sarkar, D.; R Core Team. Nlme: Linear and Nonlinear Mixed Effects Models; R Package Version

3.1-141; 2019.
42. Gross, J.; Ligges, U. Nortest: Tests for Normality; R Package Version 1.0-4; 2015. Available online: https://cran.r-project.org/web/

packages/nortest/index.html (accessed on 30 July 2021).
43. Grosjean, P.; Ibanez, F. Pastecs: Package for Analysis of Space-Time Ecological Series; R Package Version 1.3.21; 2018. Available online:

https://cran.r-project.org/web/packages/pastecs/index.html (accessed on 30 July 2021).
44. Watanabe, T.; Nobusawa, S.; Kleihues, P.; Ohgaki, H. IDH1 mutations are early events in the development of astrocytomas and

oligodendrogliomas. Am. J. Pathol. 2009, 174, 1149–1153. [CrossRef]
45. Lee, S.C. Diffuse gliomas for nonneuropathologists: The new integrated molecular diagnostics. Arch. Pathol. Lab. Med. 2018, 142,

804–814. [CrossRef]
46. Huang, L.E. Friend or foe-IDH1 mutations in glioma 10 years on. Carcinogenesis 2019, 40, 1299–1307. [CrossRef] [PubMed]
47. Dang, L.; White, D.W.; Gross, S.; Bennett, B.D.; Bittinger, M.A.; Driggers, E.M.; Fantin, V.R.; Jang, H.G.; Jin, S.; Keenan, M.C.; et al.

Cancer-associated IDH1 mutations produce 2-hydroxyglutarate. Nature 2009, 462, 739–744. [CrossRef]

http://doi.org/10.1088/1367-2630/15/8/085024
http://doi.org/10.1371/journal.pone.0110588
http://www.ncbi.nlm.nih.gov/pubmed/25338072
http://doi.org/10.1103/PhysRevLett.56.930
http://www.ncbi.nlm.nih.gov/pubmed/10033323
http://doi.org/10.1016/j.jbiomech.2010.07.002
http://doi.org/10.1089/neu.2006.0169
http://www.ncbi.nlm.nih.gov/pubmed/17518536
http://doi.org/10.1115/1.4000164
http://doi.org/10.1016/j.jneumeth.2016.07.002
http://www.ncbi.nlm.nih.gov/pubmed/27378027
http://doi.org/10.1242/dev.109637
http://www.ncbi.nlm.nih.gov/pubmed/25249464
http://doi.org/10.1039/C6NR06840E
http://doi.org/10.1038/ncb3429
http://doi.org/10.1371/journal.pone.0160489
http://www.ncbi.nlm.nih.gov/pubmed/27529619
http://doi.org/10.1016/S0002-9440(10)64076-X
http://doi.org/10.1063/1.1150021
http://doi.org/10.1038/srep39394
http://doi.org/10.1515/crll.1882.92.156
http://doi.org/10.1007/s10237-006-0046-x
http://www.ncbi.nlm.nih.gov/pubmed/16775736
http://doi.org/10.2307/2529876
http://doi.org/10.1016/j.jml.2012.11.001
http://doi.org/10.2307/2533455
http://doi.org/10.1080/00949659608811740
http://doi.org/10.3758/s13428-016-0809-y
https://cran.r-project.org/web/packages/nortest/index.html
https://cran.r-project.org/web/packages/nortest/index.html
https://cran.r-project.org/web/packages/pastecs/index.html
http://doi.org/10.2353/ajpath.2009.080958
http://doi.org/10.5858/arpa.2017-0449-RA
http://doi.org/10.1093/carcin/bgz134
http://www.ncbi.nlm.nih.gov/pubmed/31504231
http://doi.org/10.1038/nature08617


Cancers 2021, 13, 4539 15 of 16

48. Chowdhury, R.; Yeoh, K.K.; Tian, Y.M.; Hillringhaus, L.; Bagg, E.A.; Rose, N.R.; Leung, I.K.; Li, X.S.; Woon, E.C.; Yang, M.; et al.
The oncometabolite 2-hydroxyglutarate inhibits histone lysine demethylases. EMBO Rep. 2011, 12, 463–469. [CrossRef] [PubMed]

49. Noushmehr, H.; Weisenberger, D.J.; Diefes, K.; Phillips, H.S.; Pujara, K.; Berman, B.P.; Pan, F.; Pelloski, C.E.; Sulman, E.P.; Bhat,
K.P.; et al. Identification of a CpG island methylator phenotype that defines a distinct subgroup of glioma. Cancer Cell 2010, 17,
510–522. [CrossRef] [PubMed]

50. Turcan, S.; Rohle, D.; Goenka, A.; Walsh, L.A.; Fang, F.; Yilmaz, E.; Campos, C.; Fabius, A.W.; Lu, C.; Ward, P.S.; et al. IDH1
mutation is sufficient to establish the glioma hypermethylator phenotype. Nature 2012, 483, 479–483. [CrossRef]

51. Ceccarelli, M.; Barthel, F.P.; Malta, T.M.; Sabedot, T.S.; Salama, S.R.; Murray, B.A.; Morozova, O.; Newton, Y.; Radenbaugh, A.;
Pagnotta, S.M.; et al. Molecular profiling reveals biologically discrete subsets and pathways of progression in diffuse glioma. Cell
2016, 164, 550–563. [CrossRef] [PubMed]

52. Xu, W.; Yang, H.; Liu, Y.; Yang, Y.; Wang, P.; Kim, S.H.; Ito, S.; Yang, C.; Wang, P.; Xiao, M.T.; et al. Oncometabolite 2-
hydroxyglutarate is a competitive inhibitor of alpha-ketoglutarate-dependent dioxygenases. Cancer Cell 2011, 19, 17–30. [CrossRef]
[PubMed]

53. Zhao, S.; Lin, Y.; Xu, W.; Jiang, W.; Zha, Z.; Wang, P.; Yu, W.; Li, Z.; Gong, L.; Peng, Y.; et al. Glioma-derived mutations in IDH1
dominantly inhibit IDH1 catalytic activity and induce HIF-1alpha. Science 2009, 324, 261–265. [CrossRef]

54. Huang, L.E.; Bunn, H.F. Hypoxia-inducible factor and its biomedical relevance. J. Biol. Chem. 2003, 278, 19575–19578. [CrossRef]
55. Chesnelong, C.; Chaumeil, M.M.; Blough, M.D.; Al-Najjar, M.; Stechishin, O.D.; Chan, J.A.; Pieper, R.O.; Ronen, S.M.; Weiss, S.;

Luchman, H.A.; et al. Lactate dehydrogenase A silencing in IDH mutant gliomas. Neuro-Oncology 2014, 16, 686–695. [CrossRef]
56. Koivunen, P.; Lee, S.; Duncan, C.G.; Lopez, G.; Lu, G.; Ramkissoon, S.; Losman, J.A.; Joensuu, P.; Bergmann, U.; Gross, S.; et al.

Transformation by the (R)-enantiomer of 2-hydroxyglutarate linked to EGLN activation. Nature 2012, 483, 484–488. [CrossRef]
57. Evans, S.M.; Judy, K.D.; Dunphy, I.; Jenkins, W.T.; Hwang, W.T.; Nelson, P.T.; Lustig, R.A.; Jenkins, K.; Magarelli, D.P.; Hahn, S.M.;

et al. Hypoxia is important in the biology and aggression of human glial brain tumors. Clin. Cancer Res. 2004, 10, 8177–8184.
[CrossRef] [PubMed]

58. Yan, H.; Parsons, D.W.; Jin, G.; McLendon, R.; Rasheed, B.A.; Yuan, W.; Kos, I.; Batinic-Haberle, I.; Jones, S.; Riggins, G.J.; et al.
IDH1 and IDH2 mutations in gliomas. N. Engl. J. Med. 2009, 360, 765–773. [CrossRef]

59. Beiko, J.; Suki, D.; Hess, K.R.; Fox, B.D.; Cheung, V.; Cabral, M.; Shonka, N.; Gilbert, M.R.; Sawaya, R.; Prabhu, S.S.; et al. IDH1
mutant malignant astrocytomas are more amenable to surgical resection and have a survival benefit associated with maximal
surgical resection. Neuro-Oncology 2014, 16, 81–91. [CrossRef]

60. Claes, A.; Idema, A.J.; Wesseling, P. Diffuse glioma growth: A guerilla war. Acta Neuropathol. 2007, 114, 443–458. [CrossRef]
61. Ruoslahti, E. Brain extracellular matrix. Glycobiology 1996, 6, 489–492. [CrossRef] [PubMed]
62. Ferrer, V.P.; Moura Neto, V.; Mentlein, R. Glioma infiltration and extracellular matrix: Key players and modulators. Glia 2018, 66,

1542–1565. [CrossRef] [PubMed]
63. Giese, A.; Kluwe, L.; Laube, B.; Meissner, H.; Berens, M.E.; Westphal, M. Migration of human glioma cells on myelin. Neurosurgery

1996, 38, 755–764. [CrossRef] [PubMed]
64. Pibuel, M.A.; Poodts, D.; Díaz, M.; Hajos, S.E.; Lompardía, S.L. The scrambled story between hyaluronan and glioblastoma. J.

Biol. Chem. 2021, 296, 100549. [CrossRef] [PubMed]
65. Louis, D.N.; Ohgaki, H.; Wiestler, O.D.; Cavenee, W.K.; Ellison, D.W.; Figarella-Branger, D.; Perry, A.; Reifenberger, G.; von

Deimling, A. (Eds.) WHO Classification of Tumours of the Central Nervous System, 4th ed.; IARC: Lyon, France, 2016.
66. Kong, X.; Ma, W.; Li, Y.; Wang, Y.; Guan, J.; Gao, J.; Wei, J.; Yao, Y.; Lian, W.; Xu, Z.; et al. Does tenascin have clinical implications

in pathological grade of glioma patients?: A systematic meta-analysis. Medicine (Baltimore) 2015, 94, e1330. [CrossRef]
67. Graybill, P.M.; Bollineni, R.K.; Sheng, Z.; Davalos, R.V.; Mirzaeifar, R. A constriction channel analysis of astrocytoma stiffness and

disease progression. Biomicrofluidics 2021, 15, 024103. [CrossRef] [PubMed]
68. Smith, J.R.; Maherally, Z.; Ghoneim, M.K.; Dickson, J.L.; An, Q.; Fillmore, H.L.; Pilkington, G.J. P48 AFM stiffness measurements of

glioma cells and cytoskeletal protein analysis following CD44 knockdown: Implications for glioma cell invasion. Neuro-Oncology
2014, 16, vi8. [CrossRef]

69. Lekka, M.; Gil, D.; Pogoda, K.; Dulinska-Litewka, J.; Jach, R.; Gostek, J.; Klymenko, O.; Prauzner-Bechcicki, S.; Stachura, Z.;
Wiltowska-Zuber, J.; et al. Cancer cell detection in tissue sections using AFM. Arch. Biochem. Biophys. 2012, 518, 151–156.
[CrossRef]

70. Tian, M.; Li, Y.; Liu, W.; Jin, L.; Jiang, X.; Wang, X.; Ding, Z.; Peng, Y.; Zhou, J.; Fan, J.; et al. The nanomechanical signature of liver
cancer tissues and its molecular origin. Nanoscale 2015, 7, 12998–13010. [CrossRef]

71. Winkler, J.; Abisoye-Ogunniyan, A.; Metcalf, K.J.; Werb, Z. Concepts of extracellular matrix remodelling in tumour progression
and metastasis. Nat. Commun. 2020, 11, 5120. [CrossRef]

72. Mair, D.B.; Ames, H.M.; Li, R. Mechanisms of invasion and motility of high-grade gliomas in the brain. Mol. Biol. Cell 2018, 29,
2509–2515. [CrossRef]

73. Bellail, A.C.; Hunter, S.B.; Brat, D.J.; Tan, C.; Van Meir, E.G. Microregional extracellular matrix heterogeneity in brain modulates
glioma cell invasion. Int. J. Biochem. Cell Biol. 2004, 36, 1046–1069. [CrossRef]

74. Tysnes, B.B.; Mahesparan, R.; Thorsen, F.; Haugland, H.K.; Porwol, T.; Enger, P.O.; Lund-Johansen, M.; Bjerkvig, R. Laminin
expression by glial fibrillary acidic protein positive cells in human gliomas. Int. J. Dev. Neurosci. 1999, 17, 531–539. [CrossRef]

http://doi.org/10.1038/embor.2011.43
http://www.ncbi.nlm.nih.gov/pubmed/21460794
http://doi.org/10.1016/j.ccr.2010.03.017
http://www.ncbi.nlm.nih.gov/pubmed/20399149
http://doi.org/10.1038/nature10866
http://doi.org/10.1016/j.cell.2015.12.028
http://www.ncbi.nlm.nih.gov/pubmed/26824661
http://doi.org/10.1016/j.ccr.2010.12.014
http://www.ncbi.nlm.nih.gov/pubmed/21251613
http://doi.org/10.1126/science.1170944
http://doi.org/10.1074/jbc.R200030200
http://doi.org/10.1093/neuonc/not243
http://doi.org/10.1038/nature10898
http://doi.org/10.1158/1078-0432.CCR-04-1081
http://www.ncbi.nlm.nih.gov/pubmed/15623592
http://doi.org/10.1056/NEJMoa0808710
http://doi.org/10.1093/neuonc/not159
http://doi.org/10.1007/s00401-007-0293-7
http://doi.org/10.1093/glycob/6.5.489
http://www.ncbi.nlm.nih.gov/pubmed/8877368
http://doi.org/10.1002/glia.23309
http://www.ncbi.nlm.nih.gov/pubmed/29464861
http://doi.org/10.1227/00006123-199604000-00026
http://www.ncbi.nlm.nih.gov/pubmed/8692396
http://doi.org/10.1016/j.jbc.2021.100549
http://www.ncbi.nlm.nih.gov/pubmed/33744285
http://doi.org/10.1097/MD.0000000000001330
http://doi.org/10.1063/5.0040283
http://www.ncbi.nlm.nih.gov/pubmed/33763160
http://doi.org/10.1093/neuonc/nou249.36
http://doi.org/10.1016/j.abb.2011.12.013
http://doi.org/10.1039/C5NR02192H
http://doi.org/10.1038/s41467-020-18794-x
http://doi.org/10.1091/mbc.E18-02-0123
http://doi.org/10.1016/j.biocel.2004.01.013
http://doi.org/10.1016/S0736-5748(99)00055-6


Cancers 2021, 13, 4539 16 of 16

75. D’Alessio, A.; Proietti, G.; Sica, G.; Scicchitano, B.M. Pathological and molecular features of glioblastoma and its peritumoral
tissue. Cancers 2019, 11, 469. [CrossRef] [PubMed]

76. Tehrani, M.; Friedman, T.M.; Olson, J.J.; Brat, D.J. Intravascular thrombosis in central nervous system malignancies: A potential
role in astrocytoma progression to glioblastoma. Brain Pathol. 2008, 18, 164–171. [CrossRef] [PubMed]

77. Higuchi, M.; Ohnishi, T.; Arita, N.; Hiraga, S.; Hayakawa, T. Expression of tenascin in human gliomas: Its relation to histological
malignancy, tumor dedifferentiation and angiogenesis. Acta Neuropathol. 1993, 85, 481–487. [CrossRef]

78. Mercado-Shekhar, K.P.; Kleven, R.T.; Aponte Rivera, H.; Lewis, R.; Karani, K.B.; Vos, H.J.; Abruzzo, T.A.; Haworth, K.J.; Holland,
C.K. Effect of clot stiffness on recombinant tissue plasminogen activator lytic susceptibility in vitro. Ultrasound Med. Biol. 2018,
44, 2710–2727. [CrossRef]

79. Bae, Y.H.; Liu, S.L.; Byfield, F.J.; Janmey, P.A.; Assoian, R.K. Measuring the stiffness of ex vivo mouse aortas using atomic force
microscopy. J. Vis. Exp. 2016. [CrossRef]

80. Folkman, J. Tumor angiogenesis: Therapeutic implications. N. Engl. J. Med. 1971, 285, 1182–1186. [CrossRef]
81. Chaudhry, I.H.; O’Donovan, D.G.; Brenchley, P.E.; Reid, H.; Roberts, I.S. Vascular endothelial growth factor expression correlates

with tumour grade and vascularity in gliomas. Histopathology 2001, 39, 409–415. [CrossRef]
82. Guarnaccia, L.; Navone, S.E.; Trombetta, E.; Cordiglieri, C.; Cherubini, A.; Crisà, F.M.; Rampini, P.; Miozzo, M.; Fontana, L.;

Caroli, M.; et al. Angiogenesis in human brain tumors: Screening of drug response through a patient-specific cell platform for
personalized therapy. Sci. Rep. 2018, 8, 8748. [CrossRef]

83. Weickenmeier, J.; de Rooij, R.; Budday, S.; Steinmann, P.; Ovaert, T.C.; Kuhl, E. Brain stiffness increases with myelin content. Acta
Biomater. 2016, 42, 265–272. [CrossRef]

84. Urbanski, M.M.; Brendel, M.B.; Melendez-Vasquez, C.V. Acute and chronic demyelinated CNS lesions exhibit opposite elastic
properties. Sci. Rep. 2019, 9, 999. [CrossRef]

85. Eberle, D.; Fodelianaki, G.; Kurth, T.; Jagielska, A.; Möllmert, S.; Ulbricht, E.; Wagner, K.; Taubenberger, A.V.; Träber, N.; Escolano,
J.-C.; et al. Acquired demyelination but not genetic developmental defects in myelination leads to brain tissue stiffness changes.
Brain Multiphys. 2020, 1, 100019. [CrossRef]

86. Callaghan, M.F.; Freund, P.; Draganski, B.; Anderson, E.; Cappelletti, M.; Chowdhury, R.; Diedrichsen, J.; Fitzgerald, T.H.;
Smittenaar, P.; Helms, G.; et al. Widespread age-related differences in the human brain microstructure revealed by quantitative
magnetic resonance imaging. Neurobiol. Aging 2014, 35, 1862–1872. [CrossRef] [PubMed]

87. Chen, D.; Huang, Y.; Shi, Z.; Li, J.; Zhang, Y.; Wang, K.; Smith, A.D.; Gong, Y.; Gao, Y. Demyelinating processes in aging and
stroke in the central nervous system and the prospect of treatment strategy. CNS Neurosci. Ther. 2020, 26, 1219–1229. [CrossRef]
[PubMed]

88. Aifantis, E.C. Internal Length Gradient (ILG) Material Mechanics across Scales and Disciplines. In Advances in Applied Mechanics;
Bordas, S.P.A., Balint, D.S., Eds.; Elsevier: San Diego, CA, USA, 2016; Volume 49, pp. 1–110.

89. Konstantinidis, A.; Tsagrakis, I.; Aifantis, E.C. 1D gradient material mechanics with applications at the nanoscale. Emerg. Mat.
Res. 2012, 1, 39–47. [CrossRef]

90. Mokios, G.; Aifantis, E.C. Gradient effects in micro-/nanoindentation. Mater. Sci. Technol. 2012, 28, 1072–1078. [CrossRef]
91. Louis, D.N.; Perry, A.; Wesseling, P.; Brat, D.J.; Cree, I.A.; Figarella-Branger, D.; Hawkins, C.; Ng, H.K.; Pfister, S.M.; Reifenberger,

G.; et al. The 2021 WHO Classification of Tumors of the Central Nervous System: A summary. Neuro-Oncology 2021, 23, 1231–1251.
[CrossRef] [PubMed]

http://doi.org/10.3390/cancers11040469
http://www.ncbi.nlm.nih.gov/pubmed/30987226
http://doi.org/10.1111/j.1750-3639.2007.00108.x
http://www.ncbi.nlm.nih.gov/pubmed/18093251
http://doi.org/10.1007/BF00230486
http://doi.org/10.1016/j.ultrasmedbio.2018.08.005
http://doi.org/10.3791/54630
http://doi.org/10.1056/nejm197111182852108
http://doi.org/10.1046/j.1365-2559.2001.01230.x
http://doi.org/10.1038/s41598-018-27116-7
http://doi.org/10.1016/j.actbio.2016.07.040
http://doi.org/10.1038/s41598-018-37745-7
http://doi.org/10.1016/j.brain.2020.100019
http://doi.org/10.1016/j.neurobiolaging.2014.02.008
http://www.ncbi.nlm.nih.gov/pubmed/24656835
http://doi.org/10.1111/cns.13497
http://www.ncbi.nlm.nih.gov/pubmed/33210839
http://doi.org/10.1680/emr.2012.1.S1.006
http://doi.org/10.1179/1743284712Y.0000000053
http://doi.org/10.1093/neuonc/noab106
http://www.ncbi.nlm.nih.gov/pubmed/34185076

	Introduction 
	Materials and Methods 
	Tissue Acquisition 
	Slice Preparation 
	Elasticity Measurements 
	Force Curve Analysis 
	Statistical Analysis 

	Results 
	Descriptive Statistics 
	Relation with Patient and Tumor Characteristics—Monotonic Indentation Model 
	Repetitive Indentation Model 

	Discussion 
	Conclusions 
	References

