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A B S T R A C T

MR elastography allows non-invasive quantification of the shear modulus of tissue, i.e. tissue stiffness and
viscosity, information that offers the potential to guide presurgical planning for brain tumor resection. Here, we
review brain tumor MRE studies with particular attention to clinical applications. Studies that investigated MRE
in patients with intracranial tumors, both malignant and benign as well as primary and metastatic, were queried
from the Pubmed/Medline database in August 2018. Reported tumor and normal appearing white matter
stiffness values were extracted and compared as a function of tumor histopathological diagnosis and MRE vi-
bration frequencies. Because different studies used different elastography hardware, pulse sequences, re-
construction inversion algorithms, and different symmetry assumptions about the mechanical properties of
tissue, effort was directed to ensure that similar quantities were used when making inter-study comparisons. In
addition, because different methodologies and processing pipelines will necessarily bias the results, when
pooling data from different studies, whenever possible, tumor values were compared with the same subject's
contralateral normal appearing white matter to minimize any study-dependent bias. The literature search
yielded 10 studies with a total of 184 primary and metastatic brain tumor patients. The group mean tumor
stiffness, as measured with MRE, correlated with intra-operatively assessed stiffness of meningiomas and pi-
tuitary adenomas. Pooled data analysis showed significant overlap between shear modulus values across brain
tumor types. When adjusting for the same patient normal appearing white matter shear modulus values, me-
ningiomas were the stiffest tumor-type. MRE is increasingly being examined for potential in brain tumor imaging
and might have value for surgical planning. However, significant overlap of shear modulus values between a
number of different tumor types limits applicability of MRE for diagnostic purposes. Thus, further rigorous
studies are needed to determine specific clinical applications of MRE for surgical planning, disease monitoring
and molecular stratification of brain tumors.

Introduction

Surgery is the principal therapy in the management of both benign
and malignant brain tumors. Benign brain tumors, such as meningiomas
and pituitary adenomas, can be cured with gross total tumor resection.
Despite inevitable disease progression and clinical deterioration, pa-
tients with gliomas also benefit from resection of the maximally safe
tumor volume both at the time of initial presentation and after pro-
gression of the tumor (Almenawer et al., 2015; Lu et al., 2018; Xia et al.,
2018). Careful pre-operative planning is critical for maximally safe
tumor resection and optimal treatment outcome. Knowledge of brain
tumor mechanical stiffness is of potential importance for presurgical
planning as it might help to determine the best surgical approach,

instrument selection, and tumor resection strategy, and has been linked
to postoperative complication risk and extent of resection
(Itamura et al., 2018; Zada et al., 2013, 2011). Shear wave ultrasound
elastography has proven to be a valuable tool for assessment of brain
tumor stiffness intraoperatively but since a bone window is required
(Chauvet et al., 2016), its use for pre-operative planning is precluded.

The armamentarium of non-invasive imaging modalities for brain
tumor diagnosis, surgical planning, intra-operative imaging and mon-
itoring of treatment response is constantly growing. Studies using
Magnetic Resonance Imaging (MRI) or Computed Tomography (CT)
have been performed to estimate brain tumor stiffness. MRI studies
have included both anatomical T2-weighted MRI scans to estimate
meningioma stiffness (Shiroishi et al., 2016) as well as diffusion
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weighted MRI for the estimation of pituitary adenomas stiffness
(Yiping et al., 2016). The results from these studies, however, has either
been inconclusive or inconsistent. Greater stiffness of vestibular
schwannomas was linked to greater internal auditory canal widening as
observed with head CT but did not correlate with signal intensity on T2
weighted MRI (Rizk et al., 2017). These findings indicate that pre-
operative estimation of brain tumor stiffness via conventional imaging
is suboptimal and that new noninvasive methods are needed.

Magnetic Resonance Elastography (MRE) provides a direct quanti-
tative measure of the tissue shear modulus. This includes both the shear
stiffness and shear viscosity, both of which may be highly relevant for
predicting the ease of tumor resectability and that, in turn, can be
important for pre-surgical planning. MRE is an MRI based imaging
technique that allows quantification of the tissue shear modulus G* in
vivo by measuring the propagation of mechanical shear waves induced
by a vibration device held against the surface of the body
(Muthupillai et al., 1995). MRE, which applies a motion encoding
gradient (MEG) to produce a phase shift associated with the shear wave
harmonic motion, has been adapted to many different types of pulse
sequences, i.e. spin echo, gradient echo, EPI. The application of me-
chanical vibrations to the brain is well tolerated and of no significant
risk. For example, the amplitude of the vibrations is extremely small, on
the order of 100 µm or less, and the frequency of vibration typically
ranges from ~30–80 Hz (imagine an electric toothbrush held against
your head). The shear modulus G* has two components expressed as the
real and imaginary components of the complex quantity
G*=G’+ iG”. Here G’ is the shear stiffness also known as the elasticity
or storage modulus and G” is the shear viscosity also known as the loss
modulus. For a physical interpretation of these terms, consider a spring
with a weight attached. The “stiffness” (G’) of the spring is inversely
related to the extension of the spring when the weight is attached. Any
decrease in amplitude associated with harmonic motion of the mass will
incur losses and these losses are related to G”. For shear waves in tissue,
the stiffness G’ is mainly reflected in the wavelength of the traveling
mechanical waves. Increasing stiffness results in shear waves traveling
faster and hence with an increase in wavelength (Fig. 1). The viscosity
G” is related to losses and is mainly reflected in the attenuation of the
waves as they travel through a medium. The phase angle φ is defined as
the angle whose tangent is the ratio G”/G’ (Fig. 1c). It is important to
appreciate the different components of G* as different studies report
their data differently and when comparing data between different stu-
dies, one must ensure that similar quantities are being compared. For
example, some studies report magnitude = ′ + ′′|G*| (G ) (G )2 2 and phase
angle φ, while other studies only report the shear stiffness (G’).

Regarding current clinical use of MRE, it is considered the most
accurate non-invasive method for quantification of liver fibrosis
(Expert Panel on Gastrointestinal Imaging: et al., 2017; Kim et al.,
2018). Other potential clinical applications, including both oncologic
and non-oncologic disorders, are promising but remain under in-
vestigation. For example, MRE has been studied in non-CNS malig-
nancies, including prostate cancer (Li et al., 2011), hepatocellular
cancer (Thompson et al., 2017) and breast cancer (Siegmann et al.,
2010). More recently, brain MRE of degenerative and other neurolo-
gical disorders has been investigated (Hiscox et al., 2016; Murphy et al.,
2017). Importantly, there is a growing body of evidence suggesting that
MRE may be a valuable imaging modality for non-invasive quantifica-
tion of brain tumor stiffness. MRE could serve as practical method for
assessment of brain tumor stiffness as it provides an objective quanti-
tative spatial map of tumor stiffness. Hence, our aim here is to critically
review existing brain MRE literature with particular attention to po-
tential clinical applications in patients with brain tumors. In reviewing
MRE studies in patients with brain tumors, we pool the data with the
goal of determining what sort of consensus existing studies provide in
terms of (i) determining the relative stiffness and viscosity of brain
tumors compared to normal appearing white matter (NAWM), (ii)

whether the data supports the use of MRE to distinguish between dif-
ferent tumor types, and (iii) what MRE parameters, if any, are most
sensitive to pathology.

2. Methods

2.1. Systematic review

A systematic literature review was performed on July 21, 2019 to
identify studies that performed MRE in patients with a diagnosis of
brain tumor. Articles for review were selected from the Pubmed/
MEDLINE database by using the following query: (“mr elastography” or
“elastography”) AND (“brain tumor” or “glioma” or “glioblastoma” or
“meningioma” or “pituitary adenoma” or “vestibular schwannoma”).
There were no restrictions regarding year of publication; however, a
systematic analysis was only performed on literature with human data
and where either the abstract and/or full-text was written in English.
Review papers and single case reports were excluded from the analysis.
Identified papers were also reviewed for references to other relevant
studies that employed MRE in brain tumors. An initial literature search
was performed by reviewing titles and abstracts of papers, and relevant
full-text articles were extracted for further analysis. Full-text articles of
selected studies were reviewed for year of publication, study inclusion
criteria, study design, number of patients studied and MRE techniques,
including MRI field strength and wave generation method. A Flow-
Chart summarizing the above-described algorithm to select publications
is provided in Fig. 2.

Different groups performing brain MRE use different pulse se-
quences to acquire the data, different devices to vibrate the brain and
different inversion algorithms to convert the measured spatial dis-
placement data (acquired as a function of mechanical wave phase) to
reconstructed values of the shear modulus. In addition, some groups
assume that G” = 0, which simplifies the reconstruction but will also
give a different value of G’ compared to the case where one does not
make this assumption. In addition, the reconstructed values of G are
influenced by the signal to noise ratio (SNR) of the measurement. The
SNR is influenced by field strength, gradient strength of the motion
encoding gradients, and efficiency of mechanical coupling between the
vibration device and the subject's head. All of these factors can influ-
ence the absolute value of the reconstructed shear modulus. Therefore,
in the analysis presented here where data between different groups is
compared, not only do we present comparisons of the absolute value of
shear modulus indexes but also, to the extent possible, we compare
values measured in the tumor relative to contralateral NAWM in the
same subject. This comparison, where an internal reference is used in
each subject and only differences between Gtumor and GNAWM are re-
ported, will essentially remove confounding effects associated with
absolute shifts in the shear modulus values from one study to another.
While we don't expect large differences in the absolute value of G be-
tween different groups, these differences can be sufficiently large to
affect differentiation between NAWM and tumor. Therefore, to the
extent possible, it is important to measure shear modulus differences
with an internal control, i.e. contralateral normal appearing white
matter.

Table 1 presents a summary of studies resulting from our literature
review. Note that not all studies provided raw shear modulus data for
brain tumors and contralateral NAWM. And as mentioned above, some
studies ignored any viscous effects in their reconstruction algorithm
and hence only reported values for an effective stiffness. To enable a
comparison between these studies and those studies that reported
magnitude |G*| and phase φ, we therefore calculated G’ = |G*|cos(φ).
Hence for the comparison of the real part of the shear modulus G’ for a
particular tumor type, we were able to use values from all studies that
provided raw data. The complex shear modulus has two independent
values and can be represented either in the classical sense of G’ and G”
(rectilinear coordinates) or as |G*| and φ (cylindrical coordinates). In
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our comparative analysis, we investigated these two different ways of
representing the data to determine which parameters, if any, were su-
perior in terms of differentiating between tumor types or between
tumor and NAWM.

2.2. Data Compilation and statistical analyses

First, in Fig. 3, we present pooled data for the absolute value of the
shear modulus parameters for each of five different types of tumor as
well as NAWM. NAWM was defined in each study as brain areas not
affected by tumor in a similar region of the brain but located in the
contralateral hemisphere. Next when NAWM data was available, we
computed the percentage difference of each shear modulus parameter
(ΔG’, ΔG”, Δ|G*| and Δϕ) to the same subject's NAWM, i.e. using the
individual subject's NAWM as an internal control (Fig. 4 and Table 2).

Between-group comparisons of mean values were performed using
one-way ANOVA analyses and Tukey test was used for post-hoc ANOVA
analyses. Results of the ANOVA analyses are presented as the F statistic
[degrees of freedom] and p-value, with greater F value indicating
greater probability that individual groups are different from each other.
Overlap coefficients of shear modulus parameters were calculated for
glioblastoma, meningioma, metastatic brain tumor and NAWM.

Statistical analyses were performed using the SPSS Version 19
software (IBM Corp., Armonk, NY) and JMP Version 14 (SAS Institute
Inc., Cary, NC).

3. Results

We identified nine studies that performed MRE in a total of 184
primary and metastatic brain tumor patients with sample sizes ranging
from 6 (Xu et al., 2007) to 34 (Sakai et al., 2016) patients (Fig. 2). The
most commonly studied brain tumors were gliomas and meningiomas,

followed by pituitary adenomas and metastatic brain tumors. All stu-
dies were cross-sectional. For each study, the type of transducer and
field strength at which the data was collected is listed in Table 1.

3.1. Summary of individual studies without pooling data from different
studies

Four studies compared MRE results across different types of brain
tumors (Reiss-Zimmermann et al., 2015; Sakai et al., 2016; Simon et al.,
2013; Xu et al., 2007). Study sample sizes ranged from 4 (Xu et al.,
2007) to 34 (Sakai et al., 2016) patients. One study compared mean ( ′G )
and maximal ( ′G max) shear stiffness across meningioma (n = =13),
pituitary adenoma (n = =12), vestibular schwannoma (n = =6) and
glioma (n = =4) patients (Sakai et al., 2016). They found that both the
maximum and mean stiffness values, ′G max and ′G respectively, were
greater in meningiomas relative to pituitary adenomas. ′G max and ′G also
correlated positively with the intraoperative impression of tumor con-
sistency (Spearman R2 of 0.25 and 0.18, respectively) as measured on a
5-point scale with greater score indicative of more firm tumors. We note
that the term “consistency” is often used in the literature to describe the
intraoperatively measured impression of a tumor's mechanical proper-
ties. Hence this is both a qualitative and subjective parameter.

A study by Reiss-Zimmermann et al. in patients with glioblastoma
(n = 11), anaplastic astrocytoma (n = 3), meningioma (n = 7) and
cerebral metastasis (n = 5) found that |G*|tumor/ |G*|NAWM ratios were
similar across different brain tumors. However, meningiomas were
clearly distinguishable from other brain tumors by higher φ tumor/φ
NAWM values, while all malignant brain tumors had similar φ tumor/φ
NAWM values (Reiss-Zimmermann et al., 2015). In this study, region of
interest (ROI)s over the entire tumor region were defined in consensus
reading by three experienced neuroradiologists using T2w, FLAIR and
T1w contrast-enhanced images, and G* and φ values within the ROI

Fig. 1. Flow-chart of study selection.
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were averaged.
Another group studied the magnitude |G*| and phase angle φ of the

complex shear modulus in 16 patients with various histological types of
brain tumors that included gliomas (n = 10), brain metastases (n = 3),
meningiomas (n = 2) and lymphoma (n = 1) (Simon et al., 2013). Due
to small sample sizes across diagnostic categories, their analyses were
mainly qualitative. However, the authors noted that mean magnitude
|G*| was the lowest in glioblastomas and highest in meningiomas, while
the mean phase angle φ was lowest in metastases and greatest in me-
ningiomas. Ratio of magnitude G*|tumor/ |G*|NAWM values were greater
than one in both meningiomas and lower than one in other primary
intra-axial brain tumors.

A small study in patients with meningiomas (n = 4), hemangio-
pericytoma (n = 1), and schwannoma (n = 1) reported a qualitative
correlation of MRE-measured tumor stiffness relative to the patient's
normal white matter and an intraoperative subjective assessment of the
same by an experienced neurosurgeon who was blinded to MRE results
(Xu et al., 2007). However, neither shear modulus values nor re-
construction methods were reported.

3.2. Gliomas

Two studies investigated MRE in a total 40 glioma patients ex-
clusively (Pepin et al., 2018)(Streitberger et al., 2014). Streitberger and
colleagues applied multislice multifrequency MRE (MMRE) to study
tumor elastic properties of 22 glioblastoma patients (Streitberger et al.,
2014). The MMRE allows the acquisition of 3D wave fields at multiple
vibration frequencies. As long as the shear modulus is relatively con-
stant over the range of frequencies used, this can be advantageous in
obtaining good quality data over the entire field of view since there
may be low displacement amplitude of the shear waves at particular
locations for a particular frequency that can be compensated for by
using a different frequency. The brain stiffness maps demonstrated that
glioblastomas were heterogenous and composed of stiff and soft com-
partments. Mean |G*| was lower in glioblastomas than unaffected brain
parenchyma; however, 5 out of 22 tumors has greater |G*| values than
the reference tissue. All glioblastomas had φtumor/φ NAWM of less than
one, and 17 out of 22 glioblastomas had |G*|tumor/ |G*|NAWM of less
than one. Neither φ nor |G*| correlated with the morphologic appear-
ance of gliomas as classified based on preoperative MRI T2-weighted
and contrast enhanced T1-weighted images as either homogenous ap-
pearing mass, cysts or necrosis/hemorrhage.

Fig. 2. Studies were selected from the following search terms: Pubmed query: (“mr elastography” or “elastography”) AND (“brain tumor” or “glioma” or “glio-
blastoma” or “meningioma” or “pituitary adenoma” or “vestibular schwannoma”).
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Pepin and colleagues studied the association of magnitude |G*| with
WHO grade and IDH1 gene status (mutated vs. wild-type) in 18 histo-
logically proven glioma patients (Pepin et al., 2018). They found an
inverse relationship between glioma grade and magnitude |G*|, with
higher grade gliomas being softer than low grade tumors. Specifically,
magnitude |G*| was lower in grade IV gliomas than grade II tumors but
was similar between grade II and grade III gliomas and between grades
III and grade IV gliomas. Magnitude |G*| of gliomas was not associated
with tumor anatomical location, patient age and tumor volume. With
regard to the IDH1 status, all studied IDH1 wild-type tumors (n = 12)
had lower magnitude |G*| (i.e., were softer) than IDH1 mutated tumors
(n = 6).

3.3. Meningioma

MRE was used in two studies that included only meningioma pa-
tients (total of 26 patients) (Hughes et al., 2015; Murphy et al., 2013). A
study of 12 patients found that the ratio of ′G in meningioma relative ′G
in surrounding NAWM correlated positively with the surgeons’ quali-
tative assessment of tumor stiffness as rated on a 5-point scale with
possible scores ranging from 1 (soft; 100% removable with suction) to 5
(hard; uniformly hard, requiring ultrasonic aspiration) (Murphy et al.,
2013). MRE results showed stronger correlation with surgical assess-
ment of meningioma stiffness when compared with T1w and T2w

imaging characteristics.
Hughes and colleagues studied the association of ′G with in-

traoperatively evaluated meningioma consistency evaluated according
to surgeon impression and durometry findings that were obtained on
each surgical specimen taken from different regions of tumor and
averaged (Hughes et al., 2015). They found significant and positive
correlation between meningioma ′G with surgeons’ impression of tumor
stiffness (score range from 1 [removed mostly with suction] to 5 [re-
quired scissors or cautery]) and durometer measurements. Further-
more, MRE had high sensitivity, specificity and PPV values for me-
ningioma heterogeneity/homogeneity and hardness that were based on
retrospective review of surgical notes.

3.4. Pituitary adenoma

Clinical applications of MRE for estimation of pituitary adenoma
stiffness was specifically addressed in one small study of 10 patients
with pituitary macroadenomas (Hughes et al., 2016). The authors
correlated MRE findings ′G( ) with experienced pituitary surgeon's im-
pression of adenoma stiffness (blinded to MRE results) that was clas-
sified as either soft (primarily removed with suction), intermediate
(parts easily removed with suction but other portions requiring me-
chanical techniques) or hard (requiring sharp dissection). They found
that mean tumor shear stiffness ′G was significantly lower in soft

Fig. 3. Plots of (A) G’, (B) G”, (C) |G*| and (D) phase angle φ from studies from five different groups. The black solid and red dotted horizontal lines correspond to the
mean and mean±2 standard deviations (SDs) respectively after pooling all data for a particular tumor together. Note that± 2 SD's equal the 95% confidence
interval. Abbreviations are: GBM=glioblastoma; AA=anaplastic astrocytoma; LGG=low grade glioma; Mening.=meningioma; Met=metastatic tumor;
NAWM=normal appearing white matter.
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pituitary adenomas when compared to intermediate pituitary ade-
nomas. There were no hard tumors in the series. In 11 pituitary ade-
noma patients, Sakai and colleagues (Sakai et al., 2016) explored the
association of MRE findings with intraoperative tumor consistency as
rated on a scale from 1 to 5, with higher scores indicating stiffer tumors.
Their data also suggested a tendency for greater shear stiffness ′G values
in patients with firm adenomas (median value of 1.6 kPa) when com-
pared to soft adenomas (median value of 1.1 kPa).

3.5. Pooled Data analysis

Shear stiffness G’ was available from five studies with a total of 107
brain tumors (Hughes et al., 2016; Reiss-Zimmermann et al., 2015;
Sakai et al., 2016; Simon et al., 2013; Streitberger et al., 2014) that
included glioblastoma (n = 39), meningioma (n = 22), pituitary ade-
noma (n = 21), brain metastasis (n = 8), anaplastic astrocytoma
(n= 6), vestibular schwannoma (n= 6) and low-grade glioma (n= 5).

Fig. 4. Percent differences of tumor shear modulus parameters with that of NAWM where the percentage difference is calculated for each individual subject thereby
using the subject as its own internal control.

Table 2
Tumor to normal appearing white matter percent differences in IG*I, G’, G” and Phi across other brain tumor types.

% difference when compared to NAWM

Brain tumor diagnosis N IG*I Phase angle G’ G”
Glioblastoma multiforme 36 −16.52±20.12 −30.53± 14.66 −7.28± 24.67 −40.51± 18.36
Anaplastic astrocytoma 5 −14.06±20.16 −3.99±31.31 −7.62± 24.81 −17.90± 22.43
Low-grade glioma 5 −34.33±14.10 −0.52±38.15 −25.73±17.71 −26.68± 34.88
Meningioma 9 15.68± 39.39 78.67± 62.45 −4.04± 36.74 100.05± 107.53
Metastases 8 −21.17±24.35 −23.01± 11.39 −14.09±27.23 −38.12± 21.06
F-value; p-value 4.061; 0.006 25.821; <0.001 0.686; 0.604 18.732; <0.001

Statistically significant differences:.
IG*I: meningioma > glioblastoma (p = =0.06), low grade glioma (p = =0.02) and metastatic tumor (p = =0.02).
Phase angle: Meningioma > glioblastoma, anaplastic astrocytoma, low grade glioma and metastatic tumor (all p-values <0.001).
G”: Meningioma > glioblastoma, anaplastic astrocytoma, low grade glioma and metastatic tumor (all p-values <0.001).
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Three of these studies (n = 63 patients) also reported magnitude |G*|
and phase angle φ of NAWM distinct from the brain tumor (Reiss-
Zimmermann et al., 2015a; Simon et al., 2013a; Streitberger et al.,
2014a).

As demonstrated in Fig. 3, there is overlap of the distributions (95%
Confidence intervals) of most shear modulus parameters across all
histologic tumor types. This is true except when comparing me-
ningiomas and low-grade gliomas with the parameters viscosity G” and
phase angle φ. To demonstrate the level of overlap, the overlapping
area of normal distributions fit to the data for glioblastomas, me-
ningiomas and metastases as well as for the NAWM data were calcu-
lated for each pairing. This overlap probability is reported in Table 3
and demonstrated substantial overlap between shear modulus values.
The lowest overlap coefficients were for φ and G” for meningiomas vs.
glioblastomas (10.3% and 6.3%, respectively) and for G” for me-
ningiomas vs. metastases (15.3%).

As discussed earlier, a more robust approach that avoids bias due to
different hardware, symmetry assumptions, pulse sequences and re-
construction algorithms, is the comparison of a shear modulus para-
meter in the tumor to the same parameter in the same subject in
NAWM. Note that this approach has also been used by some of the
identified studies even when comparing data from a single study where
the methodology for all subjects was identical. To this end, we identi-
fied data from 63 patients from 3 studies where both brain tumor and
NAWM shear modulus parameters were measured. From this data, we
calculated ΔG’, ΔG”, Δ|G*| and Δφ for different brain tumor diagnoses
(Table 4 and Fig. 4). ANOVA analyses showed significant differences
of mean ΔlG*l (F = 4.061, p = 0.006), mean Δφ (F = 25.821,
p<0.001) and mean ΔG” (F = 18.732, p<0.001) but not mean ΔG’
(F = 0.686, p = 0.6). Post-hoc analyses demonstrates that mean ΔIG*I
was greater in meningiomas relative to low grade glioma (p = 0.02)
and metastatic tumor (p = 0.02). Mean Δϕ and mean ΔG” were sig-
nificantly greater in meningioma when compared to glioblastoma,
anaplastic astrocytoma, low grade glioma and metastatic tumor (all p-
values <0.001). As demonstrated in Figs. 4 and 5, meningiomas can
be clearly distinguished from gliomas and metastatic brain tumors
using Δφ as all meningiomas having φ greater than NAWM (values
above the dashed red line in Fig. 4) which was not the case for any
other analyzed tumors.

4. Discussion

Interest in MRE for imaging of benign and malignant brain tumors is
increasing. Our literature review showed that shear stiffness (G’) of
meningiomas and pituitary adenomas correlated well with tumor con-
sistency observed intra-operatively. Pooled analyses of reported tumor

shear modulus indexes demonstrated significant overlap across dif-
ferent brain tumor diagnoses. However, when analyzing pooled data of
tumor to NAWM shear modulus differences obtained from each subject
individually, meningiomas had the greatest variability, or range of
values, for ΔlG*l, Δφ and ΔG”. In addition, by using Δφ as a metric,
meningiomas as a group could be distinguished from gliomas and me-
tastatic brain tumors as the Δφ distribution for meningiomas is unipolar
positive while for gliomas and metastatic brain tumors it is unipolar
negative. Discriminative ability of other shear modulus parameters for
different types of brain tumors was limited.

4.1. Surgical considerations

Substantial research efforts were directed towards validating the
MRE defined tumor shear stiffness against intraoperatively observed
tumor stiffness (Hughes et al., 2016;Murphy et al., 2013; Hughes et al.,
2015; Sakai et al., 2016; Xu et al., 2007). In the reviewed studies, intra-
operative brain tumor stiffness was graded by the operating neuro-
surgeons according to personal impression or instruments needed for
tumor resection (for example, removable with suction vs. requiring
ultrasonic aspiration). Objective intraoperative semi-quantitative esti-
mation of meningioma surgical specimen stiffness using a durometer
was performed in one study (Hughes et al., 2015). The reviewed studies
indicate that MRE measured shear stiffness G’ correlated well with
intra-operative stiffness of meningiomas and pituitary adenomas and
hence allowed reliable discrimination between stiff and soft me-
ningiomas and pituitary adenomas. Tumor stiffness is among the key
characteristics considered for neurosurgical planning, namely selection
of surgical approach, resection planning, selection of surgical instru-
ments and anticipation of the intra-operative course (Zada et al., 2013).
For example, pituitary adenomas are usually soft tumors that can be
totally and safely removed via transsphenoidal surgery. However, in
cases of stiff pituitary adenomas, transsphenoidal surgery can be chal-
lenging and more extensive surgical approaches, such as craniotomy,
should be considered (Zada et al., 2013; 2011). Firm consistency is also
among the most important limiting factors of complete resection of
intracranial skull base meningiomas (Little et al., 2005; Sekhar et al.,
1990). Towards this end, the reviewed studies suggest that MRE can be
a valuable tool for discriminating soft vs. firm pituitary adenomas and
meningiomas and hence may have value for surgical planning. Larger
studies using more objective and reproducible measures of in-
traoperative tumor should be studied to document validity of MRE for
pre-operative prediction of tumor stiffness. The impact of this in-
formation for surgical decision making also needs to be addressed in
future studies.

Despite substantial research efforts, there are no reliable non-in-
vasive tools for evaluation of brain tumor stiffness preoperatively.
Reliable and reproducible quantification of brain tumor stiffness is
important for treatment planning, communication across healthcare
providers, monitoring changes of tumor stiffness across treatment
stages and for consideration of tumor metrics for research studies.
Substantial research efforts were directed towards optimizing estima-
tion of brain tumor stiffness using conventional and widely available
neuroimaging techniques (MRI and CT). For example, structural T2w
and T1w MRI was widely studied for estimating stiffness of me-
ningiomas (Shiroishi et al., 2016; Yao et al., 2018) and pituitary ade-
nomas (Yamamoto et al., 2014; Ma et al., 2016; Romano et al., 2017;
Thotakura et al., 2017). A recent review by Shiroishi and colleagues of
preoperative imaging studies for prediction of meningioma stiffness
concluded that T2w MRI can be a helpful MRI sequence for prediction
of meningioma mechanical properties; nevertheless the authors con-
cluded that its reliability warrants further validation (Shiroishi et al.,
2016). DTI is another MRI based imaging technique that is promising
for evaluation of hardness of meningioma (Romani et al., 2014). Fur-
ther studies evaluating conventional MRI/CT for evaluation of brain
tumor stiffness are warranted.

Table 3
Overlap coefficients of shear modulus values of glioblastomas, meningiomas,
metastatic tumors and normal appearing white matter.

Glioblastoma Meningioma Metastasis

G’
Meningioma 42.9% – –
Metastasis 80.8% 49.4% –
Normal appearing white matter 74.2% 55.5% 66.4%
IG*I
Meningioma 42.9% – –
Metastasis 82.5% 48.8% –
Normal appearing white matter 55.4% 85.9% 57.3%
Phase angle
Meningioma 10.3% – –
Metastasis 76.2% 23.2% –
Normal appearing white matter 46.3% 47.5% 66.7%
G”
Meningioma 6.3% – –
Metastasis 80.9% 15.3% –
Normal appearing white matter 41.1% 45.2% 54.0%

A. Bunevicius, et al. NeuroImage: Clinical 25 (2020) 102109

8



Intra-operative assessment of tumor stiffness is usually a gold
standard for estimation of tumor stiffness; however, this type of mea-
surement is invasive, does not allow for pre-surgical planning, and is
subjective, therefore at risk for inter-observer variability. Semi-struc-
tured neurosurgeon rating scales for quantification of brain tumor
stiffness intraoperatively were developed. For example, a five point-
intraoperative meningioma consistency grading system was developed
by Zada with colleagues aiming to quantify subjective perception of
meningioma consistency by evaluating tumor softness/firmness, tumor
capsule characteristics and selection of surgical instruments (tumor
removal with suction vs. ultrasonic aspiration vs. dissection) needed for
tumor debulking (Zada et al., 2013). However, while the scale showed
good inter-rated agreement, reliability and clinical utility of this in-
strument warrants further validation. The association of MRE data with
other physical properties of brain tumors that are important for surgical
planning and might impact tumor resection strategy and tissue

handling characteristics, such as tumor vascularity, rubbery con-
stituency etc., remain to be explored. Also, given relatively small ex-
perience but growing interest in MRE for imaging of brain tumor pa-
tients, further studies aiming to investigate temporal and inter-
institution reliability of MRE are needed before adopting MRE in rou-
tine clinical practice.

4.2. Diagnostic considerations

Individual pooled patient level meta-analysis showed that there was
substantial overlap of distribution of the reported shear modulus values
across different brain tumor diagnoses suggesting that shear modulus
indexes have poor discriminative ability across brain tumor diagnoses.
However, the ratio of tumor to NAWM shear modulus values seemed to
improve discriminative abilities of MRE for meningiomas, suggesting
that patient specific rather than absolute shear modulus values should

Table 4
MR elastography studies in animal brain tumor models.

Author, year Study goal Model Major findings

Jamin et al. (2015) Studied elasticity and viscosity
in glioma and metastatic breast
cancer models.

Glioma (U-87 MG human glioblastoma cells or RG2 rat
glioma cells) and metastatic breast cancer (MDA-MB-231
LM2-4 human triple-negative breast carcinoma cells)
female mice models.

All tumors were softer and less viscous than surrounding
healthy brain parenchyma. Gliomas derived from U-87 MG
were the stiffest and breast cancer metastases (MDA-MB-
231 cells) were the softest. Tumor elasticity and viscosity
correlated positively with cellular density and microvessel
density, but not with extent of collagen deposition nor
myelin fiber entrapment.

Schregel et al.
(2017)

Explored longitudinal changes
of elastic properties in
glioblastoma

Glioblastoma stem cell line (G30) established from a
patient implanted in five mice. MRE was performed at 2,
3 and 4 weeks post implantation.

Starting from week 2, viscoelastic modulus, shear wave
speed and phase angle were significantly lower in tumors
when compared with healthy brain tissue. Tumors became
softer over time with tumor progression. Tumor
heterogeneity increased starting at weeks 3 and 4. Softer
tumor regions contained necrosis and patches of viable
tumor cells. Dense tumor regions had areas of densely
packed tumor cells and blood vessels.

Feng et al. (2016) Impact of radiotherapy on
elasticity of glioblastoma and
unaffected brain.

Twelve 7–8 weeks age female Balb/c mice implanted
with glioblastoma were randomized to either 20 Gy
radiation treatment or no treatment groups.

Shear modulus was lower in tumor relative to mirror brain
and decreased over time independently of radiation
therapy. Radiation therapy was effective and prolonged
mice survival time. Shear modulus of the mirror brain
regions remained in treatment group and had increasing
trend in not treated animals.

Fig. 5. Scatter plot of tumor to normal appearing white matter percent difference of phase angle and IG*I.
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be used. Specifically, meningiomas were stiffer compared to NAWM
than gliomas and metastatic tumors and could be distinguished from
other brain tumors by Δϕ greater than 0. This was not the case for other
brain tumor types as there was a substantial overlap of differences of
brain tumor to NAWM shear modulus values. Variation of MRE acqui-
sition techniques across studies (i.e. differences in MRI field strength,
MRE vibration frequencies, shear modulus reconstruction methods,
mechanical coupling devices) can influence the absolute reconstructed
shear modulus values between studies. Comparison of tumor to the
same patient NAWM shear modulus values allows internal control that
removes confounding effect of MRE acquisition techniques for re-
constructed shear modulus values. However, pooled data analyses
should be also interpreted with caution in the context of small and
heterogenous sample sizes across histological diagnoses thus limiting
statistical power to detect differences.

A majority of brain tumor types can be reliably distinguished using
routine structural MRI modalities based on tumor location, appearance
and pattern of contrast enhancement (for example, gliomas vs. me-
ningiomas vs. pituitary adenomas vs. vestibular schwannomas). On the
other hand, distinction between brain metastases vs. high-grade
gliomas and meningioma vs. vestibular schwannoma can be more
challenging in certain clinical scenarios and relying solely on conven-
tional structural MRI sequences. Moreover, sometimes even the differ-
entiation of tumors from inflammatory or demyelinating diseases can
be difficult. Biopsy is often required to ultimately establish a diagnosis.
Given inconsistency of available evidence, we do not recommend using
MRE in the clinical environment for discriminating between different
brain tumor entities. Further studies should attempt to investigate ad-
ditive diagnostic value of MRE in challenging diagnostic scenarios.

Pepin with colleagues found that IDH mutated gliomas were stiffer
than IDH wild-type tumors (Pepin et al., 2018), indicating that MRE
could potentially hint at one of the molecular signature of gliomas. IDH
gene mutation status has a well-defined prognostic significance in
gliomas with mutated versions of the gene being associated with a more
favorable prognosis relative to the wild-type variant (Yan et al., 2009).
These findings remain to be replicated but suggest that MRE measure-
ments could potentially have prognostic significance. Magnetic re-
sonance spectroscopy is another imaging methods that allows not in-
vasive detection 2-hydroxyglurate accumulation that is associated with
IDH1 or IDH2 mutation (Choi et al., 2012). It is of interest whether
tumor stiffness is associated with other molecular biomarkers of
gliomas that have prognostic and therapeutic implications, such as the
MGMT gene methylation, mutations in the TERT promoter and code-
letion of chromosome arms 1p and 19q (Eckel-Passow et al., 2015;
Turkalp et al., 2014). Radiogenomics is a growing field of research that
is focused towards identifying noninvasive imaging phenotypes of
tumor genetic and molecular characteristics in order to improve diag-
nostic accuracy and apply personalized treatments (Kickingereder et al.,
2016; Smits and van den Bent, 2017). It remains to be seen if integra-
tion of MRE imaging data in the radiogenomics models could improve
accuracy of imaging signatures of brain tumor molecular/genetic pro-
files. Also, it will be interesting to see if integration of MRE data in
radiomics models could add important prognostic information and
improve clinical decision making.

4.3. Shear wave frequency

Shear modulus is expected to increase approximately as the square
root of the shear wave frequency (Fabry et al., 2001). While it would be
desirable to determine whether or not the data is consistent with the
predicted f0.5 power law frequency dependence, the frequency depen-
dent factor only amounts to a 6% effect for the two frequencies, 40 and
45 Hz, reported for measurements of G’ in glioblastomas and me-
ningiomas. And for pituitary adenomas, where three frequencies were
reported, 40, 45 and 60 Hz, the frequency factor between 40 and 60 Hz
is 1.22. Both of these factors are well within the range of absolute shifts

in G’ expected due to other factors such as different groups acquiring
their MRE data with different hardware, acquisition protocols, sym-
metry assumptions, and reconstruction algorithms. This prevents a
meaningful comparison of absolute G’ values at different frequencies. In
addition, for a majority of these studies where multi-frequency beha-
vior is available, control NAWM G’ values were not available and hence
a comparison of ΔG’ between different frequencies, which would po-
tentially eliminate the absolute value biases for different methodolo-
gies, was not possible.

4.4. Pre-clinical evidence

Differentiation of glioma progression from radiation necrosis is
important to inform clinical decision-making (Nam and de Groot, 2017;
Ellingson et al., 2017; Wen et al., 2010) but often remains challenging
using conventional imaging techniques (Ellingson et al., 2017;
Thust et al., 2018). Longitudinal MRE studies in animal models have
provided insights into temporal changes of elastic properties of glio-
blastoma during disease progression and in response to radiation
treatment (Table 4) (Feng et al., 2016; Schregel et al., 2017). Schregel
and colleagues investigated temporal changes of untreated glio-
blastoma in an orthotopic mouse model using MRE, and showed that
glioblastomas became softer and more heterogenous over time. There
was excellent correlation of the MRE-identified softer regions with the
tumor necrosis areas (Schregel et al., 2017). Specifically, softer tumor
areas contained mostly necrosis with patches of viable tumor cells,
while stiffer regions had densely packed tumor cells with blood vessels.
Heterogenous elastic properties of glioblastoma were previously de-
scribed in humans and correspond to commonly observed in-
traoperative findings of glioblastoma. Another study by Jamin and
colleagues in two glioma cell lines (U-87 MG and RG2) and one me-
tastatic breast cancer cells (MDA-MB-231) models in mice also con-
firmed that MRE findings correlated with tumor cellular and micro-
vascular density, but not with collagen deposition nor myelin fiber
entrapment (Jamin et al., 2015). These findings indicate that MRE
findings in models of glioblastoma correlate with histological tumor
appearance, tumor cell and microvascular density. Studies exploring
regional variation of MRE indexes in human patients should be per-
formed. Potentially, MRE could support the evaluation of histological
tumor viability and architecture. Furthermore, MRE may have im-
plications for surgical planning to remove a tumor sample with good
diagnostic yield. This can be important for deep seated or eloquent
brain tumors that are not amenable to extensive surgical resection but
are rather deemed only appropriate for a biopsy procedure. MRE may
improve the precision spatial location that a biopsy requires.

Temporal and spatial changes of imaging characteristics are im-
portant for clinical-decision making and differentiating treatment re-
sponse, tumor progression and pseudoprogression. We did not find
human studies looking into temporal and regional changes of elastic
properties of gliomas in response to adjuvant radiotherapy che-
motherapy. A study in glioblastoma mice model by Feng and colleagues
investigated possible radiation therapy effects (20 Gy) on elastic
properties of glioblastoma and healthy brain (Feng et al., 2016). The
authors found that shear modulus was lower in brain tumors and that
was independent from treatment with radiation therapy that had clear
therapeutic benefit. Radiation therapy targeting methods and dosing
are different in humans. Therefore, studies in humans looking into
possible impact of radiotherapy and chemotherapy on tumor and brain
elastic properties will be important to realize clinical impact. Radiation
therapy can cause serious toxicity to surrounding brain that ranges from
acute encephalopathy to delayed white matter changes, gliosis and
vascular lesions (Walker et al., 2014). Chemotherapy induced mor-
phological brain changes include reduced number of glial cells, de-
myelination, gliosis and leukoencephalopathy (Matsos et al., 2017). We
did not find studies exploring the possible impact of chemotherapy on
the stiffness of brain tumors and normal appearing white matter;
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however, there is evidence to suggest that MRE can be a sensitive
method to detect changes in a tissue's mechanical properties in response
chemotherapy. For example, a study in a non-Hodgkins lymphoma
mouse model documented significant decrease of MRE derived tumor
shear stiffness within four days of treatment initiation. This correlated
with decreased cellular proliferation, indicating that MRE can be a
biomarker of tumor response to chemotherapy (Pepin et al., 2014).
MRE can also be an imaging biomarker of response to treatment and
treatment—induced necrosis of colon cancer (Jugé et al., 2012; Li et al.,
2014). Given documented differences of stiffness in gliomas, gliotic
tissue and unaffected brain (Miroshnikova et al., 2016;
Moeendarbary et al., 2017) and macroscopic changes of elastic prop-
erties of previously irradiated brain areas in glioma patients appre-
ciated intraoperatively, it is possible that therapy-related changes in
brain stiffness can be detected with MRE that could be helpful for as-
sessment of response to treatment.

The tumor microenvironment is a pivotal regulator of progression
and invasion of gliomas and metastatic brain tumors and is an emerging
therapeutic target (Quail and Joyce, 2017). In the brain, the tumor
micro-environment is comprised of tumor cells, extracellular matrix
(ECM), and non-neoplastic cells, including immune cells and glial cells.
Tumor tissue stiffness is an important feature of the tumor micro-
environment. ECM pays an important role for invasion and progression
of glioma cells (Foty, 2013; Lu et al., 2012; Ulrich et al., 2009). Stiffness
of ECM has been shown to affect glioma cell migration and proliferation
(Ulrich et al., 2009). Specifically, glioma cells spread more extensively
and rapidly on rigid extracellular matrix and glioma cell migration
decreased with decreasing rigidity of ECM (Ulrich et al., 2009). Stiff-
ness also can be an important biomarker of glioma growth and response
to therapy. It was recently demonstrated that higher stiffness of ECM in
gliomas was associated with higher glioma grade and more aggressive
behavior (Miroshnikova et al., 2016) indicating that ECM stiffness has
prognostic importance. A recent pre—clinical study demonstrated that
MRE can be a valuable biomarker of ECM stiffness of brain tumors
(Li et al., 2019). Towards this end, further studies should investigate
whether glioma stiffness measured with MRE can be used to describe
tumor microenvironment and serve as a biomarker of tumor behavior
and response to chemotherapy.

5. Conclusions

Potential clinical applications of MRE for imaging of benign and
malignant brain tumors are increasingly studied. Several studies have
showed that the quantitative shear stiffness (G’) of meningiomas and
pituitary adenomas as measured with MRE correlate well with the
intra-operatively assessed subjective evaluation of tumor consistency of
the surgeon indicating that MRE may be a promising technique for
surgical planning. On the other hand, discrimination between different
tumor types based on the shear modulus value itself is not currently
possible because of substantial overlap of the distributions of each of
the shear modulus parameters from different tumors as well as NAWM
(Fig. 3). To remove any bias in the reported values of the shear modulus
parameters due the particular type of hardware, reconstruction meth-
odology and SNR, we computed the difference in each shear modulus
parameter in the tumor and that of the same individual's contralateral
NAWM: ΔG’, ΔG”, ΔlG*l, and Δφ (Fig. 4). This resulted in some im-
provement in defining the distribution of values in different tumors. In
addition, for a neurosurgeon, it is important to determine prior to
surgery the shear modulus value of the tumor compared to that of
NAWM in that specific subject. For the pooled meta-analysis performed
here, we see that for most brain tumor types the difference ΔG” between
the viscosity of the tumor (G”) and the viscosity of NAWM in the same
patient (i.e. using the patient's NAWM as a control), is either positive or
negative, i.e. the distribution of ΔG” values lies either above or below
the red-dashed “zero difference” line in Fig. 4. Thus, while there still
remains considerable heterogeneity of the ΔG” values from different

individuals having the same type of tumor, there is now a predominant
sign (either positive or negative) for ΔG”. Furthermore, the distribution
of ΔG” values in meningiomas is unique in that it is the only distribu-
tion with a predominantly unipolar positive distribution. If, after more
extensive data becomes available, a further pooled analysis shows that
the distribution of ΔG” values in meningiomas is indeed uniquely uni-
polar positive, one could then predict with confidence whether or not
the tumor type is a meningioma based on an MRE exam.

Nevertheless, even after normalizing the tumor data with respect to
the individual's own contralateral NAWM, Fig. 4 still shows a wide
range of values for essentially all tumors and all parameters. Before the
adoption of MRE into routine clinical practice, it is important to es-
tablish its reproducibility as an imaging biomarker of cancer
(O'Connor et al., 2017; Sullivan et al., 2015). Certainly, more data of
tumor and contralateral NAWM shear modulus values need to be ac-
quired and accumulated in the literature so that one can be more
confident of the distribution of the shear modulus values. In addition, it
seems it may be wise to consider recording additional subject data that
may influence tumor stiffness and viscosity in order to eventually be
able narrow these distributions. For example, it is well known that
tumors (i) increase their size over time, (ii) are typically spatially in-
homogeneous, and (iii) that the spatial pattern of inhomogeneity can
change over time. Perhaps a measure of tumor size/age and hetero-
geneity may be useful in this regard to eventually make these mea-
surements useful for diagnostic and therapeutic follow up purposes.
Finally, further technological improvements with the goal of unification
of MRE techniques and protocols is encouraged as well as studies
evaluating accuracy, clinical applicability, correlation with treatment-
related changes and biological correlates of MRE.
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