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Abstract

Elastography is an imaging technology capable of measuring tissue stiffness and consistency. The
technology has achieved widespread use in the workup and management of diseases of the liver,
breast, thyroid, and prostate. Although elastography is increasingly being applied in neurosurgery,
it has not yet achieved widespread adoption and many clinicians remain unfamiliar with the
technology. Therefore, we sought to summarize the range of applications and elastography
modalities available for neurosurgery, report its effectiveness in comparison with conventional
imaging methods, and offer recommendations. All full-text English-language manuscripts on the
use of elastography for neurosurgical procedures were screened using the PubMed/MEDLINE,
Embase, Cochrane Library, Scopus, and Web of Science databases. Thirty-two studies were
included with 990 patients, including 21 studies on intracranial tumors, 5 on hydrocephalus,

4 on epilepsy, 1 on spinal cord compression, and 1 on adolescent scoliosis. Twenty studies

used ultrasound elastography (USE) whereas 12 used magnetic resonance elastography (MRE).
MRE studies were mostly used in the preoperative setting for assessment of lesion stiffness,
tumor-brain adherence, diagnostic workup, and operative planning. USE studies were performed
intraoperatively to guide resection of lesions, determine residual microscopic abnormalities, assess
the tumor—brain interface, and study mechanical properties of tumors. Elastography can assist with
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resection of brain tissue, detection of microscopic lesions, and workup of hydrocephalus, among
other applications under investigation. Its sensitivity often exceeds that of conventional MRI and
ultrasound for identifying abnormal tissue and lesion margins.
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Introduction

Advances in computing power and processing techniques in recent decades have enabled

the incorporation of sophisticated imaging tools into neurosurgical operative planning and
guidance. These developments have led to improvements in the efficacy and safety of
operative neurosurgery [1]. Although attempts were made as early as the 1950s to use
intraoperative ultrasound for brain tumor localization, it was not until the 1980s that B-mode
ultrasound achieved mainstream recognition for intraoperative use [2]. Around the same
time, magnetic resonance imaging (MRI) was emerging as a scanning tool for preoperative
planning and postoperative monitoring. Intraoperative MRI was adopted the following
decade, with early efforts highlighting its effectiveness in improving the extent of tumor
resection [3,4].

In the mid-1990s, elastography emerged as a new imaging technology that could assess

the stiffness of tissue, providing improved spatial localization and resolution compared

with manual palpation. Elastography can be generated by magnetic resonance scanners,
known as magnetic resonance elastography (MRE), or by an ultrasound transducer, known
as ultrasound elastography (USE) [5]. Some original indications for elastography included
the assessment of liver fibrosis and detection of prostate and breast cancers, but it has
increasingly been studied in the context of neurosurgery, for purposes including resection of
brain lesions and identification of hydrocephalus [5,6].

Given the recent emergence of elastography as a new technique in neurosurgery, surgeons
have limited experience with this modality. Moreover, several modalities are available

to neurosurgeons, such as MRE and USE, with USE further subdivided into shear-wave
elastography (SWE), involving propagation of shear waves generated by a transducer across
tissue, and strain elastography, involving physical compression of tissue by a transducer.
Therefore, the goal of this systematic review is to summarize the current literature on
elastography in neurosurgery and offer recommendations for future study design. Our
primary objectives are to determine the range of applications and types of elastography

for neurosurgery, and to compare its effectiveness with conventional imaging methods.

Methods

Literature Search

A systematic review was conducted following the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines. The English-language peer-reviewed
literature published as of October 22, 2021 was queried using the following databases:
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PubMed/MEDLINE, Embase, Cochrane Library, Scopus, and Web of Science. Full search
queries are listed in Supplementary Table 1. The bibliographies of included studies were also
assessed to identify additional relevant studies.

Studies were included if they were a full-text English manuscript examining USE or MRE in
the human brain or spinal cord preoperatively, intraoperatively, or postoperatively for patient
management. Both pediatric and adult populations were included. Studies were excluded if
they: 1) only examined patients without a neurological disease, 2) studied animals or were
performed ex vivoor in vitro, or 3) did not feature a neurosurgical operation.

Data Extraction

Results

Each eligible article was independently screened against these criteria by 3 reviewers (CWL,
KJ, LY) using the Covidence systematic review application (Covidence), with disagreements
adjudicated by a fourth independent reviewer (AMH). Articles satisfying criteria for full-
text review then underwent data extraction by 4 authors (AMH, CWL, KJ, LY) using
Microsoft Excel (Microsoft Corporation). Details extracted included sample size, sample
demographics, pathology examined, type of elastography, and imaging parameters (ie,
machine, transducer, and frequency). Outcomes of interest included quantitative elasticity
measurements, sensitivity and accuracy of elastography, qualitative comparisons with
intraoperative findings, and efficacy of elastography for surgical management.

Study quality was assessed using the National Institutes of Health Quality Assessment Tool
for Case Series studies (Supplementary Table 2) [7]. Additionally, a level of evidence rating
was determined for each study in accordance with guidelines from the North American
Spine Society [8].

We identified 2008 unique articles, of which 123 underwent full-text review, and 32 were
deemed eligible for data extraction (Figure 1). A total of 990 patients were included across
the 32 studies, with participants’ mean ages ranging from 6 weeks to 72 years old (Table 1).
Four studies investigated exclusively pediatric populations [9-12], whereas the remaining 28
studies examined adult cohorts. All studies were published within the past 2 decades, with
nearly 72% published from 2016 onward. Ultrasound elastography was used in 20 (62.5%)
studies, and MRE was used in 12 (37.5%) studies. By design, all MRE studies generated
shear waves for determination of tissue stiffness, although 2 studies by Yin et al incorporated
slip-interface imaging, a modality derived from the differential shear-wave motion of tissue
across an interface [13,14]. Ultrasound studies were evenly split between those using SWE
(n=10) and those using strain elastography (n=10). All studies were classified as Level 11 or
IV studies (Supplementary Table 2).

The distribution of pathologies is depicted in Figure 2. Twenty-one studies (65.6%)
investigated elastography for resection of intracranial tumors (Table 2). The most common
intracranial tumors encountered included high-grade gliomas (HGG) (n=199 patients)
[15-22], low-grade gliomas (n=127) [17,19-23], meningiomas (n=191) [14,16,18-20,24—
28], metastases (n=34) [15,18-20,23,26], pituitary adenomas (n=32) [26,27,29,30], and
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vestibular schwannomas (n=16) [13,19,27]. Of the HGGs, 54 tumors were identified as
glioblastomas [15,17,18]. Overall, 49 gliomas were unspecified [26,27]. The remaining 11
studies (Table 3) included those investigations in patients with spinal cord compression
(n=25) [31], epilepsy (n=51) [9,32-34], hydrocephalus (n=109) [10,12,35-37], and
adolescent idiopathic scoliosis (n=25) [11].

The timing and purpose of elastography were largely contingent on the decision to use

MRE or USE. MRE studies were performed preoperatively to assist with operative planning
and/or to determine accuracy of MRE relative to intraoperative results. An exception
includes a study by Olivero et al, in which MRE was performed 3 weeks after shunt revision
surgery for low-pressure hydrocephalus and revealed that the abnormally low stiffness in
low-pressure hydrocephalus persists even after patients exhibit a symptomatic response to
treatment and ventricular size returns to baseline [12]. In contrast, nearly all USE studies
were performed intraoperatively to guide resection of tumors or epileptic lesions or to assess
changes after spinal cord decompression. Two exceptions included a study by Vergari et al,
who measured elasticity of lumbar annulus fibrosus in patients with adolescent idiopathic
scoliosis preoperatively and at 3 months and 1 year after surgery to determine disc properties
in scoliosis [11], and Dirrichs et al, who performed USE on neonates with hydrocephalus
prior to invasive ventricular drainage [10].

Outcome data varied depending on the method of elastography used. Eight studies using
MRE reported shear elasticity measurements by processing acquired images and using
computer-generated maps of stiffness known as elastograms [12,14,25,27-29,35,36,38],
whereas 2 MRE studies categorized stiffness qualitatively [13,14]. Lagerstrand et al used
diffusion-weighted imaging to generate a virtual MRE and quantify stiffness [30]. All 10
studies that used ultrasound SWE reported quantitative results but differed in their selected
outcome, with 6 reporting the Young’s modulus measure of stiffness [9,10,19,20,22,39],

2 reporting stiffness ratios between epileptic lesions and normal brain tissue [32,33], 1
reporting the shear modulus measure of stiffness [31], and 1 reporting shear-wave speed
(from which stiffness is traditionally calculated) [11]. In contrast, only 2 ultrasound

strain elastography studies quantitated tissue elasticity [16,24]. The remaining 8 strain
elastography studies qualitatively assessed tissue stiffness, with metrics including sensitivity,
specificity, accuracy, and feasibility [15,17,18,21,23,26,34,40]. For example, Pepa et al
categorized meningioma consistency and meningioma-brain interface on a scale from 0

to 2 using strain elastography and compared results with MRI analysis and intraoperative
findings [40].

Discussion

Palpation of tissue is a critical technique dating back to ancient times, as it provides valuable
information on soft tissue physiology and the presence of disease. The development of
elastography in the 1990s improved upon manual palpation with vastly improved resolution,
quantitative measurements, and the capacity to assess tissue otherwise inaccessible to
traditional palpation [41]. Elastography captures information about tissue displacement and
relates it to measures of stiffness. Elastography is now used routinely in several domains

of medicine. For example, it is recommended by the World Federation for Ultrasound in
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Medicine and Biology as the preferred first-line assessment for the severity of liver fibrosis
in patients with chronic viral hepatitis C [42]. It can noninvasively stage chronic liver
disease, quantify portal hypertension, and predict the progression and prognosis of patients
with liver disease [43]. Measurements of elasticity have also proven valuable in assessing
breast cancer [44], thyroid nodules [45], chronic kidney disease [46], and prostate cancer
[47], among other organs. Increasingly, elastography is being applied to neurosurgery.
Here we systematically review the literature on elastography in neurosurgery, finding

that elastography is not only feasible and correlates with surgical findings, but is often
superior to conventional MRI and ultrasound for identifying lesion margins and abnormal
tissue [9,21,23,26,32,33,38,40]. For example, Murphy et al found that MRE findings of
meningioma stiffness in 12 patients were superior to MRI T1- and T2-weighted imaging
[38], while Prada et al found that glioma margins were sharper in 76% of cases with
ultrasound elastography compared to B-mode ultrasound.

Elastography can be generated using either a MR scanner or ultrasound machine, with
important implications for potential applications. Table 4 provides a comparison of MRE
and USE technologies, noting potential applications for each modality and associated
advantages and limitations. We found a preference for USE over MRE in neurosurgery,
likely reflecting the ease of availability of intraoperative ultrasound, fast image acquisition
time, and lower cost compared with MRE [48]. However, USE generally requires bone
removal, such as craniectomy or laminectomy, as ultrasound waves are reflected off
bone, and can only sample tissue within the plane of the probe [49]. In contrast, MRE
was preferred for preoperative assessment of intracranial pathology and postoperative
monitoring. Cohen-Cohen et al write that knowledge of tumor consistency gleaned from
MRE can be used for operative planning, counseling patients about surgical risk, and
estimating operative time [50]. Important exceptions permitting noninvasive USE include
neonatal cranial sonography, which is feasible in the first year of life due to the acoustic
windows provided by the fontanelles [51], and assessments of non-bony structures, such
as intervertebral discs [52]. MRE may be less desirable than USE in neonates, due to the
presence of motion artifacts and potential need for sedation [53,54].

Although MRE relies on the propagation of shear waves, USE can be subdivided between
strain elastography and SWE (Figure 4) [55]. Strain elastography involves mechanical
external compression of tissue by an ultrasound transducer, and the resulting tissue
deformation, or strain, is captured relative to its surroundings [56,57]. Since the external
force in strain elastography is unknown and may not be uniform, the elasticity results are
qualitative, or at best semiquantitative when ratios of average tissue strain are computed
[58,59]. Furthermore, the external force can vary across ultrasound operators, potentially
affecting study reproducibility [39]. In SWE, an acoustic radiation force impulse generates
shear waves that propagate across tissue, and the resulting tissue displacement is used to
calculate shear-wave velocity, which in turn can be used to calculate the Young’s modulus,
providing a quantitative measure of tissue stiffness [57,60]. Shear waves travel faster in
stiffer, contracted tissue. The Young’s modulus is related to the shear modulus obtained in
MRE [61]. Studies in the neurosurgery literature are evenly split between strain elastography
and SWE, although SWE has been favored in recent years. Nonetheless, qualitative strain
elastography studies still demonstrated the capacity of elastography to detect brain-lesion
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interfaces and residual tumors [23,26], highlighting that both strain and SWE can be useful
for operative neurosurgery.

Elastography applications

Elastography has been used to detect residual tumors or lesions otherwise invisible to
surgeons and conventional imaging techniques [9,19,23,32,33,39]. In a study of 34 patients
with brain tumors, Chan et al determined that SWE outperformed surgeons and B-mode
ultrasound in detecting residual tumors, with sensitivities of 93%, 73%, and 36% for SWE,
B-mode ultrasound, and surgeons, respectively [19]. Studies also found that elastography
can be particularly useful in treatment of MR-negative epilepsy, a condition affecting 20% to
40% of patients undergoing surgery for drug-resistant epilepsy [62]. Although single-photon
emission tomography and fluorodeoxyglucose positron emission tomography are commonly
used to localize epileptogenic zones, these techniques are expensive and require radiotracers
[62]. Chan et al illustrated that SWE can identify epileptogenic lesions absent on MRI

and conventional ultrasound by observing greater stiffness in these lesions compared with
healthy brain tissue [9]. Moreover, studies by Mathon et al reported differences in lesion
stiffness even between MRI-negative and MRI-positive focal cortical dysplasia [32,33].

Furthermore, elastography can differentiate between tumors and World Health Organization
grade categories [15,20,22,27], Sakai et al used MRE to illustrate that pituitary adenomas
were significantly less stiff than meningiomas [27], while Prada et al noted that low-grade
gliomas were often stiffer than normal brain tissue and HGGs were softer [26]. In contrast,
Takamura et al did not identify a role for MRE in differentiating meningioma subtypes,
suggesting that elastography may be most useful in differentiating between, rather than
within, tumor categories [28]. Cepeda et al furthered these studies by training a machine
learning algorithm using elastography images, showing that the algorithm could reliably
differentiate glioblastomas from metastases [15].

Elastography can also guide surgical resection by providing information on tumor
heterogeneity and the degree of tumor—brain adherence [13,14,26,40]. For example, Pepa
et al presented several meningioma cases illustrating how elastography can inform surgical
strategy (Figure 3), including cases in which the intraoperative elastography conflicted with
assessments of tumor—brain interface on preoperative MRI. The new information provided
by elastography allowed the surgeon to replan the resection strategy, such as in a case
where the resection was changed from piecemeal to en bloc, and a case where the surgeons
could identify a well-preserved interface from the elastography images to begin debulking
[40]. Overall, these studies suggest that elastography can be used in the preoperative setting
to narrow the differential diagnosis prior to biopsy, can assist with preoperative planning
by providing measures of tumor consistency and adherence to normal brain tissue, and

can provide real-time intraoperative findings and guide the resection strategy and extent of
resection [13].

In addition to its role in resection of intracranial tumors and epileptogenic lesions,
elastography can provide insights into hydrocephalus [10,12,35-37]. Dirrichs et al noted

a correlation between increased intracranial pressure and increased elasticity measurements
in 56 patients with hydrocephalus, with an average elasticity of 21.8 kPa in hydrocephalus
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patients compared with 14.1 kPa in healthy controls. In contrast, a case report of low-
pressure hydrocephalus illustrated substantively lower brain tissue stiffness that persisted
even after shunt treatment. Olivero et al argued that this may suggest low stiffness as a
precipitating factor for low pressure hydrocephalus [12]. Interestingly, Perry et al showed
that patients with idiopathic normal pressure hydrocephalus have variations in tissue
stiffness across brain regions, with the cerebrum, occipital cortex, and parietal cortex having
higher stiffness than healthy controls, while the periventricular region had lower stiffness.
Moreover, preoperative urinary incontinence was associated with increased stiffness in

the cerebrum, frontal cortex, and cerebellum. Perry et al went on to demonstrate that
elastography may potentially predict treatment response, with preoperative stiffness in the
temporal and deep grey matter being associated with a greater likelihood of surgical failure
[36]. In this manner, elastography could be used to provide a preoperative risk-assessment
and prognosis, and allow physicians to tailor therapy accordingly.

Elastography has been far less studied for spine surgery than for intracranial surgery, with
the systematic review only identifying 2 spine surgery studies. Al-Habib et al performed
laminectomy or corpectomy in 25 patients diagnosed with degenerative disease, tumors,

or trauma, and divided their cohort between a decompressed group (with sufficient bone
removal) and a compressed group (despite bone removal) using B-mode ultrasound. They
then recorded SWE measurements, finding significantly increased stiffness of the spinal
cord and dura in the compressed group [31]. In a study of 25 patients with adolescent
idiopathic scoliosis, Vergari et al illustrated significant differences in elasticity of the
lumbar annulus fibrosus between patients with scoliosis and healthy controls, and that these
differences trended toward normal 1 year postoperatively [11]. These studies highlight a
potential role for elastography in diagnosing spinal pathology and monitoring treatment over
time. Al-Habib et al also suggested that SWE can be used to assist in resection of spinal
tumors, although to date this has not been reported [31]. Studies of spinal cord elastography
have been limited due to the fragility of the cord compared with brain tissue, precluding the
use of strain elastography, which relies on external compression. However, SWE, as used in
the aforementioned studies, can overcome this limitation, and its use for spinal cord lesions
may constitute a new area of study [63].

Recommendations

Neurosurgeons can consider elastography pre-, intra-, and post-operatively for a variety of
purposes, including assessment of tumor adherence and possible histology, identification
of brain-lesion interfaces, resection of tissue, improving extent of resection, workup of
hydrocephalus or spinal cord pathology, and monitoring treatment response over time.

In particular, USE is readily available and can provide real-time data during surgery,
improving safety and efficacy. High-resolution transducers are available to improve imaging
capabilities. Repeated measurements should be taken and averaged to minimize bias, and
operators should be thoroughly trained prior to imaging with any modality. Evidence
from the literature on liver elastography suggests that measurements can be affected by
movement during breathing; therefore, capturing elastography during breath-holds may
help minimize pulsatility [64]. Ideally, future studies should report quantitative values of
stiffness (shear modulus for MRE or Young’s modulus for SWE) to facilitate comparison
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across the literature and to help establish evidence-based guidelines. Additional research
should establish cutoff values for pathological processes, such as different tumor histologies,
extending the work of Yin et al who determined a cutoff elasticity for HGG of 12.1 kPa.
Finally, elastography should continue to be explored to treat all aspects of neurosurgery,
particularly extracranial pathology, where it has been less studied.

Given the various modalities available, caution should be applied in comparing results. The
shear modulus measured in MRE and the Young’s modulus in SWE are mathematically
related but produce distinct elasticities, explaining discrepancies between Tables 2 and

3 [65]. Moreover, differences in elasticities may arise between studies depending on the
frequencies and types of transducer, which should be reported [47]. As the technology

is increasingly adopted, consensus evidence-based guideline on best practices can be
formulated, as documented for elastography imaging of the liver [66], breast [67,68],
prostate [69], and thyroid [70].

Limitations of the study include the lack of consistent outcome measurements due to
variation in elastography modalities. The studies in this systematic review are almost
entirely Level 111 or 1V evidence, indicating a risk for selection bias and restricting our
ability to generalize to the broader neurosurgical patient population. The variation in study
methodologies and outcomes prevented us from performing a quantitative analysis of lesion
elasticity. Additionally, the methodologies of included studies ranged from case reports to
prospective cohorts, but a lack of randomized controlled trials and long-term postoperative
outcome data precludes a definitive assessment of the efficacy of elastography. Furthermore,
few studies focused on extracranial pathology, preventing us from drawing meaningful
conclusions for spine and peripheral nerve pathology. More high-quality studies are needed
to compare outcomes across modalities and determine cutoffs for differentiating abnormal
lesions and tumors.

Conclusion

Elastography is a new imaging technique that provides measurements of stiffness and

tissue consistency. Here we report results from the first systematic review of elastography
for operative neurosurgery. We find that elastography has a wide range of applications,
including detecting residual tumors and lesions invisible on MR, identifying lesion—brain
interface and degree of adherence, predicting postoperative treatment response, diagnosing
pathology, differentiating tumors, and assisting with operative planning. Elastography has
been studied for neurosurgery using MR transducers and ultrasound modalities, including
shear-wave and strain elastography. Studies have illustrated that elastography is often
superior to conventional greyscale ultrasound or MR imaging. Recommendations for clinical
practice are provided.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
PRISMA diagram for systematic review.
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Distribution of pathologies across patients identified in the systematic review.
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PRE-OPERATIVE MRI ioUS ELASTOGRAPHY

Figure 3.
A) An ethmoidal meningioma displaying a heterogeneous consistency on elastography,

suggesting that debulking should begin from softer areas. B) A parietal meningioma with

a mixed brain—-tumor interface, suggesting that dissection should progress from the better-
preserved interface to the most adherent interface. C) A parasagittal meningioma where the
elastography assessment of interface conflicts with the preoperative MRI and illustrates

a well-preserved interface to begin debulking. D) A convexity meningioma shown on
elastography to be harder than visualized on MRI, allowing the surgeon to change from

a piecemeal to en bloc resection. ioUS, intraoperative ultrasound. Reprinted from Pepa GM
Della, Menna G, Stifano V| et al. Predicting meningioma consistency and brain-meningioma
Interface with intraoperative strain ultrasound elastography: a novel application to guide
surgical strategy. Neurosurg Focus. 2021,50(1):1-11.[40] Permission will be obtained at
next stage of manuscript.
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STRAIN ELASTOGRAPHY SHEAR-WAVE ELASTOGRAPHY

- .
= k Compression Force

Figure 4.
Comparison of strain and shear-wave elastography modalities. Strain elastography involves

compression of tissue, while shear-wave elastography records the propagation of waves
across tissue.
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