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INTRODUCTION

Ultrasonographic shear wave elastography measures local
tissue stiffness, analyzing ultrasound-induced shear wave
propagation. The ultrasound probe generates a localized
radiation force, which induces shear waves that propa-
gate from that focal point directly in the tissue of interest.
Propagation speed of shear waves is directly related to the
elasticity of tissues. This propagation is slower in soft tissue
than in a stiff region (Bamber et al. 2013). This technique
is already used in a variety of medical disciplines: to de-
termine the grade of liver cirrhosis (Sandrin et al. 2003);
in the staging of prostate carcinomas (Sarvazyan et al. 2011);
or in the investigation of various pathologies of the thyroid
gland (Vorlander et al. 2010), the lymph nodes (Xu et al.
2011) or the breast parenchyma (Garra et al. 1997).
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The importance of brain parenchyma elastography
has been evaluated in various types of brain
pathologies—for example, neoplastic (Shiroishi et al. 2016),
inflammatory (Enzinger et al. 2015) or degenerative (Wang
et al. 2013) processes—using magnetic resonance
elastography, although data about ultrasound elastography
remain scarce. A few studies have investigated brain
tissue elasticity by ultrasound brain parenchyma
elastography (uBPE), mainly in the neurosurgical field,
where various entities of brain tumors (e.g., meningio-
mas, low-grade gliomas, high-grade gliomas and
metastases) were studied intra-operatively (Chauvet et al.
2016), with the surrounding bone having been removed
earlier. These preconditions lead to a restriction in appli-
cability for patients in need of surgery. Recently, normal
values were established from various brain regions of
neonates, applying the slightly different approach of acous-
tic radiation force impulse imaging. Of course, the neonates
were examined via the fontanelles without the obstruc-
tion caused by the skull. Values were dependent on age
and brain region (Su et al. 2015).
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To the best of our knowledge, no scientific findings report
the possibility of reliable investigation on brain tissue, apply-
ing uBPE in the presence of an intact skull. Few, but
encouraging, data are available from animal research (Xu et al.
2013), with values of healthy brain tissue ranging 4.32-4.49 kPa.

The objective of this study was to evaluate whether
brain parenchyma elasticity can be measured reliably in
persons with an intact temporal bone. Possible applica-
tions of uBPE might be the preclinical discrimination of
hemorrhagic and ischemic strokes to accelerate clot-
dissolving therapy according to the time is brain concept
and the evaluation of the compression of vital brain tissue
by mass lesions, such as intra-cerebral bleedings.

MATERIALS AND METHODS

The study protocol was approved by the medical in-
stitutional review board at the Clinic of Augsburg (No 2016-
23) in accordance with the guidelines of the Declaration
of Helsinki. All patients or their legal representatives pro-
vided written informed consent before enrollment.

Study population

Between September 2016 and March 2017, patients
and healthy volunteers were enrolled in this prospective
study. In total, 108 subjects were examined. For patient
inclusion, the presence of a relevant intra-cranial pathol-
ogy had to be excluded by sufficient cerebral imaging
(computed tomography [CT] or magnet resonance imaging
[MRI]). Only patients with exclusively peripheral neuro-
logic symptoms were eligible. We recruited 11 patients.
Their diagnoses and numbers were as follows: benign par-
oxysmal positional vertigo (n = 3), vestibular neuritis (n = 1),
Guillain-Barré-syndrome (n = 2), Miller-Fisher-syndrome
(n = 1), myopathy (n = 1), thoracic-outlet syndrome (n = 1)
and conversion disorder (n = 2). Not included in the study
were 3 patients with confirmed hemorrhagic (n= 1) and
ischemic (n = 2) stroke. They were used as examples for
values in damaged brain tissue. Neuroimaging evalua-
tions were conducted by specialized neuroradiologists.

Transtemporal ultrasound brain parenchyma
elastography

For ultrasound examination a 1.5—4.4 MHz convex
ultrasound transducer (Model C5-1, Philips, Amsterdam,
Netherlands), normally used for abdominal ultrasound, was
employed because our standard sector transducers, nor-
mally used for transcranial ultrasound, were not equipped
for tissue elastography analysis. For shear wave elastography,
the specific mode of the Philips iU22 machine was applied.
The transducer was placed on the temporal margin of the
patient’s skull for evaluation of the transtemporal bone
window. In the presence of a proper bone window, the usual
landmarks for identification of the midbrain plane were
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clearly visible. Elastography measurements (EMs) were
only performed if all the relevant landmarks for the iden-
tification (e.g., visualization of the midbrain peduncules)
were on display. Patients with no proper bone window were
excluded from the study. B-mode and shear wave
elastography images were acquired bilaterally, if possible.

To ensure exact and reproducible measurements of
brain parenchyma, a standardized examination depth of
3—4 cm in the midbrain plane was defined to gain infor-
mation about subcortical brain tissue. This region was
selected because it was most easily accessible through the
transtemporal bone window. During data acquisition, pa-
tients were asked to hold their breath to ensure as few
artifacts as possible. For EMs, a box with fixed dimen-
sions of 1.0 X 0.5 cm was used, predefined in the
elastography settings of the ultrasound machine.

In every case, measurements were either performed
by a single experienced examiner accredited by the German
Medical Ultrasound Society or supervised by this spe-
cialist. To reduce measuring intolerances, the examination
was repeated at least two times by the same examiner. For
illustration of exemplary values in damaged brain tissue
(three patients), EM was also performed in regions of isch-
emic and hemorrhagic strokes, predefined by alternative
imaging (CT).

Safety considerations

As noted earlier, 2-D shear wave elastography is
already in widespread use for other parenchymatous organs
without any relevant risks and is recommended by the re-
spective guidelines (Barr et al. 2015, 2017; Cosgrove et al.
2017; Ferraioli et al. 2015; Shiina et al. 2015). Addition-
ally, reliable data for the use in brain tissue were supplied
by experimental animal studies (Li et al. 2016). No adverse
effects were reported in neurosurgical investigations with
the protective scull having been removed (Chauvet et al.
2016). Investigations were performed according to the as
low as reasonably achievable (ALARA)-radiation safety
principle (Toms 2006).

Statistical analysis

Statistical analysis was performed, using SAS 9.4
(SAS Institute, Inc., Cary, NC, USA). As not all patients
had a sufficient temporal bone window on both sides, there
were 9 patients who could only be investigated unilater-
ally. These patients were included with the available data.
Structural equality of patients evaluated by each investi-
gator were compared with respect to sex and age group
(2040 y, 40-60 y and >60 y), using a Chi-square test.
Age and body mass index (BMI) were analyzed using
t-tests, and Pearson’s correlation coefficient was used for
showing correlation of age and BMI with EM values. Pos-
sible influence of the sequence and the side of
measurements were evaluated by a mixed model for
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Table 1. Characteristics of the study population

N %
All 108 100.00
Sex female 64 59.26
male 44 40.74
Age group 20-39y 40 37.04
40-59y 40 37.04
>60y 28 25.93
BMI group <18.5 kg/m? 7 6.48
18.5-24.9 kg/m? 41 37.96
25-29.9 kg/m? 28 25.93
>30 kg/m> 32 29.63
Mean (£SD) Median Min-Max

Age 47.51 (£16.35) 48 21-80
BMI 26.66 (£5.92) 25.7 16.1-41.4

Note: Total number (N) and percentage (%) of patients are given, with
further information on the distribution of sex and body mass index (BMI).
Mean values and standard deviation (SD), median, minimum (min) and
maximum (max) values for age and BMI are presented.

repeated measurements. For comparing the EM values
between the investigators, an ANOVA was performed. We
regarded p -values as significant at p < 0.05 without any
adjustment for multiplicity.

RESULTS

Study population

The age groups of 2040 y and 40-60 y consisted
of 40 subjects each; the remaining group (>60 y) con-
sisted of 28 subjects. Altogether, 64 subjects were women
(59.3%). The mean age of all subjects was 47.5 y
(SD = 16.35), with a median of 48 y. The mean BMI was
26.6 kg/m? (SD = 5.9), with a median of 25.7 kg/m”. We
found no significant differences in sex distribution within
age groups (x> = 0.5583; p = 0.76). Furthermore, BMI did
not correlate with age (r =0.10, p = 0.30) or sex (t =0.43,
p =0.67). No relevant correlations between possible con-
founders were found. Table | presents the characteristics
of the study population.

Differences in shear wave elastography depending on
age, sex, side of investigation and weight

The overall mean EM values were 3.34 kPa
(SD =0.59) on the left side and 3.33 kPa (SD = 0.58) on
the right side. As the first, second and third measurements
(F=1.09, p = 0.34) and the measurements of left and right
side (F=0.03, p = 0.87) did not differ, we calculated a mean
value of all repeated measurements of both sides.

We found no correlation between the EM values and
BMI (r=0.07, p=0.48) or sex (t=-0.11, p =0.91), but
we did observe a significant correlation between the EM
values and age (r =0.43, p <0.0001) (Fig. 1b). Results for
age groups are displayed in Table 2 and Figure la.

Inter- and intra-rater reliability

All patients were investigated by three raters (rater
1 [n=51], rater 2 [n =43] and rater 3 [n = 14]). No sig-
nificant differences concerning sex (x*=4.33, p=0.11)
and BMI (x> =7.54, p=0.27) were found among pa-
tients investigated by the three raters, but there were
significant differences concerning age groups (y* = 9.69,
p =0.046), as rater 1 investigated more of the older pa-
tients. Comparing the mean EM values of all measurements
from both sides, we found no difference among the raters
(F=0.46, p =0.64). Further information is presented in
Figure lc. Therefore, despite the variation in age distri-
bution among raters, we conclude overall inter-rater
reliability on elastography measurements.

Concerning intra-rater reliability we found no sig-
nificant differences among the first, second and third
measurements seen for rater 1 and 3. For rater 2, the second
and third measurements on the right side differed signifi-
cantly (t=-2.06, p =0.046), as the mean of the second
measurements was 3.15 kPa (SD = 0.91) and the mean of
the third measurements was 3.54 kPa (SD = 1.04).

Comparison to measurements taken in patients with
ischemic and hemorrhagic strokes

EM values of the ipsilateral side of patients with proof
of ischemic stroke in neuroimaging were 1.58 and 2.35 kPa.
One patient with proof of a hemorrhagic stroke showed
an EM value of 10.98 kPa on the ipsilateral side. The values
on the contralateral side were 3.49 and 4.72 and 3.57 kPa,
respectively. As the patients were >60 y old, their EM values
were compared with the mean value of the respective age
matched patients (Tab. 3).

Statistical comparison was not reasonable because of
the small number of patients. For illustration, values are
given in Table 3 and Figure 1d. Pictures of uBPE and cor-
responding neuroimaging are presented in Figure 2.

DISCUSSION

The investigation of tissue stiffness using 2-D shear
wave elastography is already widely used in clinical prac-
tice and research for a variety of parenchymatous organs,
with the exception of the brain.

We determined in this study that brain tissue stiff-
ness of the subcortical white matter can be safely and
reliably measured, using the familiar transtemporal
insonation approach. Values do not vary concerning sex
and weight, for example, but are distinctly negatively related
to age.

As far as we know from MR-elastography (MRE)
studies, our values are in agreement with measurements
in the deep white matter (average elasticity of 3.0 kPa
[SD = 0.2] within the age group of 60-69 y). These values
were also dependent on age in the same way as ours; the
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Fig. 1. (a) Elastography within age groups: mean values and standard deviations are presented. Significant differences could
be detected between all age groups. (b) Distribution of the mean values of all measurements and prediction interval by age.
Brain parenchyma elasticity decreases with age. (c) Boxplots with mean values and quantiles of all measurements sorted by
observers. (d) Elastography of all patients and three exemplary patients: healthy patients (white dots), ischemic stroke patients

stiffness of occipital and temporal regions was also related
to sex, with women having a higher tissue stiffness than
men of the same age (Arani et al. 2015). Arani et al. (2015)
detected an annual decline of 0.0011 kPa (SD = 0.002)
in their population with a mean age of 74 y, ranging

(blue dots) and a patient with intra-cranial bleeding (red dot).

During aging, ultrastructural changes in white matter
lead to a decrease in the structural matrix (extracellular
matrix, microvasulature, membranes, efc.). The integrity
of this matrix is important for shear wave propagation
(Bamber et al. 2013) and leads to a progressive soften-

60-89 y. ing of brain tissue, resulting in decreased shear wave
Table 2. Differences in shear wave elastography between age groups
ANOVA

Age group N Mean SD Median Min Max F Coeff. P
20-39 40 3.54 0.49 3.62 235 4.50 13.31 12.83 <0.0001
40-59 40 3.32 0.46 3.34 2.39 4.35

260 28 3.00 0.24 3.01 251 3.66

All 108 3.32 0.47 3.28 2.35 4.50

Note: Mean values, standard deviation (SD), median, minimum (min) and maximum (max) values, sorted by age groups. F- and p- values and coefficient

of variation are presented. Significant differences could be detected between all age groups.
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Table 3. Comparison of measurements taken in
patients with ischemic and hemorrhagic strokes to
matched healthy patients

Mean + SD (95%—CI)

Healthy 60 (n = 28) 3.00+0.24 (2.91-3.10)

Ipsilateral side Contralateral side

Hemorrhagic patient 10.98 3.57
Ischemic patient 1 1.58 3.49
Ischemic patient 2 235 472

Note: Elastography values in patients with hemorrhagic and ischemic
strokes compared with the mean value of the respective aged matched pa-
tients. Mean values, standard deviation (SD) and 95%-confidence interval
are presented.

velocity. Another aspect might be the absorption of parts
of the shear wave stimulus by the skull bone. Older age
and female sex are associated with an insufficient bone
window mainly because of increased bone thickness
(Wijnhoud et al. 2008). Arguments against a relevant

influence of this aspect are similar age dependent results
from MRE and the requested immaculate bone window
in the present study.

Because of the keyhole effect of transtemporal
insonation, the range of brain regions to be investigated
by uBPE is restricted and lacks the opportunity to analyze
regions as the frontal lobes or the cerebellum, which is
possible using MRE.

Apart from this, evidence on brain elastography remains
scarce. Green et al. (2008) reported a mean white matter stiff-
ness of 2.7 kPa, although they only investigated in a small
group of five healthy men aged 23-61 y. Only few uBPE
studies are available with the restriction to intra-operative mea-
surements before brain tumor resection: Chauvet et al. (2016)
measured surrounding normal brain tissue in addition to tumor
entities, revealing a brain tissue stiffness of 7.3 kPa (SD =2.1).
These values are consistently higher than in our patient pop-
ulation for an obvious reason: Brain tissue adjacent to tumors
is directly or indirectly compressed by the lesion itself or the
surrounding edema.

Fig. 2. Correspondence of ultrasound brain parenchyma elastography (uBPE) and conventional neuroimaging: (a, c, e) (a) Display

of uBPE in a healthy subject; (b) patient with ischemic stroke of the left middle cerebral artery territory; (e), patient with a left

hemispheric basal ganglia bleeding with connection to the cerebrospinal fluid compartment. (b, d, f) (b) Corresponding magnet

resonance imaging (MRI) of a healthy volunteer; (d) computed tomography scan (CT) of a patient with ischemic stroke of the

left middle cerebral artery territory; (f) CT scan of a patient with a left hemispheric basal ganglia bleed connecting to the ce-
rebrospinal fluid compartment.



Based on the hypothesis that the effect of necrosis
and edema—in line with findings in other tissues (Kuroiwa
et al. 1997; Tanter et al. 2008)—following ischemic
stroke leads to a reduced tissue stiffness within the
lesion. This effect was investigated in an experimental
animal model with artificial middle cerebral artery (MCA)
occlusion. In comparison with control animals, the shear
modulus was significantly reduced in the ischemic area.
Possibly because of swelling effects and compression of
the contralateral hemisphere, brain tissue stiffness was
increased 24 h after lesion onset (Xu et al. 2013). As
described in our exemplary patients with large ischemic
hemispheric strokes, similar observations were reproduc-
ible: Brain tissue stiffness on the side of the lesion was
reduced to age-matched normal values, whereas the
stiffness on the contralateral side was increased. Both
patients had a subtotal MCA infarction with midline
shift, proven by neuroimaging.

Data on the behavior of blood properties investi-
gated by elastographic imaging techniques are not available.
A PubMed search using the key words elastography, blood
or bleeding revealed no appropriate match. Neverthe-
less, it seems plausible, as blood has a higher density than
parenychymatous tissues, that it might have an increased
stiffness compared with normal tissue. Regions with visible
blood in neuroimaging investigated in one of our pa-
tients had a significantly increased shear wave modulus.

The distinct difference of values taken in normal tissue
and in areas affected by ischemic or hemorrhagic stroke
might disclose an innovative and promising application of
ultrasound elastography. Other possible applications might
be the differential diagnosis of dementias or the identifi-
cation of symptomatic lesions for epilepsy (temporal
sclerosis), thereby complementing other imaging tech-
niques (e.g., CT, MRI) with all the advantages of ultrasound
applications (bedside method, easily repeatable, ezc.) Future
studies should deal with the examination of aforemen-
tioned patient cohorts and correlation with MRE values.

Study limitations

The uBPE measurements were only taken in a pre-
viously standardized region of the deep white matter
because of the limited access of transtemporal ultra-
sound. Other regions of the brain show slightly different
shear wave modulations in MRE (Arani et al. 2015). On
the other hand, the examined region comprises a large
variety of possible affections as hemorrhagic or isch-
emic strokes, microangiopathy, degenerative and
inflammatory lesions, disclosing a variety of possible clin-
ical applications. Each patient was only investigated by
one person, not allowing direct interrater comparisons. Still,
values generated by the investigators showed a solid re-
liability in very similar patients.
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CONCLUSIONS

Transtemporal uBPE is a valid, reproducible and in-
vestigator independent method to reliably determine brain
parenchyma stiffness of the subcortical white matter in the
presence of a definable transtemporal bone window. Values
correspond accurately with those reported from animal re-
search and MRE investigations and are not inferior to
ultrasound measurements taken intra-operatively with direct
contact to brain surface.

Normal values should be evaluated in additional
studies. Such values could serve as a reference for studies
on a variety of brain lesions, such as ischemic or hemor-
rhagic strokes, brain tumors or other forms of space-
occupying intra-cranial lesions.
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