:' frontiers ‘ Frontiers in Bioengineering and Biotechnology

’ @ Check for updates

OPEN ACCESS

EDITED BY
Salavat Aglyamov,
University of Houston, United States

REVIEWED BY
Haipeng Liu,

Coventry University, United Kingdom
Manmohan Singh,

University of Houston, United States

*CORRESPONDENCE
Ingolf Sack,
Ingolf.sack@charite.de

These authors have contributed equally
to this work and share first authorship

RECEIVED 09 January 2023
ACCEPTED 19 July 2023
PUBLISHED 15 August 2023

CITATION

Meyer T, Kreft B, Bergs J, Antes E,
Anders MS, Wellge B, Braun J, Doyley M,
Tzschatzsch H and Sack | (2023), Stiffness
pulsation of the human brain detected by
non-invasive time-

harmonic elastography.

Front. Bioeng. Biotechnol. 11:1140734.
doi: 10.3389/fbioe.2023.1140734

COPYRIGHT

© 2023 Meyer, Kreft, Bergs, Antes,
Anders, Wellge, Braun, Doyley,
Tzschatzsch and Sack. This is an open-
access article distributed under the terms
of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Bioengineering and Biotechnology

TvpPE Original Research
PUBLISHED 15 August 2023
Dol 10.3389/fbioe.2023.1140734

Stiffness pulsation of the human
brain detected by non-invasive
time-harmonic elastography
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Marvin Doyley?, Heiko Tzschatzsch' and Ingolf Sack*

Department of Radiology, Charité—University Medicine Berlin, Berlin, Germany, ?Institute of Medical
Informatics, Charité—University Medicine Berlin, Berlin, Germany, *Hajim School of Engineering and
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Introduction: Cerebral pulsation is a vital aspect of cerebral hemodynamics.
Changes in arterial pressure in response to cardiac pulsation cause cerebral
pulsation, which is related to cerebrovascular compliance and cerebral blood
perfusion. Cerebrovascular compliance and blood perfusion influence the
mechanical properties of the brain, causing pulsation-induced changes in
cerebral stiffness. However, there is currently no imaging technique available
that can directly quantify the pulsation of brain stiffness in real time.

Methods: Therefore, we developed non-invasive ultrasound time-harmonic
elastography (THE) technique for the real-time detection of brain stiffness
pulsation. We used state-of-the-art plane-wave imaging for interleaved
acquisitions of shear waves at a frequency of 60 Hz to measure stiffness and
color flow imaging to measure cerebral blood flow within the middle cerebral
artery. In the second experiment, we used cost-effective lineby-line B-mode
imaging to measure the same mechanical parameters without flow imaging to
facilitate future translation to the clinic.

Results: In 10 healthy volunteers, stiffness increased during the passage of the
arterial pulse wave from 4.8% + 1.8% in the temporal parenchyma to 11% + 5% in
the basal cisterns and 13% + 9% in the brain stem. Brain stiffness peaked in
synchrony with cerebral blood flow at approximately 180 + 30 ms after the cardiac
R-wave. Line-by-line THE provided the same stiffness values with similar time
resolution as high-end plane-wave THE, demonstrating the robustness of brain
stiffness pulsation as an imaging marker.

Discussion: Overall, this study sets the background and provides reference values
for time-resolved THE in the human brain as a cost-efficient and easy-touse
mechanical biomarker associated with cerebrovascular compliance.

KEYWORDS

ultrasound time-harmonic elastography, in vivo brain stiffness, brain pulsation,
cerebrovascular compliance, intracranial pressure
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1 Introduction

The brain is a pulsatile organ that expands by approximately
half a milliliter due to the arterial pulse wave (Adams et al., 2019).
This implies that cerebral vessel walls compliantly expand during
the passage of the arterial pulse wave and transmit vascular stroke
energy to the surrounding tissue (Wagshul et al.,, 2011). The
transfer of mechanical energy from cerebral vessels to brain tissue
decreases the propagation velocity of the pressure wave
throughout the vascular tree and contributes to a more
continuous perfusion profile within cerebral capillaries.
Conversely, decreased absorption of pulsation energy due to
aging or pathologic changes in the vessel walls can produce
long-term damage to vessel walls and impair the transport of
oxygen and nutrients. Probably for these reasons, high-pulse
wave velocity and decreased vascular compliance have been
associated with a greater risk of dementia (Wolters et al,
2017; Rouch et al., 2018).

Direct measurement of vessel compliance is challenging because
it requires knowledge about the mechanical stress associated with a
measured change in the blood flow (Zamir et al., 2018). Transcranial
Doppler ultrasound or tailored MRI techniques (Yan et al.,, 2016;
Wolters et al., 2017; Zwanenburg and van Osch, 2017) can quantify
cerebral blood flow (Robba et al, 2018); however, mechanical
stresses exerted by the pulse wave onto vessel walls and
surrounding tissue are difficult to detect.

Here, we propose an alternative approach to study brain
pulsatility and vascular compliance based on elastography.
Elastography uses conventional imaging modalities to
measure macroscopic tissue stiffness, for example, by sensing
externally induced shear waves in soft tissues non-invasively
(Ormachea and Parker, 2020). In vascularized tissue, such as the
brain, the acquired stiffness maps reflect the mechanical
properties of the effective medium, which change with
perfusion, microfluid flow, and pressure (Poul et al., 2020).
Our hypothesis is that cerebral arterial pulsation (CAP)
induces measurable stiffness changes in the properties of the
effective medium of the in vivo human brain.

Elastography of the brain has been mainly based on MRI
(Hiscox et al, 2016; Yin et al., 2018; Nanjappa and Kolipaka,
2021; Herthum et al, 2022; Sack, 2022), while a few studies
employed ultrasound (Ertl et al., 2018; Tzschatzsch et al., 2018)
or optical methods (Ge et al., 2022). Unlike ultrasound elastography,
magnetic resonance elastography (MRE) does not encounter
acoustic shading through the bones of the skull and can produce
high-resolution maps of the stiffness of human brain tissue
(Manduca et al, 2021). On the downside, MRE is expensive,
limited in availability, and requires acquisition times on the order
of minutes, which are too long to detect CAP-induced stiffness
changes without cardiac gating (Schrank et al.,, 2019). Ultrasound-
based elastography is cost-effective, widely available, and has short
acquisition times, but has limited ability to generate and encode
shear waves in the brain (Ferraioli et al., 2015; Shiina et al., 2015;
Cosgrove et al., 2017).

For the aforementioned reason, cerebral time-harmonic
elastography (THE) has been developed based on sonography
through the temples and acquisition of externally induced

harmonic shear waves from 27 to 56 Hz, similar to the
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frequency range of MRE (Tzschatzsch et al., 2018). THE was
shown to be sensitive to physiological alterations in cerebral
blood flow due to the Valsalva maneuver (Tzschatzsch et al,,
2018), hypercapnia (Kreft et al., 2020a), or dehydration (Kreft
et al., 2020b), indicating the high sensitivity of brain stiffness to
vascular compliance and intracranial pressure. In patients with
intracranial hypertension, cerebral THE could detect stiffness
changes before and after lumbar puncture (Kreft et al., 2022).
However, owing to insufficient time resolution, none of these
studies explored CAP-induced stiffness changes as a potential
biomarker of cerebrovascular compliance.

Therefore, here, we developed time-resolved cerebral THE with
a frame rate of 100 Hz to continuously capture the effects of CAP on
brain stiffness over several heartbeats. In healthy volunteers, we
performed two experiments. In one experiment, we used a high-end,
plane-wave ultrasound scanner, which allowed us to acquire color
flow images and stiffness maps in an interleaved fashion. This
experiment was designed to ensure that established flow

measurements and novel elastography captured the same
physiological event on a shared time axis. In a second
experiment, we used conventional line-by-line imaging to acquire
only time-resolved stiffness changes without flow measurements,
which facilitates clinical translation. Altogether, we aim to 1) report,
for the first time, pulsation-induced changes in brain stiffness in the
temporal lobe, basal cistern, and brain stem directly compared with
cerebral blood flow and 2) demonstrate the implementation of this
method on a clinical and cost-efficient ultrasound system based on

conventional line-by-line imaging.
2 Materials and methods
2.1 Volunteers
The study was approved by the institutional review board of

(EA1/004/19).  Written
informed consent was obtained from all volunteers before

Charité—Universititsmedizin ~ Berlin
participating in this study. Two groups of 10 healthy volunteers
each (group 1: 3 women, age range: 21-52 years; group 2: 4 women,
age range: 25-52 years) were prospectively included. Descriptive
data of all volunteers (sex, age, BMI, heart rate, and mean arterial
pressure) are summarized in Tables 1, 2. Inclusion criterion was no
history of psychiatric disorders or head injury.

2.2 Study protocol

In the first experiment, high-end, plane-wave imaging (Vantage
64LE, Verasonics, Washington, United States) for interleaved
acquisitions of cerebral blood flow (CBF) using color flow
imaging and shear wave speed (SWS) by THE was applied to
group 1 (CBF-THE). In the second experiment, cost-efficient,
line-by-line imaging (GAMPT mbH, Merseburg, Germany) was
applied to the second group of volunteers for stiffness mapping
(c-THE). In both CBE-THE and ¢-THE experiments, ECG data were
continuously recorded for assigning CBF and SWS to cardiac phases.
Each measurement took 8 s and was repeated five times to increase
the statistical power.
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TABLE 1 Characteristics of the volunteers and individual CBF, global SWS, and peak delay time values detected by CBF-THE.

Volunteers

CBF

SWS

Sex Age BMI HR MAP Mean  Systole Diastole Mean Systole Diastole Rel.

M/F  years kg/m*> bpm mmHg cm/s cm/s cm/s m/s m/s m/s %
M 37 214 56 92 61 87 38 126 1.56 161 1.51 66 | 246 | 107
M 31 226 70 103 41 66 18 262 1.89 1.93 1.83 55 | 170 | -9
M 27 21.0 73 84 87 101 71 42 1.93 2.01 1.86 81 215 9
M 21 229 86 85 79 101 45 126 1.92 2.00 1.85 8.1 162 -21
M 52 217 56 92 58 78 39 101 1.67 1.76 1.58 114 172 75
F 28 23.8 89 82 52 76 31 148 1.69 1.73 1.66 42 122 0
M 37 27.8 67 93 40 61 22 182 1.85 1.91 1.80 61 | 160 -9
M 28 235 70 90 40 57 21 172 1.86 1.95 1.78 96 | 189 | -9
F 27 23.6 66 88 55 77 30 159 211 218 2.03 74 | 216 18
F 42 20.8 64 83 22 50 17 187 1.98 2.09 1.93 83 171 0

Mean 33 229 70 89 53 75 33 . 150 1.85 1.92 1.78 75 182 16
SD 9 1.9 10 6 18 17 15 55 0.15 0.16 0.15 2.0 34 39

TABLE 2 Characteristics and SWS values of volunteers acquired by c-THE.

Volunteers

SWS

Diastole

Systole

M 31 30 52 88 1.79 1.90 1.70 12.0 270
M 25 23 59 74 1.70 1.77 1.65 7.5 230
M 31 23 64 105 1.77 1.86 1.71 8.9 210
M 52 22 55 92 1.92 2.05 1.80 13.9 155
F 42 21 78 87 1.88 1.96 1.82 7.6 190
F 30 32 72 99 1.67 1.73 1.62 7.1 255
M 29 20 48 96 1.78 1.89 1.72 9.6 235
M 29 24 59 82 1.68 1.77 1.63 8.2 195
F 27 24 70 83 1.77 1.94 1.68 15.5 200
Mean 32 24 62 89 1.78 1.88 171 9.9 211
SD 8 4 11 8 0.08 0.10 0.07 2.9 36

2.3 Data acquisition

Volunteers were investigated in a supine position on a custom-
designed vibration bed (GAMPT mbH, Merseburg, Germany) with
the head placed above the vibration unit for efficient transfer of
harmonic vibration energy into the brain (Figure 1A) (Kreft et al.,
2020a; Kreft et al., 2020b; Kreft et al., 2022). To avoid limitations in
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time resolution due to the decomposition of multifrequency wave
setups, we used only single-frequency harmonic stimulations at
60 Hz, in contrast to previous THE studies. A high-end Vantage
64LE scanner (Verasonics, Washington, United States) equipped
with a phased array transducer (P4-2v) with a center frequency of
3 MHz was used for CBF-THE. CBF (in cm/s) and SWS (in m/s)
were acquired in an interleaved fashion (Figure 1B) with an effective
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(A) Experimental setup for time-harmonic elastography (THE) with a vibration bed (GAMPT mbH, Merseburg, Germany), high-end, plane-wave
ultrasound scanner (Vantage 64LE, Verasonics, Washington, United States) and cost-efficient, line-by-line THE device (GAMPT mbH, Merseburg,
Germany). Volunteers were positioned in a supine position with the vibration unit underneath the back of their head. Measurements were performed
through the temporal bone window, similar to clinical transcranial Doppler ultrasound. (B) Sequence diagram in the top shows the interleaved
acquisition of THE and color flow imaging and in the bottom shows the line-by-line acquisition scheme. One image for plane-wave THE was composed
of seven plane-wave angles, while a color flow image was composed of 40 frames. c-THE required 26 lines of sight (LOSs). (C) Representative wave
images for both CBF-THE and c-THE, as well as the representative B-mode with CFI for CBF-THE.

frame rate of 100 Hz and up to a depth of 10 cm. The transducer was
positioned at the temples, and an image plane in the temporal lobe of
the brain was selected using color flow imaging of the middle
cerebral artery overlaid to the anatomical B-mode (Figure 1C).
For the elastography measurement, plane-wave compounding
was used (seven plane-wave angles, —5° to 5°, with a pulse
repetition frequency of 4 kHz). For color flow imaging, a burst of
40 frames was used (pulse repetition frequency of 5.5 kHz). For
c-THE measurement, elastography data were acquired using a line-
by-line ultrasound scanner (GAMPT mbH, Merseburg, Germany),
as shown in Figure 1A, which was equipped with a phased-array
transducer (P5-1S15-A6) having a center frequency of 3 MHz. The
selected field-of-view was in the same region as the field-of-view in
CBF-THE, with the same depth of up to 10 cm but a higher frame
rate of 200 Hz and 26 lines of sight (Figure 1B), resulting in a slightly
decreased insonation sector (Figure 1C). For this study, the entire
data processing was newly developed to allow time-resolved SWS
analysis.

2.4 Data processing

THE processing relied on the phase-difference extraction of the
local axial displacement between adjacent in-phase and quadrature (IQ)
frames. The temporal Fourier transform was then applied to the
computed displacement data, and time-resolved complex wavefields
(Figure 1C) were obtained using the filtered Hilbert transform with a
bandpass filter centered at 60 Hz (Figure 1C). Due to undersampling,
the vibration signal of 60 Hz acquired at a frame rate of 100 Hz is
wrapped to the 40-Hz signal in the spectrum. The use of this wrapped
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signal instead of the original frequency is referred to as “controlled
aliasing,” as proposed in our previous work (Tzschatzsch et al., 2016).
The basic temporal resolution of the complex wavefields is related to
both the frame rate of the full image acquisition (100 Hz) and the
bandwidth of the Hilbert transformation. The bandpass filter employed
in the Hilbert transform was Gaussian shaped with a width of 10 Hz
and, thus, represents an empirically found tradeoff between noise
robustness and high temporal resolution.

As the final step, time-resolved SWS maps were generated using
wave-number based k-MDEV inversion (Cuiwei et al., 1995;
Tzschatzsch et al., 2016). The inversion assumes plane shear
waves u(r,t) with complex wave number k* (k*=k'+ik"),
angular frequency w, and amplitude u, as solutions of the
following wave equation:

i(k*r—wt)

(1)

u(r,t) =uy-e

k-MDEV first decomposed the complex-valued wavefields
u(r,t) obtained from the Hilbert transformation into eight
complex wavefields u; for each propagation direction (d). For
this, Gaussian-based spatiotemporal filters with a low-pass
threshold of 555rad/m for noise suppression and first-order
derivative for suppression of compression waves were applied.
The wave numbers were deduced from the phase gradient of u,:

k; = ||Varg (ud)| R (2a)
" Vludl
= . (2b)
N Jual

The final maps of SWS were obtained by averaging over
directions:
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FIGURE 2

Representative data of B-mode, color flow imaging, and THE. (A) B-mode image overlaid with color flow of the middle cerebral artery (blue-to-red
color scale). (B) SWS map. In (A) and (B), the regions of interest are demarcated by white lines: temporal lobe parenchyma (TL), basal cistern (BC), and brain
stem (BS) global region (dashed line). (C) Time curves of SWS (blue) and CBF (gray spectrum and red envelope) together with ECG (green).

wy w
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Processing took approximately 15 min for the CBF-THE data
and 30s for the c-THE data. Regions of interest (ROIs) for the
temporal lobe, basal cistern, and brain stem were manually drawn
based on the anatomical B-mode image. SWS variations over time
were analyzed after averaging within these regions for each time
step. For color flow imaging processing, a region covering the middle
cerebral artery was automatically selected through thresholding. A
threshold of 5 cm/s was empirically set based on the amplitude of the
background noise. A temporal moving boxcar filter of 3-pixel width
was applied for noise suppression. The envelope of the flow
spectrum was computed to obtain the time variation in CBF
within the middle cerebral artery. R-R intervals were extracted
from the acquired ECG signals with wavelet-based peak detection
(Cuiwei et al., 1995) using the Haar wavelet (Sunkaria et al., 2010).
For each volunteer, a normalized time axis covering one R-R
interval was generated onto which the average of all THE and
CBF signals acquired over 8 s and five repetitions was mapped. The
resulting time curve of each volunteer and ROI were used to deduce
the peak and minimum CBF and SWS values corresponding to
cerebral peak systole and end-diastole, respectively. To quantify the
pulsation, the relative difference between peak-systolic and end-
diastolic SWS and CBF referenced to the end-diastolic value was
computed. For comparing with the literature, the mean CBF and
SWS values were calculated. Furthermore, the time delay of the SWS
peak relative to the R-wave (tg) and relative to the CBF peak (1,)
was quantified and tabulated.

Frontiers in Bioengineering and Biotechnology

2.5 Statistics

Relative changes in SWS and CBF over the R-R-interval were
tested for each subregion using the paired Wilcoxon signed rank test.
Delay times T and 1, were tested against zero using the Wilcoxon
signed rank test. Pearson’s correlation coefficient was used to
analyze possible correlations between the relative change in SWS
and delay times tx and 14 in the global ROI, with demographic
parameters, such as age, BMI, heart rate, and mean arterial pressure,
and the relative change in CBF. The relative change in SWS, mean
SWS, and delay time 1y obtained from CBF-THE was compared to
c-THE using the Wilcoxon signed rank test. Nonparametric tests
were chosen due to the small number of volunteers. All p
values <0.05 were considered significant. The group size was
estimated based on a power analysis assuming an effect size of
10%-20% at a 5% significance level and a power of 0.8 for the
variability of stiffness parameters encountered in healthy adult
subjects.

3 Results

In all volunteers, time-resolved SWS and, in the CBF-THE
group, time-resolved CBF were obtained. Figure 2 shows the
representative CBF and SWS data obtained by CBF-THE. The
regions of interest were demarcated based on the anatomical
landmarks in the image. Additionally,
variations in SWS and CBF averaged within the global ROI are
shown over a measure time of 8s. The periodic change in both

B-mode the time
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FIGURE 3

Group-averaged CBF and SWS values over normalized cardiac cycles. Shear wave speed (SWS, blue) with 95% confidence interval (blue area),
cerebral blood flow (CBF, red) with the 95% confidence interval (red area), as well as ECG (green) for (A) global brain, (B) temporal lobe, (C) basal cisterns,
and (D) brain stem regions. Cranial arterial systole and diastole are demarcated in (A). In (B), the peak systolic SWS and end diastolic SWS are demarcated
by vertical dashed lines. tr indicates the time delay between ECG and SWS, while 1, is the time delay between the SWS and Doppler peak. Horizontal

dashed lines refer to the mean SWS values.

parameters in synchrony to the ECG suggests a relationship between
brain stiffness and arterial blood flow in the temporal lobe.

Group SWS and CBF values on a time axis normalized to one
R-R-interval are presented for all four regions in Figure 3. As in
Figure 2, both parameters vary synchronously over the cardiac
phase, with higher relative changes and less group variation
according to confidence intervals in CBF than those in SWS. The
mean SWS was 1.85 + 0.15 m/s in the global ROI, 1.85 + 0.16 m/s in
the temporal parenchyma, 2.05 + 0.39 m/s in the basal cisterns, and
1.48 + 0.29 m/s in the brain stem, whereas the mean CBF (54 +
19 cm/s) was in the range of literature values (Krakauskaite et al.,
2018), and SWS was slightly higher than that in previous cerebral
THE studies due to the higher excitation frequency (Kreft et al.,
2020b).

In all regions, a significant relative decrease from peak
systolic to end diastolic SWS values was observed (Figure 4A),
with 7.5% * 2.0% in the global ROI, 4.8% + 1.8% in the temporal
parenchyma, 11% + 5% in the basal cisterns, and 13% + 9% in the
brain stem. For CBF, a corresponding relative decrease of 139% +
59% was observed, as shown in Table 1. Time delays between the
R peak and peak systolic SWS (tg) were 180 + 30 ms in the global
ROL 210 + 50 ms in the temporal parenchyma, 180 + 60 ms in the
basal cisterns, and 160 + 40 ms in the brain stem. In all regions
except the temporal lobe, there was no significant time delay
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between the peak systolic SWS and peak systolic CBF (t,). In the
temporal lobe, T, of 50 = 50 ms was observed, suggesting a slight
delay in the SWS wave after the CBF wave (Figure 4B). No
significant correlations were observed between the mean SWS
and physiological parameters such as age, sex, and BMIL
Moreover, no correlation was found between the relative SWS
changes and blood pressure and delay times and heart rate. All
SWS and CBF values and delay times acquired by CBF-THE are
summarized in Table 1.

Group SWS within the global ROI measured by c-THE was
similar to CBF-THE, with a mean SWS of 1.78 + 0.08 m/s, relative
SWS changes of 9.9% =+ 2.9%, and a delay in the SWS peak to the R
peak of 211 + 36 ms. There was no significant difference in the values
obtained by CBF THE (mean SWS: p = 0.21, relative SWS changes:
p = 0.06, Tr: p = 0.13). Data acquired by c-THE are summarized in
Table 2.

4 Discussion

To the best of our knowledge, this is the first study in which
changes in brain stiffness due to cerebral arterial pulsation have
been directly observed without cardiac gating and time averaging,
that is, quasi-real time. We observed a change in SWS in
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FIGURE 4

Group statistical plots of SWS and delay times. (A) SWS in peak systole and end diastole for all four regions of interest. In all regions, SWS decreased
from systole to diastole. (B) Time delays between systolic ECG R-wave and peak SWS (tr), as well as those between the peak SWS and peak CBF (t,) for all

examined regions of interest. **p < 0.01 and *p < 0.05.

synchrony to CBF pulsation, from which we concluded that CAP
significantly affected brain stiffness. This effect was present in all
regions, which underscores the relevance of the relative SWS
change as a potential biomarker of cerebrovascular compliance.
It should be noted that THE was less constrained by accurately
locating anatomic landmarks than color flow imaging, which is
limited to the middle cerebral artery. As a result, the overall time
required, including probe positioning, was shorter for THE than
for color flow imaging. Because there was no significant temporal
shift between the SWS peak and the CBF peak of arterial
pulsation, we can conclude that SWS measurement provides a
robust and cost-effective imaging marker, that is, complementary
to Doppler imaging.

Given the extensive literature on elastography in highly
perfused organs, we speculate that the observed variation in
brain stiffness is related to cerebrovascular compliance (Hirsch
et al., 2012; Hirsch et al., 2014a; Hirsch et al., 2014b; Parker,
2014; Parker, 2015; Arani et al., 2018; Marticorena Garcia et al.,
2018; Forouhandehpour et al., 2021; Solamen et al., 2021).
Specifically, brain stiffness has been shown by MRE and THE
to increase with cerebral artery dilation due to hypercapnia
(Hetzer et al., 2019; Kreft et al, 2020a) or the Valsalva
maneuver (Tzschatzsch et al., 2018; Herthum et al., 2021). As
shown by MRE, cerebral stiffness of deep gray matter correlates
with perfusion pressure rather than cerebral blood flow alone
(Hetzer et al., 2018). This means that the vessel walls dilate
during the passage of the pulse wave, causing a global stiffening
of the tissue in which the vessels are embedded. In simple terms,
when vascular pressure increases in encapsulated (non-
expandible) organs such as the brain or liver, whether by
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increasing the total blood volume due to water uptake (Ipek-
Ugay et al., 2016; Kreft et al., 2020b) or by transient passage of
the arterial pulse wave as observed in this study, the tissue
stiffens. Conversely, tissue softening has been reported in the
spleen, which may expand with increased blood volume, likely
due to the increased volume of fluid in the tissue with no change
in pressure (Hirsch et al., 2014a; Meyer et al., 2022).

An exception here is our own previous work in which cardiac-
gated MRE was used to measure CAP-induced stiffness changes
(Schrank et al., 2019). In this study, a series of stiffness maps were
generated, each composed of signals from 81 heartbeats, which, in
combination with finger pulse triggering, led to uncertainties in the
timing of stiffness peaks relative to CAP. The partially different
results of this previous study compared with those of the current
study emphasize the relevance of the simultaneous measurement of
blood flow and stiffness—as currently only possible by THE in a
plane-wave setup. Nevertheless, the question remains unresolved as
to why THE is so sensitive to intracranial pressure, such as in
patients before and after lumbar puncture (Kreft et al., 2022),
whereas mixed results have been reported based on MRE
(Kolipaka et al., 2018).

Further studies investigating the effects of different states of
perfusion and pressure on the temporal modulation of cerebral
stiffness are required to better understand the observed stiffness
variation. In this context, the effects of dehydration and water
uptake on brain stiffness have been studied based on cerebral
THE (Kreft et al., 2020b). However, these studies were limited to
time-averaged measurements, as opposed to the time-resolved
measurements made possible through this study. Additionally, it
would be interesting to see if an altered cerebral blood flow in

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1140734

Meyer et al.

patients with vascular male formations, vascular dementia, or
intracranial hypertension changes the observed pulsation
patterns (Lauriola et al., 2018; Liu et al., 2020; Kreft et al., 2022).

The main limitation to our study is the lack of clinical data. It
would be interesting to see how stiffness pulsation changes upon the
relief of intracranial hypertension in patients undergoing lumbar
puncture. A possible change in stiffness pulsation over a wider age
range and in conditions such as mild cognitive impairment and
dementia is also warranted for future studies. In addition, the
relatively small number of subjects precludes a conclusive
analysis of physiological effects on changes in brain stiffness, as
well as the assessment of possible timing differences between CBF
and SWS waves. The insignificant correlation of Tz with the heart
rate may be due to the fact that we only investigated healthy
volunteers with a relatively narrow range of heart rates. In future
studies including patients with tachy- or bradycardia, we expect tr
to be sensitive to the heart rate. However, this study focused on
method development and first-time demonstration of CAP-induced
stiffness alterations to provide a reference for larger cohort studies in
a clinical setting.

5 Conclusion

In summary, our study demonstrated the feasibility of time-
resolved cerebral THE for the assessment of cerebrovascular
compliance based on pulsations of tissue stiffness. Plane-wave
imaging-based THE showed that brain stiffness in healthy
volunteers changes from minimum values during cerebral
diastole to maximum values during cerebral systole in the
order of 10% with variation across anatomical regions. This
direct relationship between the stiffness wave and arterial blood
pulse wave could make THE a sensitive imaging marker for brain
compliance changes due to cerebrovascular pulsation, which
could be used for diagnostics and treatment monitoring.
Furthermore, relative stiffness changes measured by line-by-
line-based THE was shown to be a cost-effective alternative to
plane-wave-based THE that is ready to use in the clinic for the
noninvasive measurement of brain stiffness associated with
intracranial pressure and cerebrovascular compliance.
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