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Objective: The precise mechanism and determinants of brain tissue pulsations (BTPs) are poorly understood, and
the impact of blood pressure (BP) on BTPs is relatively unexplored. This study aimed to explore the relationship
between BP parameters (mean arterial pressure [MAP] and pulse pressure [PP]) and BTP amplitude, using a trans-
cranial tissue Doppler prototype.
Methods: A phantom brain model generating arterial-induced BTPs was developed to observe BP changes in the
absence of confounding variables and cerebral autoregulation feedback processes. A regression model was devel-
oped to investigate the relationship between bulk BTP amplitude and BP. The separate effects of PP and MAP
were evaluated and quantified.
Results: The regression model (R2 = 0.978) revealed that bulk BTP amplitude measured from 27 gates signifi-
cantly increased with PP but not with MAP. Every 1 mm Hg increase in PP resulted in a bulk BTP amplitude
increase of 0.29 µm.
Conclusion: Increments in BP were significantly associated with increments in bulk BTP amplitude. Further work
should aim to confirm the relationship between BP and BTPs in the presence of cerebral autoregulation and
explore further physiological factors having an impact on BTP measurements, such as cerebral blood flow volume,
tissue distensibility and intracranial pressure.
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Introduction

Previous cross-sectional healthy volunteer and physiological mea-
surement studies have investigated factors influencing brain tissue pul-
satility, demonstrating that pulse pressure (PP) is a major determinant
of brain tissue pulsation (BTP) amplitude [1]. However, the exact nature
of this relationship, and whether brain tissue pulsations are also influ-
enced by mean arterial pressure (MAP), has yet to be determined.

It is widely accepted that the brain moves with every cardiac cycle
[2,3]. However, the precise mechanisms and determinants of BTPs have
yet to be fully understood. Based on previous findings [1,2,4] and
reviews of existing magnetic resonance imaging (MRI) [5] and ultra-
sound literature [6], BTPs are thought to arise primarily as a direct result
of the rapid filling of arterial brain volume in systole, followed by relaxa-
tion through venous drainage in diastole (Fig. 1). As the brain’s
compartments are almost completely enclosed in the skull and largely
incompressible, this sudden increase in arterial blood volume also leads
to an increase in pressure within the intracranial compartments (blood,
tissue and cerebrospinal fluid [CSF]), in accordance with the Monro
−Kellie doctrine [7]. Brain structures with differing physical properties
may move differently in response to this temporary increase in intracra-
nial pressure (ICP), depending on their local environment; for example,
in brain regions adjacent to the foramen magnum, CSF and tissue may
move toward or through the opening, resulting in larger tissue displace-
ments in and around these regions.

This picture is broadly consistent with MRI studies, which confirm
that tissue motion over the cardiac cycle is most pronounced at the base
of the brain, around the region of the foramen magnum, where both CSF
and tissue are displaced downward towards the spinal canal in systole
[3]. During diastole, as arterial volume returns to its original value
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Figure 1. Hypothesis concerning the origins of artery-induced brain tissue pul-
sations. The small red arrows indicate major artery expansion in systole, and the
small orange arrows indicate the direction of tissue motion. The large orange arrow
demonstrates the direction of global brain motion in systole. The small blue
arrows indicate the direction of tissue motion during diastole. During diastole,
venous outflow exceeds arterial inflow and the brain returns to begin the cycle
again.
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through venous drainage, the brain compartments return to their original
shape and volume. Over successive heart beats, this generates periodic
motion synchronised with the cardiac cycle [7]. Currently, the relative
contributions to brain tissue motion of (i) local major artery pulsations
and (ii) ICP-mediated redistribution of brain compartments are unclear.
Other factors contributing to brain tissue motion might include contractile
effects (reductions in the length of arteries as they expand) and cardiobal-
listic effects (tissue “recoil”) in response to cardiac ejection.

In previous work, pulsation of the artery walls has been shown to
propagate into adjacent tissue, generating localised pulsatile tissue
motion superimposed on global motion [1]. A previous cross-sectional
healthy volunteer study by Turner et al. [1] found that MAP was not a
significant predictor of bulk BTP amplitude at a population level. How-
ever, a positive association was noted between baseline bulk BTP ampli-
tude (measured at the forehead) and baseline PP.

A clear understanding of the relationship between blood pressure
(BP) and BTPs is required to enable further exploration of the clinical
applications of BTP measurements. In this study, we developed a simpli-
fied ultrasound brain phantom generating artery-induced BTPs under
controlled conditions. This setup allowed us to quantify the relationship
between BP parameters (MAP and PP) and bulk BTP amplitude, mea-
sured using transcranial tissue Doppler (TCTD), in the absence of con-
founding variables and cerebral autoregulation feedback processes.

Methods

Our phantom model comprised a 3-D PolyJet VeroWhite skull,
reported to have similar ultrasound attenuation properties as the human
Figure 2. (a, b) STL files for the 3-D-printed phantom brain model. (c) The 3-D-print
taining the middle cerebral arteries (ACA), middle cerebral arteries (MCA), posterior c
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skull [8]. The skull *.stl mesh was sourced from Thingiverse.com and
imported to MeshLab (Institute of Information Science and Technolo-
gies-Italian National Research Council, University of Pisa, Pisa, Italy),
where it was checked for integrity and adapted to house a vascular rep-
lica of the major cerebral arteries.

The “skull” was 3-D-printed using a Stratasys Objet 330 printer
(Eden Prairie, MN, USA, and Rehovot, Israel) and an anatomically accu-
rate silicone replica of the major cerebral arteries (Elastrat, Geneva,
Switzerland) was positioned within the skull (Fig. 2). The silicone cere-
bral artery replica included four inlets (bilateral carotid and vertebral
arteries) that entered the skull through the foramen magnum and three
outlets that left the phantom through three holes added to the model
cranium. One outlet combined both anterior cerebral arteries (ACAs);
the other two outlets combined the middle cerebral artery (MCA) and
posterior cerebral artery (PCA) outlets for the left and right hemispheres.
Each outlet was made from Cole-Parmer C-flex tubing (Cole-Parmer
Instrument Company Ltd, Cambridgeshire, UK) with an external diame-
ter of 4 mm and an internal diameter of 2.29 mm. The arterial replica
was carefully positioned within the skull and the top plate of the skull
made water tight using silicone sealant.

The model arteries were then surrounded by a soft polyvinyl-alcohol
cryogel (c-PVA) tissue-mimicking material (TMM). Approximately 3 L of
a validated c-PVA ultrasound TMM with properties mimicking soft brain
tissue was used to fill the phantom while inverted. The TMM composi-
tion was 79.4% water, 9.6% glycerol, 9.6% polyvinyl alcohol (PVA),
0.5% of 3 µm calcinated aluminium oxide, 0.4% of 0.3 µm ultra-fine alu-
minium oxide, 0.3% of silicon carbide, and 0.003% of benzalkonium
chloride. The recipe and manufacture of the TMMwas based on previous
reports [9−11]. The mixture was placed in a water bath at an initial tem-
perature of 45°C and a final temperature of 97°C for 2.5 h, with continu-
ous stirring. The mixture was then cooled and poured into the up-turned
phantom skull through the foramen magnum, leaving a small gap to
allow for expansion during the freezing process. The number of freeze
−thaw cycles aimed to mimic the acoustic and elastic properties of
human brain tissue: speed of sound = 1550 m/s [12], density = 1.03
g/cm3 [12] and Young’s Modulus = 14.9 kPa [13].

Approximately 1.2 L of a validated blood-mimicking fluid (BMF)
solution circulated through the silicone replica arteries under physiolog-
ical flow conditions generated by a programmable pump, created by the
University Hospitals of Leicester Clinical Engineering Scientific Services
team. The BMF solution comprised 83.9% water, 10.1% glycerol, 3.4%
dextran, 1.8% Orgasol particles, and 0.9% surfactant [14]. The resulting
BMF viscosity is a good match to blood at ∼4 mPas [14]. The compo-
nents were mixed for 1 h using a magnetic stirrer and then sieved using
a 53-μm sieve before use.

Physiological conditions were implemented and validated within the
phantom prior to data collection. Physiological pressures were achieved
by appropriately selecting peripheral resistance tubing attached to the
ed skull and labelled silicone artery replica positioned within the phantom, con-
erebral arteries (PCA) and vertebral arteries (VA).



Figure 3. Schematic of the phantom setup connected to the
Brain Tissue Velocimetry (TV) measurement system.
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vessel outlets and inlets according to an electrical analogue model
approach [15]. This also ensured that ∼75% of the total blood flow
(BMF flow) passed through the anterior circulation and ∼25% passed
through the posterior circulation. Pump settings were adjusted to
achieve a physiological BP trace, flow rate and heart rate (HR) of 60
bpm. Flow rates were verified before each experiment through timed
collection of fluid, which was repeated three times and averaged.

A pressure transducer was introduced to the phantom circulation
through the “right external carotid artery” of the phantom to obtain con-
tinuous BP measurements, using an electrocardiogram (ECG) Lifescope
monitor MU-631RA (Nihon Kohden, Tokyo, Japan). TCTD measure-
ments were recorded from the right forehead of the phantom using a
data acquisition prototype (Brain Tissue Velocimetry [Brain TV]; Nihon
Kohden), equipped with a 2 MHz single-element transcranial Doppler
(TCD) probe (Spencer Technologies, MA, USA), as shown in Figure 3.

To validate physiological conditions within the phantom, a healthy
adult comparator provided written informed consent, following a proto-
col approved by the University of Leicester Medicine and Biological Sci-
ences Research Ethics Committee, and in accordance with the
Declaration of Helsinki (2013).

Two experiments were carried out on the phantom to determine the
effect of MAP and PP on BTPs. PP is defined as the systolic blood pres-
sure (SBP) minus the diastolic blood pressure (DBP) �SBP � DBP�, whilst
MAP is defined as DBP� 1

3 �SBP � DBP�. MAP was raised by increasing
the pressure difference across the phantom through raising the height of
the BMF reservoir whilst maintaining constant flow. The BMF reservoir
was raised by 20 cm every 20 s over 3 min, resulting in eight different
MAP values within one continuous recording. The flow rate used for the
MAP experiment was 650 mL/min, replicating the flow of blood into the
brain [16]. In our second experiment, PP was altered by increasing the
amplitude of the output flow waveform generated by the programmable
pump. This increased PP from ∼12 to ∼100 mm Hg over a series of seven
recordings. A 10-s recording for each amplitude setting was obtained.

The flow pump occasionally generated vibrations when set to higher
amplitudes, causing motion artefacts to be observed. This was mini-
mised by securing the phantom using a clamp and placing the pump on
a different surface to the phantom and Brain TV system. Cables were
secured to avoid motion artefacts.

Data analysis

Brain tissue pulsation and BP recordings from the phantom were
gathered and analysed using a graphical user interface (GUI) developed
in-house using MATLAB (R2021a). In-phase and quadrature-phase (IQ)
data from each TCTD recording were down-sampled to 0.5 kHz to
reduce file sizes, giving a temporal resolution of 2 ms. Tissue velocity at
each depth was estimated using the S-Dopp velocity estimator [17]. This
estimator combines Doppler signals from different subsample volumes.
In our implementation, three subsample volumes were combined over
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one pulse length. Tissue velocity estimates were integrated over time to
produce a BTP signal representing real-time displacement at each tissue
depth.

Brain tissue pulsations measurements were obtained from 33 sample
depths within the phantom brain, ranging from 22 to 86 mm below the
probe’s surface. Each depth provides a measurement of tissue velocity in
the direction of the ultrasound beam from a cylindrical ∼3-mm
high × 5-mm diameter volume of brain tissue. Adjacent depths were sep-
arated by 2 mm, resulting in a series of overlapping sample volumes.

As this phantom experiment was performed under controlled condi-
tions, all data were artefact-free; however, depths associated with poor
signal-to-noise were discarded. A bulk BTP signal was calculated for
each recording by calculating the average BTP across all depths from
which a good BTP signal was obtained, representing collective displace-
ment of the phantom ’brain’ over the cardiac cycle.

Statistical analysis

Beat-to-beat estimates for PP, MAP and bulk BTP amplitude were
obtained using MATLAB (R2021a). For both phantom experiments,
these beat-to-beat values for each variable were averaged over a consis-
tent 8-s interval chosen in the middle of each BP experiment, to obtain
representative values for each.

A regression model was developed to investigate the relationship
between bulk BTP amplitude and BP. Eight 8-s intervals from the MAP
experiment and six 8-s intervals from the PP experiment were used in
the model, resulting in 14 bulk BTP amplitude values. Regression coeffi-
cients were obtained with STATA version 17.0 (StataCorp LLC) using
the regress command with default options. The regression model was
expressed in terms of MAP and PP and alternatively in terms of SBP and
DBP following a suitable change of coordinates obtained using the lin-
com command.

The statistical significance level was set at the standard value
p= 0.05.

Results

Brain tissue pulsations measured from 27 depths (up to a maximum
depth of 74 mm) were adequately visualised during the MAP experiment
and 30 depths (up to a maximum depth of 86 mm) during the PP experi-
ment. This slight difference in penetration depth is likely to be due to a
slight difference in probe positioning between experiments, with the
probe placed on a thicker portion of the phantom skull during the MAP
experiment. For consistency, the bulk BTP signal was calculated using
27 depths for both experiments.

Bulk BTP amplitude in the phantom and a healthy subject were quali-
tatively compared for validation purposes. Bulk BTP amplitude was
clearly seen to increase with depth into the phantom brain, which is con-
sistent with observations in healthy subjects, as shown in Figure 4. A



Figure 4. Waterfall plots for a 29-y-old male healthy volunteer with a pulse
pressure (PP) of 53.8 mm Hg (left) and the phantom, operating with a physiolog-
ical PP of 58.3 mm Hg (right). Both the general waveform shape and amplitude
are similar between the phantom and healthy volunteer. BTP, brain tissue pulsa-
tion.

Figure 6. Responses of Blood Pressure (BP) and bulk brain tissue pulsation
(BTP) in response to increasing pulse pressure (PP) in the phantom induced by
altering the amplitude of the waveform output of the programmable pump, over
a recording period of 77 s. The dashed vertical lines indicate that the experiment
was paused so that pump settings could be changed between recordings. The
increase in PP was largely achieved through increasing systolic blood pressure
from 46 to 146 mm Hg; however, diastolic blood pressure also increased slightly
during this experiment from 34 to 45 mm Hg.
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clear peak and trough with each cardiac cycle was visible and the magni-
tude of pulsations were similar to those observed in the healthy subject.

MAP was successfully increased in the phantom, from 86 to 228 mm
Hg, by altering the height of the BMF reservoir. This resulted in an
increase in MAP of +142 mm Hg. PP slightly increased during this pro-
tocol by ΔPP = +6 mm Hg, from 113 to 119 mm Hg. These increases in
BP corresponded to a bulk BTP amplitude (measured from 27 depths)
change ΔBTP = +0.3 µm, from 18.3 to 18.6 µm, which is below mea-
surement accuracy. Figure 5 demonstrates the changes in BP and bulk
BTP amplitude in the phantom over time.

Using the second experiment protocol, PP in the phantom increased
from 12 to 101 mm Hg, accompanied by an increase in MAP from 38 to
79 mm Hg. These changes in BP resulted in a significant increase in bulk
BTP amplitude (measured from 27 depths) of +24.5 µm, from the low-
est PP value of 3.7 µm to the highest PP value of 28.2 µm. Figure 6 shows
the changes in BP and bulk BTP amplitude over time.

This preliminary analysis indicated that changing MAP had little
effect on bulk BTP amplitude whilst changing PP had a significant effect.
A regression model was estimated to confirm these findings. Values of
MAP, PP, SBP, DBP and bulk BTP amplitude measured from 27 depths,
obtained from both experiments, were aggregated in order to perform
Figure 5. Blood pressure (BP) and bulk brain tissue pulsation (BTP) changes in
response to increasing mean arterial pressure (MAP) in the phantom, induced
by increasing the height of the blood-mimicking fluid reservoir, over a recording
period of 172 s. In this experiment, an increase in systolic blood pressure (SBP)
is accompanied by an increase in diastolic blood pressure (DBP) with pulse pres-
sure remaining approximately constant. SBP increased from a starting value of
161 to 307 mm Hg and DBP increased from 48 to 188 mm Hg.
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regression analysis, since the experimental data within each experiment
were collinear. Initial analysis showed a small constant bias difference
between the two experiments, which was well captured by including a
categorical variable. The regression model, by means of a change of
coordinates, was also used to confirm the relationship with SBP and DBP
values.

The expression of the regression model in PP/MAP coordinates or
alternatively in SBP/DBP coordinates is given as

BTP � a SBP � b DBP � δ EXP � const

� α PP � β MAP � δ EXP � const

where a and b are the slope coefficients in the SBP/DBP coordinates, α
and β are slope coefficients in the PP/MAP coordinates, EXP (= 0/1 in
the MAP/PP experiment) is a categorical variable and const is the inter-
cept. The coefficients δ and const have the same values in both coordi-
nates. The results of the model are given in Table 1.

The regression model achieved a very good fit (R2 = 0.978), show-
ing that the relation between BP variables and bulk BTP amplitude is
almost linear for the experimental conditions considered in this study.
In the PP/MAP coordinates, the model confirmed a significant relation-
ship between PP and bulk BTP amplitude and that the effect of MAP was
not significant. In the SBP/DBP coordinates, no significant difference in
the absolute values of the effects of SBP and DBP was found, thus
Table 1
Model coefficients, 95% CIs and p values for each of the variables in the regres-
sion model

Coefficient Variable Estimate (95% CI) p Value

Slope coefficients in SBP/
DBP coordinates

SBP (a) 0.284 (0.255−0.312) <10−3

DBP (b) −0.291 (−0.326 to
−0.256)

<10−3

Slope coefficients in PP/
MAP coordinates

PP (α� 0.286 (0.256−0.316) <10−3

MAP (β) −0.007 (−0.024 to
0.009)

0.347

Coefficients with same
values in both
coordinates

EXP (δ) 14.587 (12.408−16.765) <10−3

Intercept (const) −13.941 (−17.625 to
−10.257)

<10−3

DBP, diastolic blood pressure; EXP, experiment categorical variable; MAP,
mean arterial pressure; PP, pulse pressure; SBP, the systolic blood pressure.
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confirming that their effects are symmetric (increasing SBP has the same
effect as decreasing DBP).

Discussion

This study explored the relationship between arterial BP (MAP and
PP) and BTP amplitude in a passive phantom brain model, comprising a
replica of the major arteries, soft tissue and a skull model. Our results
suggest that cerebral arterial PP, but not MAP, has a significant impact
on BTP amplitude.

Both PP and MAP were significantly altered in the phantom under
controlled conditions. Under constant flow conditions, bulk BTP ampli-
tude was found to mirror changes in PP. Alterations in MAP had no dis-
cernible impact. The first phantom experiment resulted in a large
increase in MAP, while PP and bulk BTP amplitude remained relatively
constant, suggesting that MAP alone has no impact on bulk BTP ampli-
tude. The second phantom experiment resulted in a large increase in PP,
accompanied by a much smaller increase in MAP. An increase in PP of
89 mm Hg resulted in a significant increase in bulk BTP amplitude of
ΔBTP = +24.5 µm, indicating that bulk BTP amplitude was influenced
greatly by PP. A regression model confirmed the significant association
between PP increases and bulk BTP amplitude and that the effect of
MAP is not significant.

Our results also agree with Alharbi et al. [2], who noted an increase
in both arterial PP and bulk BTP amplitude following a hyperventilation
manoeuvre in 30 healthy volunteers. In that study [2], MAP decreased
in response to hypocapnia, but it was difficult to determine whether the
observed BTP changes were the result of the increase in PP, decrease in
MAP or other physiological factors. This study suggests that the
observed increase in bulk BTP amplitude during hypocapnia is likely to
be explained by the increase in PP that accompanied this manoeuvre
[2].

Turner et al. [1] previously investigated variability in bulk BTP
amplitude measurements from a cross-section of a healthy population to
explore whether age, sex, PP, MAP and HR impacted bulk BTP ampli-
tude. Healthy brain tissue motion was studied to understand which vari-
ables affected tissue motion at the forehead and temporal positions [1].
A multivariate linear regression analysis identified PP as a significant
factor explaining bulk BTP amplitude variability at a population level. A
1% increase in brachial artery PP between subjects resulted in a 0.8%
increase in baseline bulk BTP amplitude measured through the forehead
(calculated by averaging BTP signals across 30 depths; p < 0.001) [1].
No significant association of BTP amplitude with MAP was noted [1].
The results of our study confirm these findings; the phantom was used to
alter BP in the absence of confounding variables and increases in PP and
bulk BTP amplitude were found to be significantly correlated.

Our phantom model approximated the dimensions of a human head
and coupling of tissue pulsations with physiologically realistic pulsatile
blood flow, providing a useful tool for exploring factors affecting BTPs
under controlled conditions. The flow of BMF accurately replicated cere-
bral blood flow (CBF) within the major arteries, with a waveform chosen
to mimic the pulsatile blood flow generated by the heart.

Our findings suggest that bulk BTP amplitude is related to major
artery PP, but other factors such as the impact of CBF, ICP or tissue stiff-
ness have yet to be explored [4]. A greater understanding of the relation-
ship between BP and BTPs is important for clinical translation; BTP
amplitude varies widely between participants due to variations in PP,
making it important to be able to adjust for PP when interpreting BTP
features. It might also be possible to control excessive BTPs through the
use of BP lowering medication.

Previous literature has suggested excessive brain motion is correlated
with brain atrophy [18], cerebrovascular disease [18] and cognitive
decline in elderly patients, following damage to the cerebral microcircu-
lation [19]. Targeting excessive pulsatility and large variations in CBF
reactivity, such as modulating vascular tone of the MCA [20], may
reduce the risk of cerebrovascular disease in the elderly. Alongside
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TCTD, other imaging methods have been trialled to characterise BTPs in
health and disease, such as tissue pulsatility imaging (TPI) [18,20−22]
and phase contrast MRI [19]. TPI has been suggested to detect an
increase in brain motion and changes in brain vascular function in mid-
life depression, placing these patients at a higher risk of cerebrovascular
disease [18]. Monitoring BTPs may also be useful in elderly patients
with orthostatic hypotension (OH); Biogeau et al. [23] previously identi-
fied a significant decrease in BTPs in patients with OH after 1 min of
standing. Further work should focus on exploring the clinical applica-
tions of BTP measurements and the relationship between BTPs and other
factors.

Limitations and future work

Phantom studies are associated with numerous limitations, and our
simplified “passive” model of brain tissue motion is no exception. The
model features a major internal circulation with no perforating vessels
and the TMM used is homogenous and non-porous, so is not perfused in
the same way as real tissue. The wall of the arterial replica was thicker
(∼1 mm) and less elastic than those of real arteries, likely leading to
lower artery-induced BTP amplitudes than in humans. Although the
brain tissue was “tethered” to the arterial circulation and placed within
a skull mimic, it was not surrounded by CSF, so our phantom was not
capable of replicating more complex coupling among cerebral haemody-
namics, tissue and CSF. Representing a passive system, the phantom was
not capable of naturally reproducing cerebral autoregulatory responses.
Future studies should explore the impact of cerebral autoregulation on
CBF, arterial resistance and BP through additional manipulation of the
model parameters and include CSF and more realistic anatomy.

Deeper gates affected by noise were not analysed, so only tissue
motion was quantified. Depths were explored based on visual inspec-
tion; this could be automated based on ultrasound echo intensity analy-
sis in the future.

The regression model identified a bias between experiments, likely
due to the two experiments being performed on different days. We can-
not guarantee that the setup remained exactly the same, including the
positioning of the probe onto the phantom skull. However, the probe
would have been adjusted until clear pulsations were observed and the
magnitude of pulsations in both experiments are similar.

Conclusion

This study found that bulk BTP amplitude mirrors changes in arterial
PP and that isolated changes in MAP have little impact. The results of
this study contribute to our growing understanding of the origins and
factors affecting BTPs. Future work should aim to precisely model the
relationship between BTPs and cerebrovascular physiology, including
CBF, ICP, HR and changes in arterial and brain tissue stiffness.
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