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Abstract
Motivation: In neurology, the determination of intracranial pressure (ICP) is of central
importance for the diagnosis of brain damage. However, reliable ICP measurements are
realized by invasive techniques such as lumbar puncture or surgically implanted pressure
probes. Cerebral stiffness (CS) measured by elastography could be a parameter sensitive
to ICP variations. However, CS is currently measured exclusively by magnetic resonance
elastography, which is associated with long examinations and limited availability. Time-
harmonic shear wave excitation used in magnetic resonance elastography combined with
transcranial ultrasound (cerebral THE) can provide reproducible and stable elastograms over
a large field-of-view in real-time. Initial applications of cerebral THE in healthy volunteers
during performance of the Valsalva maneuver demonstrated sensitivity of CS to blood flow
and pressure changes in the brain. The goal of this PhD project was to optimize and validate
cerebral THE that I previously developed to quantify CS, identify it as a marker of cerebral
perfusion, and provide initial evidence for the potential clinical application of the method as
a noninvasive technique for estimating ICP.

Methods: To this end, I conducted two studies in healthy volunteers aimed at artificial
manipulation of cerebral blood flow: (i) I investigated the effect of hypercapnia during
breathing of carbon dioxide-enriched gas and (ii) the effect of dehydration and oral rehydration
on CS measured by cerebral THE. Finally, I applied cerebral THE in a pilot clinical study
in patients with idiopathic intracranial hypertension (IIH) who underwent lumbar puncture
(LP) along with invasive quantification of cerebrospinal fluid (CSF) opening pressure and, if
necessary, CSF drainage.

Results: Hypercapnia increased CS by 6± 4% above baseline. In contrast, dehydration of
healthy volunteers resulted in a decrease in CS of 4± 2%, whereas CS returned to baseline
after oral rehydration. In patients with IIH, CS was 16± 5% higher than in healthy volunteers
and correlated positively with CSF opening pressure (r = 0.69, p < 0.001). Approximately
30 min after LP, patients’ CS values were within the range of CS values in healthy volunteers.

Conclusion: Cerebral THE proved to be a reproducible, stable imaging technique for
real-time determination of CS. This project demonstrated that changes in CS are closely
associated with changes in cerebral perfusion and ICP. These results suggest that cerebral
THE may be a promising noninvasive diagnostic tool for determining ICP in routine clinical
practice.
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Kurzfassung
Motivation: In der Neurologie ist die Bestimmung des intrakraniellen Drucks (ICP) von
zentraler Bedeutung für die Diagnose von Hirnschäden. Zuverlässige ICP-Messungen wer-
den jedoch durch invasive Techniken wie die Lumbalpunktion oder chirurgisch implantierte
Drucksonden realisiert. Die mittels Elastografie gemessene zerebrale Steifigkeit (CS) könnte
ein Parameter sein, der empfindlich auf ICP-Schwankungen reagiert. Allerdings wird die CS
derzeit ausschließlich mit der Magnetresonanz-Elastografie gemessen, die mit langen Unter-
suchungen und begrenzter Verfügbarkeit verbunden ist. Zeitharmonische Scherwellenanregung,
wie sie in der Magnetresonanz-Elastografie verwendet wird, kombiniert mit transkraniellem
Ultraschall (zerebrale THE) kann reproduzierbare, stabile Elastogramme über ein großes
Sichtfeld in Echtzeit liefern. Erste Anwendungen der zerebralen THE bei gesunden Proban-
den während der Durchführung des Valsalva-Manövers zeigten, dass die CS empfindlich auf
Blutflussund Druckänderungen im Gehirn reagiert. Ziel dieses Promotionsprojekts war die
Optimierung und Validierung der zerebralen THE, welche ich zuvor entwickelt habe, um CS
zu quantifizieren, als Marker für zerebrale Perfusion zu identifizieren und erste Beweise für
die potenzielle klinische Anwendung der Methode als nichtinvasive Technik zur Abschätzung
des ICP zu liefern.

Methoden: Zu diesem Zweck führte ich zwei Studien an gesunden Probanden durch, welche
die künstliche Manipulation des zerebralen Blutflusses zum Ziel hatten: (i) Ich untersuchte
die Auswirkung von Hyperkapnie während der Atmung von mit Kohlendioxid angereichertem
Gas und (ii) die Auswirkung von Dehydrierung und oraler Rehydrierung auf die durch
zerebrale THE gemessene CS. Schließlich habe ich die zerebrale THE in einer klinischen
Pilotstudie bei Patienten mit idiopathischer intrakranieller Hypertension (IIH) angewandt,
bei denen eine Lumbalpunktion (LP) zusammen mit einer invasiven Quantifizierung des
Liquoröffnungsdrucks und, falls erforderlich, einer Liquordrainage durchgeführt wurde.

Ergebnisse: Hyperkapnie erhöhte den CS um 6± 4% über den Ausgangswert. Im Gegensatz
dazu führte die Dehydratation gesunder Probanden zu einem Rückgang des CS um 4± 2%,
während der CS nach oraler Rehydrierung wieder den Ausgangswert erreichte. Bei Patienten
mit IIH war die CS um 16± 5% höher als bei gesunden Probanden und korrelierte positiv
mit dem Liquoröffnungsdruck (r = 0.69, p < 0.001). Etwa 30 Minuten nach der LP lagen die
CS Werte der Patienten im Bereich der CS Werte gesunder Probanden.

Schlussfolgerung: Die zerebrale THE erwies sich als reproduzierbares, stabiles bildgebendes
Verfahren zur Echtzeit-Bestimmung der CS. Dieses Projekt zeigte, dass Änderungen des
CS eng mit Änderungen der zerebralen Perfusion und des ICP verbunden sind. Diese
Ergebnisse deuten darauf hin, dass die zerebrale THE ein vielversprechendes nichtinvasives
Diagnoseinstrument zur Bestimmung des ICP in der klinischen Routinepraxis sein könnte.
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1. Introduction
Intracranial pressure (ICP) monitoring is crucial in today’s clinical practice for patients
with neurological conditions such as stroke, ischemia, intracranial tumors, hydrocephalus,
meningitis, or liver failure [1, 2, 3, 4]. Due to the formation of edema or hemorrhage, ICP
is easily derailed in these patients [5, 6]. However, the current gold standard methods to
monitor ICP, such as pressure probes implanted in the brain by a neurosurgeon or lumbar
puncture (LP), are time-consuming and highly invasive [7, 8, 9, 10]. They are also associated
with a high risk of complications, such as bleeding, displacement of the probe, or infection
[11, 12]. To prevent excessive burden on medical staff as well as patients in such situations, a
rapidly feasible, noninvasive technique to reliably detect ICP would be of great benefit to
clinical practice.

To realize this, several noninvasive imaging techniques for visualization or quantification of
ICP-related parameters have been developed and investigated in recent years. Promising
approaches to date have included measuring anatomical features such as midline shift using
computed tomography [13, 14], measuring brain parenchymal compliance using magnetic
resonance imaging (MRI) [15, 16], and determining optic nerve sheath diameter using ocular
ultrasound [17]. Although great progress has been made, these techniques are not yet reliable
and reproducible enough to monitor ICP as continuously and accurately as the invasive
procedures [7, 12]. For this reason, none of these techniques can be used independently to
decide on further therapies. Rather, multiple examinations, including computed tomography,
MRI, and ultrasound, are performed when elevated ICP is suspected, and the exact procedures
depend on local standards [5, 18, 19].

Since pressure is physically associated with mechanical deformation, a potential ICP-sensitive
parameter could be based on noninvasive in vivo quantification of the viscoelastic properties
of brain tissue by detecting shear waves with modern imaging modalities such as MRI or
ultrasound, also known as elastography [20, 21]. Due to the use of time-harmonic wave
excitation that can produce stable shear waves within the intact skull, mechanical imaging
of the brain has been performed exclusively with magnetic resonance elastography (MRE).
However, despite numerous advances towards real-time MRE [22, 23, 24], this technique
is still associated with long acquisition times. Due to rapid autoregulatory mechanisms,
mechanical parameters such as stiffness and viscosity in the brain can change within seconds
[25, 26], making MR-based elastography limited in its ability to detect these dynamic effects.

The application of fast ultrasound-based elastography techniques could easily overcome this
limitation. The most common quantitative ultrasound elastography techniques rely on focused
acoustic radiation force impulses (ARFI) generated by the ultrasound transducer for tissue
deformation. However, because the skull distorts the ultrasound beam and absorbs most
of the signal, focusing ARFI within the brain is difficult, making this type of elastography
unsuitable for transcranial applications [27]. Furthermore, ARFI-based techniques can only
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illuminate a small portion of the ultrasound field-of-view (approximately 2×2 cm2) and
achieve a maximum penetration depth of 8 cm, making it difficult to obtain an overview of
the spatial distribution of mechanical parameters and any abnormalities [28, 29, 30, 31].

Recently, a new elastography technique was introduced, ultrasound time-harmonic elastog-
raphy (THE) [32], which combines the external time-harmonic excitation used in MRE
applications with fast ultrasound image acquisition. This technique allows measurement of
tissue elasticity throughout the ultrasound field-of-view at depths up to 13 cm in real-time
and with high stability due to multifrequency excitation. So far, THE has been successfully
tested on abdominal organs such as liver and spleen [32], kidneys [33] as well as pancreas [34]
and showed good diagnostic performance for diseases such as liver fibrosis [35], chronic kidney
disease [36] or non-alcoholic fatty liver disease [37]. In addition, abdominal THE proved to
be sensitive to changes in blood flow and pressure, either caused by the Valsalva maneuver
[38], water ingestion [39] or disease such as portal hypertension [40].

Based on these findings, I adapted and modified THE for use on the brain (cerebral THE)
prior to the start of this project to quantify cerebral stiffness (CS) in real-time. Initial
applications showed that cerebral THE was a reproducible and stable technique, which was
also able to reproduce results from previous MRE studies regarding brain softening with
age [41, 42, 43]. Moreover, I found that CS measured with cerebral THE was increased
in healthy volunteers performing the Valsalva maneuver [41], which can be attributed to
increased cerebral perfusion and ICP [24, 44, 45, 46].

Since the main purpose of ICP is to autoregulate cerebral blood flow [47], the sensitivity of
cerebral THE to perfusion changes in abdominal organs and brain suggests that cerebral
THE may be sensitive to changes in ICP. The aim of my PhD project was to substantiate
this hypothesis by performing two further studies in healthy volunteers, examining CS under
known conditions associated with altered cerebral perfusion. After this validation phase, I
performed a pilot clinical study to investigate the relationship between CS and ICP in patients
suffering from idiopathic intracranial hypertension (IIH) who received invasive quantification
of cerebrospinal fluid (CSF) opening pressure as a surrogate for ICP along with therapy in
the form of lumbar puncture.
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2. Theory
Elastography in the clinical context is based on manual palpation, which allows the physician
to feel hard or soft structures in comparison to the surrounding tissue below the skin
surface. Modern elastography techniques offer the possibility to quantitatively determine the
viscoelastic properties of deep-seated tissue. Viscoelasticity is a characteristic property of
soft tissue, composed of viscous and elastic behavior, and describes the ability of the tissue
to resist deformation. This deformation, further referred to as strain ε, is triggered by the
action of external forces, hereafter referred to as stress σ. These deformations can occur in
numerous variations depending on the nature of the material and the type of applied stress.
In rheology, a distinction is made between purely elastic, purely viscous, and viscoelastic
materials.

2.1 Purely elastic materials
In purely elastic materials, the energy used to generate a strain ε under the influence of
a certain stress σ is completely stored. A purely elastic material will therefore always
regain its original shape as soon as the stress is removed [20]. The governing equation for
the mathematical description of the linear relationship between stress and strain in elastic
materials is known as Hooke’s law.

σ = Γ · ε (2.1)

The coupling constant Γ, commonly referred to as the mechanical modulus, is a characteristic
material property that depends on the type of stress applied to the material. Any stress
applied to a particular material can be represented by a superposition of three special cases:
(i) uniaxial stress, (ii) shear stress, and (iii) volumetric stress. The mathematical description
of these special cases along with the acting forces as well as the strain response to the
associated deformations are shown in Figure 2.1. Here, a linearly elastic, solid, and isotropic
material is assumed.
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A B C

Figure 2.1: Principal types of deformation in elastic solids.

In the case of uniaxial deformation (Figure 2.1A), the external force acts along a direction
and perpendicular to the surface of the material, causing a shortening of the block along
this direction, which is defined by the Young’s modulus E. In shear deformation (Figure
2.1B), the external force acts parallel to the surface of the material. The strain here depends
on the tilt angle Θ of the material and is determined by the shear modulus µ. If forces act
perpendicular to the material surface from all sides, the effect is volumetric deformation
(Figure 2.1C). The relationship between stress and volume change is determined by the
bulk modulus K. The mechanical moduli describing these special cases are coupled via the
Poisson’s ratio ν, which is the material constant defined as the ratio between the deformation
parallel and perpendicular to the effective direction of the external force and thus describes
the compressibility of a material [20].

µ =
E

2(1 + ν)
(2.2)

K =
E

3(1− 2ν)
(2.3)

Since biological soft tissues have a large water content, the Poisson’s ratio can be approximated
by ν ≈ 0.5 [20]. In this case, the relationship between Young’s-, shear- and bulk modulus
can be simplified.

K � E ≈ 3µ (2.4)
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2.2 Purely viscous materials
In contrast to an elastic medium, in a purely viscous medium the deformation energy is
converted into thermal energy by friction, so that the strain remains after the stress is removed.
The relationship between stress and strain such a medium can be derived mathematically by
assuming laminar flow of a viscous fluid confined between two infinite plates, as shown in
Figure 2.2.

Figure 2.2: Shear deformation of a viscous fluid modeled as laminar flow between two plates.

The fluid is thereby divided into thin layers running parallel to the x-y plane at a distance dz.
If a shear force ~F is applied to the upper plate parallel to its surface, the layers begin to flow
in the direction of the force, while their velocity v varies from 0 at the lower, stationary plate
to vmax at the upper plate. The infinitesimal velocity difference between the layers is thereby
dv. The shear stress σs, which ensures that the upper layer moves at a constant velocity,
therefore depends on the derivative of the velocity with respect to the height of the layer
dv/dz, also referred to as shear rate ε̇s, and the viscosity η of the fluid.

σs = η
dv

dz
= ηε̇s (2.5)

2.3 Oscillating stress and complex modulus G∗

The mechanical moduli E, µ and K described above, as well as the viscosity η, have so far
been derived as real-valued quantities under static deformation. However, when an oscillating
stress with angular frequency ω of the form σ(t) = σ0e

iωt is applied to a material over a time
t, the moduli can also take complex values. While the resultant strain for an elastic solid
remains simply a scaled version of the stress of the form:
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ε(t)E = σ0e
iωt (2.6)

, the resultant strain for a viscous fluid exhibits an interesting property. The time derivative
of the oscillatory strain results in a phase shift of 90 degrees, described by the complex unit i.
The strain therefore lags the stress by 1/4 of an oscillation period.

ε(t)ηiω = σ0e
iωt (2.7)

Up to this point, only purely elastic and viscous materials have been considered. However,
this description is an idealized model, which in many cases does not correspond to reality.
Most materials, especially biological soft tissue consisting of solid and fluid compartments,
exhibit both behaviors simultaneously. They are therefore referred to as viscoelastic materials.
For these types of materials, the coupling between stress and strain can be described by the
complex shear modulus G∗ and the complex bulk modulus H∗:

G∗ = |G∗|eiϕG (2.8)

H∗ = |H∗|eiϕH (2.9)

Where |G∗| and |H∗| denote the Euclidean norm of G∗ and H∗ and mainly represent the
elastic properties. The phase angle ϕ describes the phase shift between stress and strain
and is mainly responsible for the viscous behavior. The complex notation of the mechanical
modulus has a decisive advantage since it allows the mechanical behavior of a viscoelastic
material to be easily described with a single material constant. In elastography, mechanical
waves are coupled into the tissue by applying oscillating stresses. The propagation behavior
of these waves in biological soft tissue can be analyzed and related to the complex modulus
G∗.

2.4 Mechanical waves
When an oscillating stress is applied to a material, particles at any position ~r within the
material will displace at any time t, which can be expressed using a displacement field of the
form ~u(~r, t). Assuming small strains, and thus a linear relationship between stress and strain,
the strain tensor εεε can be expressed using the displacement field.

εεε =
1

2
(∇~u+∇~uT ) (2.10)

In addition, the strain tensor can be expressed as a superposition of pure compression and
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pure shear deformation.

εεε = εεεcompr. + εεεshear (2.11)

The spatial and temporal behavior of the displacement field ~u caused by mechanical waves in
a viscoelastic material can generally be described by the Navier equation with the complex
bulk modulus H∗ and the complex shear modulus G∗ [48].

ρ~̈u =

(
H∗ − 4

3
G∗
)
∇ (∇ · ~u)−G∗∇× (∇× ~u) (2.12)

The density of the material under consideration is denoted here by ρ, while ~̈u describes
the second time derivative of the displacement field. Analogous to the strain tensor, the
displacement field ~u can be decomposed a pure compression and a pure shear deformation.
This is done by applying the Helmholtz decomposition, which states that any non-singular
smooth vector field can be decomposed into the summation of a divergence-free (∇× ~φ) and
a curl-free (∇ · ~ψ) vector field.

~u = ∇× ~φ+∇ · ~ψ (2.13)

Here, the curl-free vector field represents the pure compression wave field, while the divergence-
free vector field describes the pure shear wave field. Figure 2.3 shows the two types of waves
with a uniform propagation direction and their respective longitudinal and transverse particle
motion directions.

A B

Figure 2.3: Schematic illustration of compression- and shear wave.

By applying the divergence or the curl operator, compression- and shear waves can be
analyzed in separately in the form of three-dimensional wave equations.

~̈φ =
G∗

ρ
∆~φ = (c∗shear)

2 ∆~φ (2.14)
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~̈ψ =

(
H∗ + 4

3
G∗
)

ρ
∆~ψ =

(
c∗compr.

)2
∆~ψ (2.15)

Here, the wave velocity is defined by the coupling constant between the spatial and temporal
derivatives. The complex velocity of the shear wave c∗shear is dependent on the complex shear
modulus G∗, while the speed of the compression wave c∗compr. depends on both complex shear
modulus and complex bulk modulus H∗. In the case of soft biological tissue, the K � µ

estimate for the real-valued bulk- (K) and shear modulus (µ) from Equation 2.4 also applies
to the Euclidean norms of the generalized complex moduli (|H∗| � |G∗|) [48], allowing the
complex velocity of the shear and compression wave to be expressed as follows:

c∗shear =

√
G∗

ρ
(2.16)

c∗compr. =

√(
H∗ + 4

3
G∗
)

ρ
≈

√
H∗

ρ
(2.17)

To derive measurable compression wave speed (CWS) and shear wave speed (SWS) from the
complex quantities, the real part of the complex wave vector k∗ = ω/c∗ with k∗ = k′+ k′′ and
the relation k′ = ω/c are used. Together with the identities G∗ = |G∗|eiϕG and H∗ = |H∗|eiϕH ,
CWS and SWS can be calculated [48, 49].

CWS(ω) =

√
2|H∗(ω)|

ρ(1 + cosϕH)
(2.18)

SWS(ω) =

√
2|G∗(ω)|

ρ(1 + cosϕG)
(2.19)

It is known from ultrasound applications that the pressure wave propagates in the human
brain at a velocity of 1460m/s to 1680m/s, with a small difference between different tissue
types [50]. In contrast, shear waves propagate through the brain at approximately 1000 times
lower speed of 1m/s to 4m/s, with large differences between different tissue types. Therefore,
imaging shear wave velocity provides good anatomical contrast for elastography purposes
[50]. In ultrasound elastography, the fast pressure waves used for echo imaging are used to
sample the slow deformation of tissue by shear waves, and therefore high temporal resolution
of measurements can be obtained with this elastography technique.

16



2.5 Physiology of intracranial pressure
The main role of ICP is to regulate hemostatic processes in the brain, e.g., cerebral blood
flow or maintaining the balance of interstitial fluids. In healthy adults, mean ICP varies
between 5 and 15 mmHg [47]. One approach used to date to model this autoregulation is the
Monro-Kellie hypothesis, in which the brain is described as a tightly packed, closed system
within a semi-rigid container. The contents of the skull are thereby composed of three distinct
compartments: (i) the solid brain tissue, (ii) the cerebral blood volume, and (iii) CSF [51].
While the sum of the volumes of these compartments is assumed to be constant in the healthy
brain, it can change in diseases such as tumors [52], hemorrhage [3], or even age-related brain
atrophy [53]. The possibility of volume change in a densely packed system is thereby given by
the description of the brain as a mechanical system with variable compliance. The concept
of compliance is best described by considering the variation of ICP due to the variation in
blood volume through the cardiac cycle along with the exponential dependence of averaged
ICP on intracranial volume, as shown schematically in Figure 2.4 [54, 47]. In this plot, the
compliance can be graphically interpreted as the inverse slope of the curve. In a system
with high compliance (point (i) in Figure 2.4), changes in volume can be easily compensated
for by compression or redistribution of compartments, meaning that the change in blood
volume with the heartbeat produces only small pressure variations, resulting in minor cardiac
ICP fluctuations. In contrast, in a system with low compliance (point (ii) in Figure 2.4),
compression or redistribution may be more difficult to realize, and the same variation in blood
volume results in larger ICP fluctuations. Because of this effect, space-occupying diseases
that increase ICP are always associated with a decrease in compliance.

A
ve
ra
ge
d
IC
P

Intracranial Volume

Δ𝑉

Δ𝑉

Δ𝐼𝐶𝑃

Δ𝐼𝐶𝑃

(i)

(ii)

Intracranial Compliance =
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Δ𝐼𝐶𝑃

Figure 2.4: Exponential relationship between averaged ICP and intracranial volume. Figure adapted from Marmarou et al. [54]
with friendly permission of the Journal of Neurosurgery Publishing Group.
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Influence of cerebral perfusion change on ICP

ICP also varies in normal diurnal rhythm in response to physical exertion [55], gravity [56],
perfusion- [8], and hydration changes [57]. It is well known that ICP can be altered in a
controlled manner. One effect that has been extensively studied is the adjustment of cerebral
vessel diameters in response to external stimuli, also known as cerebrovascular reactivity.
For example, one such stimulus is increased partial pressure of carbon dioxide in the blood
(pCO2). Vessels respond to pCO2 levels between 20 mmHg to 60 mmHg [58]. While normal
pCO2 in adult humans is in the range of 35 mmHg to 40 mmHg [59], values above 40 mmHg

are referred to as hypercapnia and values below 35 mmHg are referred to as hypocapnia.
In hypercapnia, cerebral vessels are in a vasodilated state, while vasoconstriction occurs in
hypocapnia. In clinical practice, hypercapnia can be artificially induced to test cerebrovascular
reactivity using CO2-enriched gases. Hypocapnia is commonly used in ventilated patients to
decrease ICP and prevent cerebral hypo-perfusion [45, 60, 58].

Alteration of cerebral blood flow can also be induced by varying hydration. Because the brain
has a large water content of 75% [61], hypotonic dehydration and subsequent rehydration
by oral water intake, as often occurs during the diurnal cycle, also results in volume shifts
between different brain compartments. During dehydration, osmotic gradients transport water
from the intracellular compartment within the brain parenchyma into the blood compartment
to compensate for a decrease in perfusion [62], leading to a decrease in brain tissue volume [63,
64] and consequently lowering ICP. This effect is used clinically in the form of drug-induced
cerebral dehydration, also referred to as hyperosmolar therapy, in patients with elevated ICP
and cerebral edema [65]. Oral rehydration, on the other hand, increases brain perfusion and
thus ICP and is used clinically to treat intracranial hypotension, which is a common side
effect of CSF removal [66].

Influence of CSF removal on ICP

The CSF compartment is the target of acute clinical therapy in patients with elevated ICP and
is usually achieved by a combination of invasive ICP monitoring and a CSF drainage system
[67]. CSF drainage lowers ICP immediately and is therefore an effective, albeit symptomatic,
intervention for patients in critical condition at acute risk for neurologic impairment. However,
permanent monitoring of ICP is not always necessary, for example, in patients with IIH,
characterized by elevated ICP of unknown etiology [68]. In this case, CSF can also be drained
by lumbar puncture, where a drainage needle is inserted into the lumbar spinal canal. Spot
measurement of CSF opening pressure, which is used as a surrogate for ICP, can also be
performed during LP by attaching a manometer to the drainage catheter.

Relationship of ICP and tissue stiffness

Under in vivo conditions, CS is influenced by both static and dynamic factors. While static
factors such as the structural integrity of the cellular matrix, which is compromised in diseases
such as multiple sclerosis and Altzheimer’s disease [69, 70, 71], have been studied for some
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time using MRE, dynamic contributions to CS such as perfusion, brain activation, and
solid-fluid interactions between compartments in the brain are increasingly becoming the
focus of research [72, 73, 74, 75]. The link between CS and cerebral perfusion is an important
indication that ICP fluctuations could be detected noninvasively using MRE or ultrasound
elastography. This hypothesis is further supported by recent studies, where perfusion- and
pressure-related stiffness changes were found in vivo in liver, spleen, and kidney [41, 38, 76].
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3. Materials and Methods
For data acquisition, I used an optimized version of the abdominal THE setup as described
in Tzschätzsch et al. [32], which I adapted for transtemporal data acquisition. During the
project, I optimized the system several times with respect to B-mode resolution as well as
penetration depth. The following section briefly describes the current experimental setup for
data acquisition and the post-processing pipeline. The experimental setup explained in the
following was previously reported in several articles [32, 41, 77, 78, 79].

3.1 Experimental setup
Data acquisition

The basic experimental setup, as shown in Figure 3.1, consisted of three main components:
(i) a custom-built examination bed with a vibration unit consisting of a vibration plate with
an amplifier underneath (GAMT, Merseburg, Germany), (ii) a clinical ultrasound scanner for
radiofrequency (RF) data acquisition (SonixMDP, UltraSonix, Scottsdale AZ, USA) equipped
first with a convex transducer (C5-2/60, 2MHz), which was later replaced by a phased
transducer (SA4-2/24, 3.3MHz), and (iii) the elastography computer for post-processing and
visualization of the data. Volunteers were placed in the supine position with the vibration
plate under the back of the head. A tailored waveform with a total of six frequencies in the
audible range (27, 33, 39, 44, 50, and 56Hz) was fed into the amplifier to generate shear
waves within the brain. Inspired by transcranial Doppler examinations conducted in clinical
routine, the temporal bone window located between the eye and ear was used for ultrasound
measurements through the intact skull, as shown in the magnification in Figure 3.1. In this
measurement position, RF data were recorded during harmonic vibration of the head at
a frame rate of 80Hz over one second and transmitted to the elastography computer for
real-time post-processing.

Figure 3.1: Experimental setup for cerebral THE. Adapted from Kreft et al. [78].
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Post-processing

Since a detailed description of the post-processing is beyond the scope of this work, only
the most important steps are explained below. The algorithm used here was developed
by Tzschätzsch et al. [80] and is called k-Multifrequency Dual Elasto-Visco inversion (k-
MDEV). This algorithm is capable of reconstructing wavenumbers of multifrequency shear
waves propagating from different directions and generating a composite map of shear wave
speed with a spatial resolution of 0.5 mm. The individual post-processing steps are shown
chronologically in the flowchart in Figure 3.2.

Figure 3.2: Flowchart of the post-processing pipeline.

First, the axial Hilbert transform was applied to the real-valued RF data to produce complex-
valued in-phase quadrature (IQ) data for each acquired image. The axial displacement field
u(~r, t) was then estimated at each location ~r and at each time t of the measurement by
calculating the spatially resolved phase shift between adjacent images. In the following
step, the multifrequency displacement field u(~r, t) was decomposed into complex wavefields
Ũ(~r, ω) at the excitation frequencies using temporal Fourier transform. The upper half of
the vibration frequencies, which were above the Nyquist limit (fN = 1/2 Frame Rate =

40Hz), appeared aliased in the frequency spectrum at positions 24Hz (=̂ 56Hz), 27Hz, 30Hz
(=̂ 50Hz), 33Hz, 36Hz (=̂ 44Hz), but were further processed according to their unaliased
positions. This type of stroboscopic sampling is called controlled aliasing [32]. Figure 3.3A
schematically shows the waveform fed into the amplifier along with the resulting frequency
spectrum.
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A B

Figure 3.3: Multifrequency waveform and the resulting frequency spectrum along with frequency-resolved shear wave fields and
elastograms. Adapted from Tzschätzsch et al. [41].

The extraction of the shear waves Ũ(~r, ωi) for each frequency ωi was then performed in
k-space by applying a two-dimensional bandpass filter ζ(|k|) to the complex wavefields.

ζ(|k|) =
|k|

σ|k|
√

2π
e
|k|√
2σ|k| (3.1)

Here, |k| =
√
k2x + k2y was the radial vector in k-space and σ|k| was the width of the filter. After

bandpass filtering, the shear wavefield still consisted of a superposition of multidirectional
waves due to reflection and refraction at different interfaces in the brain tissue and skull bone.
Since the k-MDEV algorithm was designed for plane waves, the next step was to apply a
cone-shaped directional filter ξ(ϑn) in 8 directions [81].

ξ(ϑn) =
1

σϑ
√

2π
e
−
(
ϑ−ϑn√

2σϑ

)
for n = 1,...,8 (3.2)

In this filter, ϑ = arg(kx + iky) describes the phase angle in complex k-space. The shear wave
fields for all vibration frequencies corresponding to a selected direction are shown in Figure
3.3B. The wavefields Ũ(~r, ωi, ϑn) were then used to calculate the respective wavenumber ki,n
for each frequency ωi and each direction ϑn. For this purpose, the phase gradient method
was used [80].

ki,n =
∣∣∣∣∣∣∇arg(Ũ(~r, ωi, ϑn)

)∣∣∣∣∣∣ (3.3)

Finally, SWSi,n = ωi/ki,n was calculated by inversion of the wave numbers ki,n. Amplitude-
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weighted harmonic averaging was used to create a single multifrequency multidirectional
elastogram. This type of averaging ensured that waves with low amplitude and high noise
content had less influence on the result. In addition to this, a threshold of 1m/s was applied
to the composite elastogram to exclude regions which still showed low signal-to-noise ratio
from further analysis. Figure 3.4 shows a reconstructed B-mode image along with a composite
elastogram of one measurement. Typical anatomical landmarks within the B-Mode image
included (i) the dura, (ii) the temporal lobe parenchyma, (iii) the basal cisterns around (iv)
the mesencephalic brainstem and could also be moderately delineated in the elastograms.

A B

Figure 3.4: Representative B-mode image along with corresponding elastogram.

The region of interest (ROI) around the temporal lobe parenchyma (ii) was manually drawn
and analyzed by averaging all values within the ROI to obtain a stable and representative
SWS value for each measurement. This initial step of data analysis was used for all studies
described in the following section.

3.2 Studies on healthy volunteers
In total, I performed two experiments on healthy volunteers. The aim was to change the
ICP by manipulation of cerebral perfusion. All study protocols were in accordance with the
Declaration of Helsinki and were approved by the Institutional Review Board of the Charité -
Universitätsmedizin Berlin (EA1/242/18). Written informed consent was obtained from all
study participants. None of the participants had a history of psychiatric disorders or a recent
severe head injury.
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Hypercapnia

To test the effect of increased CO2 respiration on CS, a total of 10 healthy volunteers (5/5

women/men, mean age: 29± 6 years, age range: 20 to 41 years) were measured continuously
for 22minutes during artificially induced hypercapnia in one session. For this purpose, the
volunteers breathed slightly increased amounts of carbon dioxide using an airtight breathing
mask connected to a gas cylinder filled with carbogen (Linde, Pullach, Germany), a gas
comprised of 5% CO2 and 95% O2. The complete setup of the measuring station is shown
in Figure 3.5.

Figure 3.5: Measurement setup for hypercapnia experiment. Figure adapted from Kreft et al. [77] with friendly permission of
Elsevier Publishers.

Since such a long measurement is strenuous for both the volunteer and the person performing
the investigation, involuntary movements of the transducer relative to the temples affected the
stability of the measurement. Therefore, a specially designed mounting device, as shown in
the top-left magnification in Figure 3.5, was used to attach the transducer to the volunteer’s
head and thus minimize the measurement errors. One measurement session was divided into
three phases of 7minutes each. The complete study design is illustrated in the flowchart in
Figure 3.6.

24



Figure 3.6: Flowchart diagram of the hypercapnia study design.

The first phase was the baseline phase, in which the volunteer was already wearing the mask
but was breathing ambient air. The second phase was the hypercapnia phase. Here the
breathing mask was connected to the carbogen supply and hypercapnia was induced. In
the third phase, the recovery phase, the gas supply was disconnected, and the volunteers
breathed normal ambient air again. In each volunteer, SWS, heart rate, and expiratory
CO2 content (etCO2) were measured every 10 seconds using a clinical patient monitor (Tesla
Guard, Mammendorf, Germany), as shown in the top-right magnification in Figure 3.5. In
addition, blood pressure was measured every 2minutes. Because the gas cylinder had to
be connected and disconnected, there was a 30-second pause in measurement between each
phase. Within the temporal lobe parenchyma, a single ROI was determined for each volunteer
as described in Section 3.1. Time-resolved curves were plotted for SWS and etCO2. The time
points of increase (τi) or decrease (τd) in SWS and etCO2 were determined using a sigmoidal
shape fitting function f(t).

f(t) = SWSBL +
SWSP − SWSBL

1 + eSi(t−τi) + eSd(t−τd)
(3.4)

In this function, SWSBL represents the baseline value, SWSP represents the plateau value,
and Si and Sd represent the slopes of the increase or decrease in the curve. For each phase,
the last 25 measurement points were aggregated for each volunteer. These aggregated data
were then tested for statistical differences using a paired t-test. In addition, a paired t-
test was performed to detect statistical differences in the time of increase τi and time of
decrease τd between SWS and etCO2. Because they represent the temporal response of the
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effective medium, including the vascular bed, to hypercapnia, these parameters are considered
important in terms of cerebrovascular response. All p-values less than 0.05 were considered
statistically significant.

De- and Rehydration

To determine the effects of hydration status on CS, a total of 12 healthy volunteers (3/9

women/men, mean age: 33± 9 years, age range: 22 to 50 years) were measured 10 times each
in 6 sessions within two consecutive days. The experimental procedure is shown in Figure
3.7.

Figure 3.7: Flowchart diagram of the dehydration study design. Adapted and modified from Kreft et al. [78].

The first measurement under normal hydration (NH) was performed on day 1 after a regulated
fluid intake of 1.5 litres of water over a 5-hour period. After this measurement, volunteers
spent the night without food and fluid intake for 12 hours. The second measurement was
performed on day 2 in the dehydrated state (DH). After this session, volunteers drank
12ml/kg of water within 15minutes according to their body weight. Immediately after
drinking, volunteers were measured four additional times during rehydration (RH1-4) at
15-minute intervals. Heart rate, blood pressure, blood flow velocity in the middle cerebral
artery by transcranial Doppler, and 10 SWS measurements were recorded at each session. In
the NH, DH, and RH4 sessions, urine samples were collected, and a small blood count was
obtained to determine urine osmolality and hematocrit. For each volunteer and session, an
ROI was manually drawn in the temporal parenchyma as described in Section 3.1, and 10 SWS
values were determined. These 10 SWS values were then averaged to yield 6 representative
SWS values for each volunteer (one for each session). Statistically significant differences
in SWS between sessions were determined using a one-way ANOVA. Possible correlations

26



between the identified parameters were calculated using the Pearson correlation coefficient. In
addition, sessions were compared by group analysis using a paired t-test. All p-values below
0.05 were considered significant. While all 12 volunteers were included in the correlation
analysis, only 10 volunteers were included in the group statistics because two volunteers did
not follow the dehydration protocol. This was determined by the trajectories of their urine
osmolality and verbal testimony of the volunteers.

3.3 Clinical patient study
To conclude my project, I determined the dependence of noninvasively measured SWS on
invasively measured ICP within a clinical pilot study. In this study, 22 patients (17/5

women/men, mean age: 34± 11 years, age range 22 to 55 years) who met the preliminary
diagnostic criteria for IIH such as headache, papilledema, and visual field defects, were
examined in 2 sessions consisting of 20 measurements each using cerebral THE. The complete
procedure of the experiment is shown in Figure 3.8.

Figure 3.8: Flowchart diagram of the IIH study design. Figure adapted and modified from Kreft et al. [79] with friendly
permission of Wolters Kluwer Health Publishers.

Here, the first session was performed under the assumption of an elevated ICP. Before the
second session, patients received treatment in the form of LP with an atraumatic needle
(Pajunk Sprotte Lumbar, Pajunk GmbH Medizintechnologie, Geising, Germany). During LP,
invasive measurement of CSF opening pressure (PCSF) was also performed with a manometer
(Mediplast Optidynamic Spinal Fluid Manometer, Gazzo Veronese, Italy). The entire
procedure was performed in the supine position to avoid distortion of PCSF measurements
by gravity. When necessary, CSF was drained from the spinal canal, and the drained CSF
volume (VCSF) was recorded. After 30 to 45minutes, the second session of cerebral THE was
then performed in each patient. Because the necessary criterion for the diagnosis of IIH is
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based on quantification of PCSF, 4 patients were further excluded from the group analysis
because they fell below the clinical threshold for definitive IIH diagnosis (25 cmH2O). In
addition to the patient cohort, an age-matched control cohort of 18 healthy volunteers (9/9

women/men, mean age 33± 9 years, age range: 20 to 47 years) was examined 20 times with
cerebral THE in one session.

The 20 measurements for each session were averaged to obtain a representative SWS value for
healthy volunteers as well as for patients before and after LP. A paired t-test was used to test
for statistical differences between the mean SWS values within the patient cohort, whereas
an unpaired t-test was used to test for statistical differences between the patient cohort
and healthy control volunteers. The diagnostic performance of cerebral THE was tested by
receiver operating characteristic analysis with a PCSF cutoff of 25 cmH2O for pathologically
elevated ICP. The 4 patients who did not meet the final criterion for IIH were excluded from
this part of the statistical analysis but were included in the correlation analysis because PCSF

quantification was also performed in these patients. In the correlation analysis, Pearson’s
linear correlation coefficient was used to compare pre-LP SWS with PCSF and VCSF. In
addition, PCSF and VCSF were compared separately.
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4. Results

4.1 Studies on healthy volunteers
In the following, the results of the studies on healthy volunteers, including the hypercapnia
experiment and the de- and rehydration experiment as well as the results of the pilot clinical
study are described in the scope of this project. More detailed reports can be found in [77,
78, 79].

Hypercapnia

Representative elastograms of one volunteer from each of the three phases of the study
are shown in Figure 4.1. The increase in SWS during hypercapnia can be seen within the
temporal lobe parenchyma (delineated by a white line) in the middle elastogram (Figure
4.1B) as a shift in the color map to the red region.

A B C

Figure 4.1: Representative elastograms of one volunteer during baseline, hypercapnia, and recovery phase. Figure adapted from
Kreft et al. [77] with friendly permission of Elsevier Publishers.

Boxplots of SWS averaged over the second halves of the baseline, hypercapnia, and recovery
phases are shown in Figure 4.2A. During the hypercapnia phase, SWS values were higher
compared to baseline and recovery (p = 0.001), while no difference was detected between
SWS values in baseline and recovery (p = 0.13). During hypercapnia, SWS values increased
in all volunteers, with an average increase of 0.09± 0.06m/s. The time-resolved group means
and standard deviations of SWS (blue) and etCO2 (red) are shown in Figure 4.2B. During
the early phase of hypercapnia at τi,SWS = 2.2± 2.0minutes, baseline SWS increased from
1.57± 0.04m/s to plateau values of 1.66± 0.05m/s (relative SWS change: 5.9± 4.0%, p =

0.001). From this plateau, SWS decreased to normal values of 1.59± 0.03m/s (p = 0.003) in
the early recovery phase at τd,SWS = 3.6± 1.5minutes. A similar trend was observed for etCO2.
From a baseline etCO2 of 32± 3 mmHg, it increased to plateau values of 42± 2 mmHg in the
early hypercapnia phase at τi,CO2 = 1.9± 1.3minutes (relative etCO2 change: 29.1± 8.6%,
p < 0.001). From this plateau, etCO2 returned to baseline values without significant delay
at τd,CO2 = 0.9± 0.4minutes after the gas supply was interrupted. While SWS and etCO2

increased with similar τi (p = 0.48), etCO2 returned to normal values 2.7minutes earlier than
SWS (p < 0.001).
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Figure 4.2: Statistical boxplot of the hypercapnia data along with time resolved mean SWS and mean etCO2. Figure adapted
from Kreft et al. [77] with friendly permission of Elsevier Publishers.

De- and Rehydration

Figure 4.3 shows representative elastograms of one volunteer under (A) normally hydrated
(NH), (B) dehydrated (DH), and (C) rehydrated (RH4) conditions. The decreased SWS in
the dehydrated condition (Figure 4.3B) within the temporal lobe parenchyma (delineated by
white line) is visible here as a shift of the SWS map towards green colors.

A B C

Figure 4.3: Representative elastograms of one volunteer in normally hydrated, dehydrated, and rehydrated states. Figure
adapted from Kreft et al. [78].

The trajectories of mean SWS and urine osmolality throughout the experiment are shown
in Figure 4.4. It was found that SWS (Figure 4.4A) decreased from normal hydration to
dehydration (NH to DH) from 1.64± 0.02m/s to 1.57± 0.04m/s (p < 0.001). Approximately
30minutes after water intake on day 2 (RH2), SWS increased again to 1.62± 0.02m/s
(p < 0.001) and remained unchanged at this value for another 30minutes. Plateau values
were similar to those during normal hydration (all p-values > 0.9). In contrast to SWS, urine
osmolality (Figure 4.4B) increased from a normal hydration value of 320± 150mOsm/kg
to 780± 110mOsm/kg in the dehydrated state (p < 0.001). After water drinking, urine
osmolality decreased to 290± 130mOsm/kg (p < 0.001), which corresponded to normal
hydration levels (p = 0.83). Two volunteers, who are specifically identified in Figure 4.4,
did not comply with the fasting protocol. Figure 4.4B shows the striking trend in urine
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osmolality during the experiment for these two volunteers. They were therefore excluded
from the statistical group analysis.

A

B

Figure 4.4: Boxplots of SWS and urine osmolality during de- and oral rehydration. Figures adapted from Kreft et al. [78].

In contrast to the group analysis, no volunteer was excluded from the correlation analysis
because all received quantification of urine osmolality and hematocrit. A linear correlation
was observed between SWS and urine osmolality (r = −0.68, p < 0.001), as shown in the
scatter plot in Figure 4.5. Blood pressure, heart rate, cerebral blood flow velocity, and
hematocrit values did not change with hydration and were not correlated with SWS.
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Figure 4.5: Scatter plot of SWS and urine osmolality. Figure adapted from Kreft et al. [78].

4.2 Clinical patient study
Figure 4.6 shows the representative elastograms of a (A) healthy volunteer and a patient
(B) before and (C) after LP. Within the temporal lobe parenchyma (delineated by a white
line), the difference in SWS between healthy volunteers and patients with IIH on the one
hand (Figure 4.6A to B), and the decrease in SWS within the patient cohort due to CSF
withdrawal on the other hand (Figure 4.6B to C) can be seen.

A B C

Figure 4.6: Representative elastograms of one healthy volunteer one patient before and after LP. Figure adapted from Kreft et
al. [79] with friendly permission of Wolters Kluwer Health Publishers.

Boxplots of mean SWS in healthy volunteers as well as patients before and after LP are shown
in Figure 4.7A. Mean baseline SWS of healthy volunteers was 1.55± 0.08m/s, whereas it was
significantly increased in patients before LP with 1.81± 0.10m/s (p < 0.001). Approximately
30 to 45minutes after LP, a decrease in SWS of 16± 5% to 1.56± 0.06m/s was observed in
patients (p < 0.001). No difference was observed when comparing the SWS of patients after
LP with the SWS of healthy volunteers (p = 0.60). Additionally, the four patients who did
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not meet the pathological threshold of PCSF = 25 cmH2O showed SWS values in the range of
healthy volunteers previous to LP and could be identified by cerebral THE, as indicated by
the red lines in Figure 4.7A. The diagnostic performance of cerebral THE, derived by receiver
operating characteristic analysis and shown in Figure 4.7B, revealed a SWS cutoff value of
1.67 m/s with a specificity of 94% and a sensitivity of 100% for increased CSF pressure
above 25 cmH2O.

A B

Figure 4.7: Statistical plots of group analysis and diagnostic performance. Figures adapted from Kreft et al. [79] with friendly
permission of Wolters Kluwer Health Publishers.

Correlation analysis, shown in Figure 4.8, revealed a linear correlation of SWS with (A) VCSF

(r = 0.72, p < 0.001) and (B) PCSF (r = 0.69, p < 0.001). A correlation was also found
between VCSF and PCSF (r = 0.54, p = 0.008). While no correlations were found between
PCSF, SWS before LP, and SWS after LP with patient BMI or age, SWS correlated with age
in healthy volunteers (r = −0.77, p < 0.001).
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A B

Figure 4.8: Scatter plots of statistical correlation analysis. Figures adapted from Kreft et al. [79] with friendly permission of
Wolters Kluwer Health Publishers.
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5. Discussion
Accurate determination of ICP is of central importance in today’s clinical routine. However,
previous noninvasive approaches such as computed tomography, MRI or ocular ultrasound
examinations provide only crude and indirect indicators of elevated ICP, which in most cases
is already coupled with pathological changes in the brain [7, 12, 13, 14, 15, 16, 17]. Cerebral
THE is the first noninvasive, bedside, and easy-to-use ultrasound elastography modality
suitable to reliably determine changes in CS [41, 20, 27]. Using cerebral THE, I observed
that (i) CS measured in healthy volunteers is sensitive to altered cerebral perfusion during
hypercapnia and hypotonic dehydration and rehydration, (ii) patients with confirmed IIH
have abnormally high CS compared to healthy controls, and (iii) that reduction of CSF
volume by LP immediately lowers CS in those patients to normal values comparable with
healthy volunteers.

5.1 Cerebral THE in healthy volunteers
Hypercapnia

Within this project, the carbogen breathing experiment provided the first information on the
time response of CS to a hypercapnic stimulus. Overall, a 5.9± 4.0% increase in CS was
measured during 7minutes of hypercapnia, which returned to baseline values approximately
3minutes after carbogen breathing ceased. Because hypercapnia is associated with cerebral
vasodilation and increased cerebral blood flow (CBF), it has been used in the past to study
cerebrovascular reactivity and cerebral autoregulation [82, 83]. Based on relationship between
hypercapnia and increased cerebral blood volume, my data suggest that changes in CS are
tightly coupled with altered cerebral blood flow.

Hypercapnia-induced CS changes have been previously studied with MRE, where a CS
increase of 3.3± 1.9% was observed, which overlaps with my results [84]. Furthermore, the
dynamic time course of CS as I measured it in this experiment has never been assessed before.
My data showed a delayed response of CS to hypercapnia by approximately 20 seconds,
suggesting that cerebrovascular reactivity triggers vasodilation after this time and increases
brain perfusion. Previous studies reported a CBF increase approximately 30 seconds after
the pCO2 increase [85], which is consistent with the observations in the present study. In
addition, I found a delayed decrease in CS relative to etCO2, which could be attributed to
either a delayed vasoconstrictive response of cerebral vessels or a delayed washout of CO2

from the lungs after 7minutes of carbogen breathing.

According to previous studies, increased CBF during hypercapnia is in turn coupled with
increased ICP, as postulated by the Monro-Kellie hypothesis discussed in Section 2.5 [47,
51, 82]. Therefore, the CS changes I measured during hypercapnia could reflect, at least in
part, changes in ICP. Speculating here on the relationship between CS and ICP, the results
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of this study can be compared with the combination of the results of two previous studies
in pigs. In one study, the response of ICP to elevated pCO2 was examined, and a linear
increase in ICP of approximately 0.7% per 1 mmHg pCO2 was observed [86]. A recent study
in turn examined the response of CS to increased ICP by pumping saline into the ventricles
in a controlled manner during MRE measurements. Here, a linear increase in CS of 0.6%
per 1 mmHg ICP was observed [87]. Based on these studies, an increase in CS of 0.75%
per 1 mmHg ICP could be predicted. Converting the increase in etCO2 measured in my
present study (in the range of 10 mmHg) to an ICP increase suggests a CS increase of 0.59%
per 1 mmHg. Although this value is in the same range as the predicted value, interspecies
differences should be considered in this case.

De- and Rehydration

While the effect of hypercapnia on CS has been previously studied using MRE [84], this study
provides the first insight into the effect of de- and rehydration on in vivo CS. I observed
a significant decrease in CS of 4.4± 1.7% after a 12-hour fasting period, which returned
to baseline values within 30minutes after oral rehydration and was correlated with urine
osmolality.

In healthy volunteers, hypotonic dehydration leads to a decrease, and oral rehydration
consequently to an increase in urine osmolality, whereas it is less affected in patients with
renal dysfunction or chronic kidney disease [88, 89]. Since only healthy volunteers were
examined in this study, abnormal urine osmolality could be used as an exclusion criterion
for group statistics. Consequently, two volunteers were excluded here because they did not
comply with the fasting protocol. However, the CS changes measured in these volunteers
were consistent with the correlation of urine osmolality and CS, providing clear evidence for
the sensitivity of cerebral THE to the hydration status. In contrast to urine osmolality, none
of the other recorded biological parameters such as blood pressure, heart rate, or hematocrit
were correlated with CS. Previous studies did observe a slight decrease in CBF and blood
pressure [62, 90, 91]. However, these studies (i) measured vessel diameters, which is a critical
parameter in the assessment of CBF by Doppler ultrasound, and (ii) examined the effects of
dehydration during physiological exercise, whereas I focused on dehydration at rest, which is
generally associated with stable physiological conditions.

That CBF as well as brain tissue volume decrease during dehydration is well known and has
been studied in the past using Doppler ultrasound as well as MRI [10, 63, 64, 92]. CS, in
turn, is significantly affected by CBF, as observed by both MRE and my previous studies
using cerebral THE [41, 72, 73, 84]. These observations further support my hypothesis that
the CS variations I measured by cerebral THE during dehydration and rehydration may be
due to changes in cerebral blood flow and -volume, and consequently influenced by changes
in ICP.

Comparison with previous work
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Whereas the baseline values in all studies I have performed so far (hypercapnia: 1.57± 0.04m/s;
de- and rehydration: 1.64± 0.02m/s) were consistent with the baseline values obtained be-
fore this project (1.56± 0.08m/s) [41], the variations in CS I measured during hypercapnia
(5.9± 4.0%) as well as de- and rehydration (4.4± 1.7%) are still relatively small compared to
the effect I previously measured during the Valsalva maneuver (10.8± 2.5%) [41]. This could
either be due to the fact that stiffness is only indirectly linked to perfusion via poroelastic
interactions between fluid and solid compartments of brain tissue [25, 26, 74, 75, 93, 94] or
due to the fact that cerebral autoregulation, with its task of keeping brain perfusion constant,
changes biomechanical properties only over a small range [95, 96]. This would imply that
medium- to long-term fluctuations in CBF could be fully compensated by a minor adjustment
of the ICP, whereas rapid fluctuations such as the Valsalva maneuver, in which thoracic
pressure is additionally transferred to the ICP, are too sudden to be fully compensated by
cerebral autoregulation alone [97]. However, the hypothesis that fluctuations in cerebral
perfusion, and in turn fluctuations in ICP [51], were reflected in CS variations was supported
in every experiment I performed. This was the basis for applying cerebral THE clinically for
the first time in patients with altered ICP who qualified for invasive ICP quantification.

5.2 Clinical patient study
My pilot clinical patient study showed a high sensitivity of cerebral THE in patients with
confirmed IIH compared with healthy volunteers. In addition, I observed in patients that a
reduction in CSF volume by LP resulted in a reduction in CS approximately 30minutes after
treatment. CS of patients after LP was subsequently indistinguishable from CS in healthy
volunteers.

The choice of IIH as a model disease to study the sensitivity of CS to ICP fluctuations was
motivated by the fact that the most prominent clinical sign in this disease is an elevated ICP
without space-occupying comorbidities such as tumors, cerebral edema, or hemorrhage. In
the past, it has been suggested that increased BMI may have an impact on the development
of IIH. However, this association remains unclear, which is why obesity has not been included
in diagnostic guidelines to date [18]. This was also reflected by my data, as I did not find
an association between BMI and any other biological parameter obtained during this study.
In contrast, I observed an association between measured CS and elevated ICP in diseased
patients.

While CS values in healthy volunteers were in the same range as baseline values in all other
experiments (1.55± 0.08m/s), patients exceeding the clinical threshold of > 25 cmH2O had
significantly higher CS values (1.81± 0.10m/s). This was also reflected in the excellent
diagnostic accuracy with which these two groups could be distinguished (p < 0.001, AUC =

0.99). In patients with the typical symptoms of IIH, such as chronic headache, visual field
loss, and the presence of papilledema, LP with point measurement of CSF opening pressure is
generally performed with suspicion of elevated ICP [18]. In the absence of prior information
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about ICP, patients who do not exceed the pathologic threshold of > 25 cmH2O must have a
differential diagnosis, as IIH is ruled out as an underlying condition. Because all patients who
did not meet this threshold within this study could be identified using noninvasive cerebral
THE, my observations suggest that cerebral THE would be a promising tool to support the
diagnosis of IIH and avoid unnecessary LP in the future.

In addition, I observed a decrease in of CS in patients to levels comparable with healthy
volunteers after treatment. However, despite this CS decrease, patients with IIH are generally
not in their normal state after LP, as the cranial system may adapt to long-term ICP changes
such as those caused by IIH [98, 99, 100]. Because LP is considered more of a symptomatic
treatment that results in an immediate decrease in CSF hydrostatic pressure and thus a
decrease in ICP [67], the correlation I observed of invasively measured PCSF, SWS before LP,
and VCSF, along with the decrease in CS after CSF drainage, is a strong argument that CS is
affected by these short-term pressure changes. The change in CS due to LP in IIH patients
has also been recently studied using MRE [101]. While an increased CS was also found in
patients prior to LP, no LP-related decrease in CS was observed. One reason for this could
be the increased stability of multifrequency cerebral THE compared to single frequency MRE
(60Hz vibration). To compare my results with those of this study, I analyzed the 56-Hz subset
of my data. I found that the LP-related CS decrease detected with multifrequency evaluation
changed from 16± 5% (p < 0.001) to 13± 14% (p < 0.001) with an increase in standard
deviation, indicating the high robustness of multifrequency composite elastograms. In another
MRE study, an initial increase and subsequent decrease in CS after LP was observed in
patients with normal pressure hydrocephalus who responded to shunting [102]. However, that
study measured intrinsically excited shear waves, which limits the comparability with my
results.

Previously, I established a relationship between ICP and CS by comparing the results of
MRE studies in pigs with my CS increase during hypercapnia and predicted a linear CS
increase of 0.75% per 1 mmHg ICP [86, 87]. The results of this study show that CS was
increased by 0.9% per 1 mmHg PCSF prior to LP, which is within the range of this prediction
and suggests a linear relationship between CS and ICP. However, this hypothesis needs to be
carefully tested. For example, I found no difference between the correlation of CS measured
as SWS with PCSF and squared SWS (∼ shear modulus, µ) with PCSF, so I cannot assume a
strict linear relationship of CS measured with cerebral THE and invasively measured ICP.

In general, the factors that determine CS in vivo are very complex and are the subject of
ongoing research. Most data on in vivo CS in humans or small animal models have been
obtained using MRE measurements [103, 104, 105, 106]. In recent years, there has been
increasing evidence of the sensitivity of CS to ICP-related diseases, such as normal pressure
hydrocephalus [4, 102, 107]. Previous MRE studies have also observed associations between
CS, ICP, and cerebral perfusion pressure [73] under the influence of hypercapnia [84], body
temperature [108], hypoxia [109], and arterial pulsation [23]. Currently, the coupling of CS
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and pressure is being studied with a focus on biphasic material properties, as the brain is
a complex biomechanical environment composed of fluid and solid parts that can interact
with each other on multiple time and length scales [25, 26, 74, 75, 93, 110]. Although the
underlying mechanisms are far from being fully deciphered, cerebral THE which I developed
and validated in this project contributes significantly to understanding the relationship
between CS, CBF and ICP and opens pathways of investigating rapid changes in CS in
real-time [25, 26].

5.3 Limitations
Although the results of this project are encouraging, both cerebral THE and the studies I have
conducted still have a few limitations. Cerebral THE, in its current stage of development,
has limited spatial resolution and limited access to the brain. These are limitations that
this method shares with transcranial ultrasound imaging. However, transcranial Doppler
examinations are routinely used in the clinic to measure cerebral blood flow velocity. Further
optimizations of transcranial imaging acquisition in terms of aberration corrections, as well as
the use of ultrasound contrast agents to improve the echogenicity of highly vascularized areas
such as the deep gray matter [73], could help improve the image quality of cerebral THE. In
addition, the use of other acoustic windows could provide access to additional brain regions.

Experiments performed in healthy volunteers have so far lacked mechanistic validation of
the underlying effects as well as evidence of ICP modulations. This is due to two reasons:
(i) Doppler imaging could not be performed together with elastography measurements so
far because imaging parameters were optimized for the post-processing algorithm and the
high frame rates that I used were unsuitable for simultaneous measurement of Doppler and
elastography data, and (ii) ICP measurement is invasive, and the risk outweighs the benefit
in healthy volunteers. The first limitation could be overcome by designing a data acquisition
system that can acquire both data sets simultaneously by rapidly switching between Doppler
and elastography acquisition. For this purpose, plane-wave ultrasound could possibly be used
together with the ultrafast Doppler technique [111]. The second limitation can be overcome
by performing further clinical studies in patients who qualify for invasive ICP monitoring for
a variety of reasons to further disentangle the relationship between CS and ICP.

Another limitation is that there is generally little knowledge about the relationship between
CS and chronic tissue changes caused by abnormal ICP in patients. Because the brain can
adapt to long-term pressure changes, baseline CS could also change because of progressive
brain tissue degradation. Therefore, although some of the studies previously discussed show a
linear relationship between CS and ICP [87, 102] and I can confirm this with the observations
from this project, CS should not be translated into ICP without further modeling.
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6. Conclusion
In summary, the cerebral THE I developed in this project could be used to quantify CS
changes in healthy volunteers that could be associated with changes in cerebral perfusion.
The measured data showed a 5.9% increase in CS due to hypercapnia, a 4.4% decrease
in CS after 12hours of dehydration, and a subsequent recovery of CS to baseline values
30minutes after oral rehydration. All these findings were consistent with previously published
data on CS changes due to ICP increases during the Valsalva maneuver and provided the
basis for the first pilot clinical trial in patients with IIH. I found that diseased patients
had significantly higher CS values than healthy volunteers, which returned to normal values
after LP. Invasive PCSF measurements during LP correlated linearly with CS measured
noninvasively by cerebral THE, which is a strong argument that cerebral THE may allow the
use of CS as a noninvasive surrogate for ICP changes in the future. Future clinical studies
are needed to further investigate the relationship between CS and ICP in healthy volunteers
and in ICP-related diseases. Overall, measurement of CS in real-time during physiological
maneuvers such as Valsalva and hypercapnia may also help to assess the individual ability to
regulate CBF changes and assist in neurological diagnosis. Cerebral THE may also provide
initial noninvasive insight into patients with abnormal ICP and therefore promises to be of
great benefit to neurologists, emergency departments, and patients.
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Hydration influences blood volume, blood viscosity, and water content in soft tissues – 
variables that determine the biophysical properties of biological tissues including their 
stiffness. In the brain, the relationship between hydration and stiffness is largely unknown 
despite the increasing importance of stiffness as a quantitative imaging marker. In this 
study, we investigated cerebral stiffness (CS) in 12 healthy volunteers using ultrasound 
time-harmonic elastography (THE) in different hydration states: (i) during normal hydration, 
(ii) after overnight fasting, and (iii) within 1 h of drinking 12 ml of water per kg body weight. 
In addition, we correlated shear wave speed (SWS) with urine osmolality and hematocrit. 
SWS at normal hydration was 1.64 ± 0.02 m/s and decreased to 1.57 ± 0.04 m/s 
(p < 0.001) after overnight fasting. SWS increased again to 1.63 ± 0.01 m/s within 30 min 
of water drinking, returning to values measured during normal hydration (p = 0.85). Urine 
osmolality at normal hydration (324 ± 148 mOsm/kg) increased to 784 ± 107 mOsm/kg 
(p < 0.001) after fasting and returned to normal (288 ± 128 mOsm/kg, p = 0.83) after 
water drinking. SWS and urine osmolality correlated linearly (r = −0.68, p < 0.001), while 
SWS and hematocrit did not correlate (p = 0.31). Our results suggest that mild dehydration 
in the range of diurnal fluctuations is associated with significant softening of brain tissue, 
possibly due to reduced cerebral perfusion. To ensure consistency of results, it is important 
that cerebral elastography with a standardized protocol is performed during normal hydration.

Keywords: brain, elastography, hydration, ultrasound, time-harmonic elastography

INTRODUCTION

The body water content ranges between 55 and 60% in adults and varies with age, sex, and 
body constitution, while human brain tissue has a very high water content of about 75% 
(Mitchell et  al., 1945), underlining the importance of adequate cerebral tissue hydration for 
normal brain function. The human organism can easily adapt to a water deficit of 2–3%; 
however, beyond this limit, dehydration can impair mental and physical coordination, eventually 
leading to a fatal breakdown of vital body functions (Ashcroft, 2001). Clinically, three types of 
dehydration are distinguished: (i) isotonic dehydration, that is loss of body water and salt usually 
occurring after excessive vomiting, diarrhea or bleeding, (ii) hypotonic dehydration, in which 
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salt loss outweighs water loss, is often associated with the intake 
of diuretic drugs or kidney damage, and (iii) hypertonic 
dehydration, often resulting from a lack of water due to fasting 
or dehydration (Spital, 2007; Bhave and Neilson, 2011; Jablonski, 
2012). The diagnosis of chronic dehydration remains challenging 
since clinical signs such as dry mucous membranes or dry skin 
are unspecific (Jequier and Constant, 2010) while blood or urine 
markers can vary markedly among individuals (Armstrong, 2005; 
Duning et  al., 2005; Patterson et  al., 2008).

The hydration state of soft tissues affects a variety of 
biophysical properties, which can be  assessed in vivo by MRI 
or ultrasound. While perfusion MRI, flow MRI, and Doppler 
ultrasound are sensitive to volume and velocity of blood flow, 
magnetic resonance elastography (MRE) and ultrasound 
elastography can non-invasively measure stiffness (Sack and 
Schaeffter, 2018). Hydration-specific imaging markers are 
potentially important for the management of neurological 
diseases since dehydration of brain tissue is a frequent and 
dangerous condition in elderly patients with Alzheimer’s disease 
or other types of dementia (Lauriola et  al., 2018).

Studies using MRI and ultrasound markers show that 
dehydration reduces cerebral blood flow (Trangmar et al., 2014, 
2015), decreases brain parenchymal volume, and increases 
ventricular volume (Duning et  al., 2005; Streitburger et  al., 
2012). However, to date no studies have been published that 
investigated the effect of dehydration on cerebral stiffness (CS).

Our hypothesis is that CS changes with dehydration and 
water drinking similar to stiffness changes reported for other 
organs (Guo et  al., 2018). For instance, it has been shown 
that liver stiffness increases with water ingestion and hepatic 
blood flow (Ipek-Ugay et  al., 2016; Tzschatzsch et  al., 2016b). 
The opposite effect, i.e., softening, has been observed in the 
pancreas and spleen (Dittmann et  al., 2017) while kidney 
stiffness has been reported to change only slightly with increasing 
bladder filling (Gandhi et al., 2020) and hydration (Marticorena 
Garcia et  al., 2018).

In this study, we  investigate the effect of dehydration on 
CS using cerebral time-harmonic elastography (THE), which 
utilizes multifrequency vibrations induced in the brain by an 
external driver in combination with transtemporal ultrasound 
(Tzschatzsch et al., 2018). Cerebral THE has several advantages 
over MRE such as being available at the bedside and providing 
instantaneous feedback, which facilitates identification of rapid 
CS changes. We  will exploit this real-time feedback capability 
of THE to study possible CS changes induced by dehydration 
of brain tissue after overnight fasting and water drinking. 
Overall, this study aims at providing insight into the sensitivity 
of CS to physiological changes in tissue hydration toward a 
clinical tool for monitoring brain mechanical properties at 
the bedside.

MATERIALS AND METHODS

Study Design
The study protocol conformed to the guidelines of the 
Declaration of Helsinki and was approved by the institutional 

review board of Charité–Universitätsmedizin Berlin (EA1/242/18). 
All study participants gave their written consent to conduct 
the experiment as well as for the publication of any potentially 
identifiable images or data included in this article. Inclusion 
criteria were absence of any history of cerebral disease or 
trauma and no impairment of renal function. Insufficient acoustic 
windows due to high skull thickness cause relatively high 
dropout rates of around 10% in studies of transcranial 
ultrasound (Marinoni et  al., 1997). To avoid such dropout 
rates, we  checked the acoustic window previously to the 
measurements. Finally, a total of 12 volunteers (3/9 females/
males; mean age of 33  ±  9  years, range: 22–50  years) with 
a sufficient transcranial bone window were included in the 
study, while one volunteer did not meet the inclusion criterion. 
Two volunteers (#5 and #12) were further excluded from 
statistical group analysis due to incomplete fasting. Volunteer 
demographic data, including sex, age, and body mass index 
(BMI) are summarized in Table  1.

Each participant was investigated on 2  days. On the first 
day, data were acquired in a normally hydrated (NH) state, 
defined as drinking 1.5  L water within 5  h prior to the 
examination. After 12-h overnight fasting, the second set of 
data (dehydrated, DH) was acquired. Then, the volunteers were 
asked to drink 12  ml/kg of water within 15  min (Duning 
et  al., 2005). Immediately after drinking water, four sets of 
data (rehydrated, RH1–RH4) were acquired at 15-min intervals. 
Thus, a total of six sets of data were acquired for every volunteer. 
Each dataset consisted of THE, transcranial Doppler (TCD), 
and recordings of blood pressure and heart rate. Urine and 
blood were collected at hydration states 1 (NH), 2 (DH), and 
6 (RH4) to determine urine osmolality and hematocrit. The 
time sequence of THE examinations is illustrated in Figure  1.

Cerebral THE
The setup of cerebral THE including (i) customized vibration 
bed with vibration plate mounted on a shaker (GAMPT, 
Merseburg, Germany), (ii) standard clinical ultrasound scanner 

TABLE 1  |  Demographic data, including sex, age, and BMI with group mean 
and standard deviation (SD) of all volunteers.

Subject # Sex Age in years BMI in kg/m2

1 m 25 23.2
2 m 50 20.1
3 f 40 21.5
4 f 27 31.6
5 m 26 20.2
6 m 35 19.9
7 m 46 25.8
8 f 28 20.7
9 m 37 26.2
10 m 22 24.0
11 m 22 24.5
12 m 43 23.6
Mean (SD) 33.4 (9.3) 23.4 (3.5)

Volunteers #5 and #12 were excluded from statistical analysis due to poor compliance 
with the study protocol.
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(SonixMDP, UltraSonix, Scottsdale AZ, United States) equipped 
with a phased-array transducer (SA4-2/24), and (iii) elastography 
computer with the integrated post-processing pipeline is 

illustrated in Figure  2. The volunteers were asked to lie in a 
supine position with the head on the vibration plate. According 
to the current guidelines for transcranial ultrasound (Brian D 
Coley et  al., 2012), the probe was positioned for imaging 
through the temporal bone window, as shown in the magnification 
in Figure 2. Shear waves were induced in the head by applying 
a multifrequency waveform comprising six frequencies (27, 
33, 39, 44, 50, and 56  Hz). Signal-to-noise-ratio (SNR) in 
transcranial ultrasound is known to be relatively low compared 
to abdominal ultrasound. The stability of shear wave speed 
(SWS) estimation was found to be stable at vibration amplitudes 
larger than 2 μm. Therefore, we ensured that vibration amplitudes 
were above this threshold in order to compensate for low 
SNR. For data acquisition, a basic preset for transcranial Doppler 
ultrasound was adapted from the UltraSonix-System (Phased 
Array, Vascular, TCD, 3.3  MHz). To further improve image 
SNR, number of pulse cycles was increased to two. In addition, 
the frame rate was adjusted to 80  Hz in order to fulfill the 
requirements of the post-processing pipeline. For elastography, 
ultrasound radiofrequency data were acquired over 1  s and 
transferred to the elastography computer, where the post-
processing was performed.

To obtain the tissue displacement caused by multifrequency 
vibration, the axial phase shift between adjacent frames was 
calculated. Temporal Fourier transformation was used for the 
decomposition of the six superimposed frequencies. Thereby, 
three vibration frequencies were above the Nyquist limit of 
½ frame rate  =  40  Hz (44, 50, and 56  Hz) and appeared at 
the aliased spectral positions (36, 30, and 24  Hz, respectively; 
Tzschatzsch et  al., 2016b). Further post-processing was applied 

FIGURE 1  |  Time sequence of THE examinations in volunteers. Volunteers were first examined in a normally hydrated state (NH). After a 12-h-fasting period, 
measurements were conducted in the dehydrated state (DH). Then, four sets of data in different hydration states were acquired after oral rehydration (RH1–RH4) at 
15-min intervals. For every hydration state, time-harmonic elastography (THE), transcranial Doppler (TCD), and blood pressure and heart rate measurements were 
performed. Urine and blood for determination of urine osmolality and hematocrit were sampled at hydration states NH, DH, and RH4.

FIGURE 2  |  Experimental setup for conduct of cerebral THE. The setup 
comprised of three main components: (i) the customized patient bed with the 
vibration plate (red), (ii) the clinical ultrasound scanner, and (iii) the 
elastography computer with the integrated post-processing software. The 
magnification shows the positioning of the ultrasound probe over the 
volunteer’s temporal bone window for transcranial ultrasound.
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for single frequencies. Noise and unwanted motion were 
suppressed by a spatial 2D Gaussian bandpass filter. The resulting 
complex valued shear wave field was directional filtered yielding 
eight single-directional (single wave number) wave images per 
frequency, which were converted into a single wave speed map 
by multifrequency phase gradient inversion and weighted 
averaging over frequency (Tzschatzsch et  al., 2016a).

To exclude low SWS-values corresponding to noisy 
radiofrequency data, we  applied a 1  m/s threshold to the 
elastogram, as explained by Kreft et  al. (2020). To determine 
the average SWS in the temporal lobe parenchyma, a region 
of interest (ROI) was manually defined based on anatomical 
landmarks in the B-mode image delimiting that region from 
the midbrain, such as the butterfly-shaped hypoechogenic 
mesencephalon and the surrounding hyperechogenic basal 
cisterns. Areas in the elastogram that corresponded to B-mode 
artifacts such as reverberation artifacts from the skull were 
excluded from the ROI. Figure  3 illustrates the drawn ROI 
in a representative volunteer. For further stabilization, 
measurements were repeated 10 times. Since motion was 
negligible, we  applied the same ROI to all 10 elastograms for 
averaging the 10 intra-ROI SWS to one mean SWS-value. It 
should be  noted that this mean SWS value efficiently averaged 
out the relatively large variability of SWS within a ROI and 
thus did not reflect intraregional standard deviations. The 
duration of a continuous examination was no longer than 
2  min, which prevented heating of the skull by ultrasound 
energy absorption.

In order to reduce the expectation bias of the investigator 
who also analyzed the data, the order of THE acquisitions 
during all six hydration states was randomly permuted before 
the ROIs were drawn, and chronological order was restored 
just after the calculation of SWS.

Transcranial Doppler Ultrasound
A transcranial Doppler examination was performed with the 
ultrasound plane aligned for optimal visibility of the middle 
cerebral artery (MCA). One Doppler spectrum was acquired, 
which was used to measure mean MCA blood flow at each 
hydration state over a range of five heartbeats. As TCD is 

highly dependent on the position and alignment of the MCA 
in the brain, blood flow measurement in the MCA was not 
accomplished in all volunteers. TCD was successful in six 
volunteers (#1, #6, and #8–11), while THE data could 
be  evaluated in all 12 cases.

Statistical Analysis
All physiological parameters (SWS, cerebral blood flow velocity, 
blood pressure, heart rate, urine osmolality, and hematocrit) 
were measured once at three different hydration states (NH, 
DH, and RH4). Therefore, physiological parameters were 
considered as independent variables. Correlations between the 
30 SWS values (hydration states NH, DH, and RH4 for all 
10 volunteers included) and all other parameters were determined 
by calculating Pearson’s linear correlation coefficients. Correlations 
between age or body mass index (BMI) and SWS were calculated 
separately only for NH, DH, and RH4 state. Differences in 
SWS variation between different hydration states were assessed 
using Bartlett’s test for equality of variances. Statistical differences 
between all data measured at different hydration states were 
tested by one-way ANOVA. Standard deviations for every 
hydration state were calculated based on the mean values across 
all subjects. For all p-values lower than 0.05, the null hypothesis 
was rejected.

RESULTS

A typical B-mode image and corresponding SWS maps obtained 
through the temporal bone window by cerebral THE at different 
hydration states in one volunteer are shown in Figure  3. A 
blue line delimits the selected ROI, while white labels indicate 
typical anatomical landmarks, including the mesencephalon 
and basal cisterns.

We found a moderate linear correlation between SWS and 
urine osmolality (r  =  −0.68, p  <  0.001), as shown in the 
scatter plot in Figure  4, while SWS did not correlate with 
any other physiological parameter. Blood pressure, heart rate, 
cerebral blood flow velocity, and hematocrit values did not 
change with hydration. In contrast, urine osmolality increased 

A B C

FIGURE 3  |  Representative B-mode image and elastograms in normal hydrated and dehydrated states. Transcranial B-mode image (A). Typical landmarks are the 
temporal parenchyma (blue line, TP), where ROIs were drawn, the mesencephalon (white line, M), which was used as the most prominent landmark, and basal 
cisterns (BC), a highly vascularized area around the mesencephalon with high echogenicity. Elastograms are shown as color-coded shear wave speed (SWS) maps. 
In the normally hydrated state (B), mean SWS in the demarcated region of interest is higher than in the dehydrated state (C).
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from a normal hydration value of 324  ±  148  mOsm/kg to 
784  ±  107  mOsm/kg in the dehydrated state (p  <  0.001), as 
illustrated in Figure 5A. In two subjects (#5 and #12), changes 
in urine osmolality deviated from those observed in the other 
volunteers, which was attributed to incomplete fasting. As the 
two volunteers later confirmed this, they were excluded from 
the statistical group analysis. After water drinking, urine 
osmolality decreased to 288 ± 128 mOsm/kg (p < 0.001), which 
corresponded to normal hydration values (p  =  0.83). Inversely 
to urine osmolality, SWS was found to decrease with dehydration 
from 1.64 ± 0.02 m/s to 1.57 ± 0.04 m/s (p < 0.001; Figure 5B). 
Within 30  min of water ingestion, SWS increased again to 
1.62  ±  0.02  m/s (p  <  0.001) and remained unchanged for 
another 30  min, where SWS reached a plateau. The plateau 
value was similar to normal hydration values (all p  >  0.9). 
The variability in SWS was not different between hydration 
states (p  =  0.14). All data are summarized in Table  2.

DISCUSSION

This study shows for the first time that de‐ and rehydration 
of brain tissue influence brain stiffness in vivo.

In healthy subjects, urine osmolality increases with hypertonic 
dehydration and decreases with oral rehydration. Conversely, 
in patients with renal dysfunction or chronic kidney disease, 
when the kidneys’ ability to concentrate urine is impaired, 
this parameter is less markedly affected by dehydration 

(Roscoe, 1964; Tabibzadeh et  al., 2019). In our study, two 
volunteers were identified as outliers not complying with the 
fasting protocol due to their urine osmolality. Notably, changes 
in SWS were still in line with the changes in urine osmolality 
observed in these two volunteers, providing further evidence 
for the high sensitivity of SWS to urine osmolality.

Unlike SWS and urine osmolality, other physiological markers 
such as blood pressure, heart rate, and hematocrit as well as 
cerebral blood flow velocity were not observed to be  affected 
by dehydration. Other studies found a slight decrease in blood 
pressure and cerebral blood flow (Trangmar et  al., 2014, 2015; 
Tsai et  al., 2018; Watso and Farquhar, 2019) and an increase 
in heart rate variability (Castro-Sepulveda et  al., 2014) upon 
mild hypertonic dehydration. However, these studies also 
measured vessel diameter, which is a critical parameter in 
assessing cerebral blood flow and could not be reliably assessed 
in this study. Additionally, the authors of these studies focused 
on dehydration during physical activity while our measurements 
were performed under resting conditions, which are characterized 
by relatively stable physiological parameters.

It is well-known that dehydration decreases cerebral blood 
volume and blood flow (Duning et  al., 2005; Streitburger 
et  al., 2012; Ryding, 2017; Sonig et  al., 2020). Blood volume 
and blood flow in turn influence stiffness. Different studies 
have addressed the relationship between cerebral blood flow 
and CS (Guo et  al., 2018). For example, studying regional 
variation of cerebral perfusion in deep gray matter using MRE, 
we  found a direct and positive correlation between perfusion 

FIGURE 4  |  Scatter plot of SWS vs. urine osmolality. Pearson’s linear correlation between shear wave speed (SWS) and urine osmolality (30 values each, 
p < 0.001, r = −0.68). Linear regression is shown as black line. Volunteers #5 (□, red) and #12 (◊, red) were excluded from correlation analysis as they failed to 
comply with the fasting protocol.
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pressure and CS (Tzschatzsch et al., 2016b; Hetzer et al., 2018). 
Similarly, experimentally induced hypercapnia was associated 
with a synchronous increase in cerebral blood flow and CS, 
as revealed by MRE (Hetzer et  al., 2019) and THE (Kreft 
et  al., 2020). Previous work also revealed that the Valsalva 
maneuver causes an increase in CS on a short time scale in 
the order of seconds (Tzschatzsch et al., 2018). Taken together, 
this previous evidence suggests that lower cerebral blood flow, 
as a result of dehydration, reduces CS, which is consistent 
with the observations made in our study. However, with 
4.4  ±  1.7%, the observed effect of dehydration is relatively 

small, which may be  attributable to two factors: first, tissue 
stiffness is only indirectly linked to blood perfusion through 
poroelastic interactions such as have been described for in 
vivo brain tissue (McGarry et  al., 2015, 2019; Parker, 2017; 
Lilaj et  al., 2020). Second, autoregulation of cerebral blood 
volume, perfusion pressure, and intracranial pressure only 
occurs across a small range of biophysical property changes 
and possibly compensates for minor changes in CS (Donnelly 
et  al., 2015; Moerman and De Hert, 2019). Nevertheless, the 
observed decrease in SWS from normal hydration to dehydration 
is significant and potentially adds to the variability of CS 

A

B

FIGURE 5  |  SWS and urine osmolality changes during de‐ and rehydration. Boxplots of (A) urine osmolality for three hydration states – normal hydration (NH), 
dehydration (DH), and rehydration (RH4) and (B) mean shear wave speed (SWS) across all hydration states measured in each volunteer. Urine osmolality increased 
after dehydration and decreased to normal hydration values after 1 h of rehydration. Conversely, SWS significantly decreased after 12 h of fasting and returned to 
normal hydration values within 30 min of oral rehydration. Volunteers #5 (□, dashed red) and #12 (◊, dashed red) were excluded from statistical group analysis due 
to incomplete fasting, as reflected in urine osmolality and confirmed by them after the experiment. Significant differences between the groups are indicated by 
*p < 0.05 and **p < 0.001.

TABLE 2  |  Group mean values (standard deviation) across volunteers (#5 and #12 excluded) for all physical parameters obtained including shear wave speed (SWS), 
blood pressure, heart rate, cerebral blood flow velocity, and urine osmolality.

Parameters NH DH RH1 RH2 RH3 RH4

SWS in m/s 1.64 (0.02) 1.57 (0.04) 1.60 (0.03) 1.62 (0.02) 1.63 (0.01) 1.63 (0.02)
Blood pressure in mmHg 131/79 (10/6) 127/75 (7/6) 123/73 (7/9) 123/74 (7/8) 125/77 (6/8) 125/76 (9/9)
Heart rate in bpm 68 (10) 67 (9) 60 (10) 63 (11) 62 (12) 60 (10)
Cerebral blood flow velocity in cm/s 68.3 (7.7) 71.7 (4.4) 68.3 (4.8) 69.4 (6.6) 65.2 (4.6) 68.5 (4.1)
Urine osmolality in mOsm/kg 324 (148) 784 (107) - - - 288 (128)
Hematocrit in % 42.4 (3) 42.2 (2.8) - - - 42.7 (3.3)

All parameters were measured for normal hydration (NH), dehydration (DH), and four times during rehydration (RH1–RH4).
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measured in patients. Therefore, we  recommend that cerebral 
elastography be performed under normal hydration conditions.

Our study has limitations. Since we  did not record any 
parameters to determine renal function, the urine osmolality 
we  measured, although correlated with SWS, can only 
be  considered as indirect measurements of body tissue 
dehydration. In TCD measurements, the exact transducer 
positioning relative to flow direction influences the measured 
blood velocity value. Therefore, variability of TCD is relatively 
high and operator dependent. Our experimental setup was 
optimized for THE leading to a relatively high drop-out rate 
of 6 from 12 and limited statistical power of our TCD data 
for the comparison to published values of cerebral blood flow 
during de‐ and rehydration (Trangmar et  al., 2014, 2015). 
Additionally, our volunteers did not observe a standardized 
diet before fasting, which may have led to variability in our 
SWS data due to individual adaptation mechanisms. Further 
biological confounders of brain stiffness should be  investigated 
by cerebral THE in a larger group of volunteers observing 
standardized conditions.

In summary, CS was measured by cerebral THE in a group 
of healthy volunteers who fasted overnight to induce mild 
hypertonic dehydration of brain tissue. We  found dehydration 
to cause a slight decrease in CS on the order of 4.4%. CS 
increased to normal values within 1/2  h of drinking water. 
CS correlated with urine osmolality but not with hematocrit. 
Brain softening due to dehydration might be  explained by 
reduced cerebral perfusion in agreement with prior findings 
of MRE and THE on the correlation between cerebral perfusion 
and CS. To minimize variability of CS values in a standardized 
protocol of cerebral elastography, examiners should make sure 

that volunteers or patients are in normal hydration states during 
the examination.
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