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In vivo viscoelastic properties of the brain in
normal pressure hydrocephalus
Kaspar-Josche Streitbergera,y, Edzard Wienerb,y, Jan Hoffmannc,d,
Florian Baptist Freimanne, Dieter Klatta, Jürgen Braunf, Kui Ling,
Joyce McLaughling, Christian Sprunge, Randolf Klingebielb,h*
and Ingolf Sacka**

Nearly half a century after the first report of normal pressure hydrocephalus (NPH), the pathophysiological cause of
the disease still remains unclear. Several theories about the cause and development of NPH emphasize disease-related
alterations of the mechanical properties of the brain. MR elastography (MRE) uniquely allows the measurement of
viscoelastic constants of the living brain without intervention. In this study, 20 patients (mean age, 69.1 years; nine
men, 11 women) with idiopathic (n¼ 15) and secondary (n¼ 5) NPH were examined by cerebral multifrequency MRE
and comparedwith 25 healthy volunteers (mean age, 62.1 years; 10men, 15 women). Viscoelastic constants related to
the stiffness (m) and micromechanical connectivity (a) of brain tissue were derived from the dynamics of storage and
lossmoduli within the experimentally achieved frequency range of 25–62.5Hz. In patients with NPH, both storage and
loss moduli decreased, corresponding to a softening of brain tissue of about 20% compared with healthy volunteers
(p< 0.001). This loss of rigidity was accompanied by a decreasing a parameter (9%, p< 0.001), indicating an
alteration in the microstructural connectivity of brain tissue during NPH. This disease-related decrease in viscoelastic
constants was even more pronounced in the periventricular region of the brain. The results demonstrate distinct
tissue degradation associated with NPH. Further studies are required to investigate the source of mechanical tissue
damage as a potential cause of NPH-related ventricular expansions and clinical symptoms. Copyright � 2010 John
Wiley & Sons, Ltd.
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INTRODUCTION

Normal pressure hydrocephalus (NPH) was first observed and
described in 1965 by Hakim and Adams (1), and represents an
epidemiologically important disease with an incidence of 5.5 per
100,000 and a prevalence of 21.9 per 100,000 (2). The syndrome is

characterized by a triad of clinical symptoms: a slowly progressive
gait disorder (usually the earliest feature of the syndrome),
followed by symptomatic dementia and urinary incontinence.
Cerebral imaging typically shows an enlargement of all ventricles,
without sulcal widening, whereas cerebrospinal fluid (CSF)
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; â, storagemodulus and springpot power exponent,

averaged over the drive frequency; MEG, motion encoding gradient; MRE,

MR elastography; MS, multiple sclerosis; NPH, normal pressure hydrocephalus;

PV, periventricular; ROI, region of interest; SD, standard deviation; x, position

vector; k;a, spatially averaged viscoelastic parameters according to the

springpot model; m; h, spatial averages of shear elasticity and shear viscosity

derived by the springpot model.

NMR Biomed. (2010) Copyright � 2010 John Wiley & Sons, Ltd.



pressure measurements usually remain within the normal range.
Although these findings seem to be the result of an impaired CSF
dynamic, the pathophysiological cause of these findings has not
been clarified in detail. At present, the most widely accepted
hypothesis is that transient intracranial pressure peaks lead to
chronic mechanical stress on ventricular walls, finally resulting in
ventricular dilatation and clinical impairment. Despite normal CSF
pressures, the drainage of large amounts of CSF (50mL as a tap
test or prolonged CSF drainage via a spinal catheter) leads to a
transient improvement in the clinical symptoms. However, the
drainage of CSF by spinal tap or even by shunt operations,
resulting in a reduction in the CSF pressure and improvement in
the clinical symptoms, is not necessarily accompanied by
recovery or a reduction in ventricular size (3). To date, the
underlying mechanism that transmits relatively small CSF
pressure peaks into a significant, irreversible ventricular
enlargement remains obscure. Several mechanisms have been
postulated, such as pressure differences between the ventricles
and the subarachnoid space of the cerebral convexity,
abnormalities of the periventricular (PV) brain parenchyma (4)
and diminished vascular compliance (5–10). In addition to the
mechanical component of NPH, metabolic and hemodynamic
alterations in the brain parenchyma could also cause degradation
of PV white matter (11). Considering the current theories of NPH,
altered mechanical tissue properties seem to play an important
role in its pathogenesis.
By combining MRI and shear waves, researchers are now in the

position to measure the bulk mechanical properties of the living
brain noninvasively (12–21). The reproducibility of MR elasto-
graphy (MRE) of the brain has been addressed in several studies,
indicating an excellent agreement of repeated measurements of
viscoelastic parameters (15), as well as the consistency of these
constants in healthy volunteers (22). Recently, an enhanced MRE
technique has been introduced that utilizes multifrequency
vibrations in order to acquire the dispersion function of the
complex modulus (22).
The complex shear modulus is a widely used quantity

measured in rheology and material sciences for the character-
ization of macromolecular networks by the strength and number
of intranetwork connections (23). We use the terminology of the
theory of viscoelasticity to derive two phenomenological
constants that provide information about the shear elasticity
of the tissue under investigation and its micromechanical
arrangement. Both parameters, denoted m and a, can be derived
by the so-called ‘springpot model’, which is an interpolation
between elastic spring and dashpot elements. Former studies of
cerebral multifrequency MRE in volunteers and in patients with
multiple sclerosis have employed this two-parameter model as a
robust means to analyze the dispersion of the complex modulus
and to draw conclusions about the micromechanical constitution
of tissue (20,21). Our analysis is performed in multiple transverse

slices of the brain, where we compute ‘global’ moduli, i.e. their
spatial average within the entire parenchyma visible in MR
images. In addition, the average of m and a in a smaller region is
addressed by considering a region in the vicinity of the
ventricular system. The results are compared with MRE data of
liver, brain and muscle published in the literature, which have
been analyzed by a similar viscoelastic model to that used herein.

METHODS

Twenty patients with idiopathic (n¼ 15) and secondary (n¼ 5)
NPH were included in the study [mean age, 69.1 years; standard
deviation (SD), 8.1 years; nine men, 11 women)]. The diagnosis of
NPH was established according to the following criteria: (i)
personal history and clinical evidence of the NPH triad (gait
disturbance, cognitive impairment and incontinence); (ii) a
lumbar puncture showing a normal or only slightly elevated
CSF pressure (< 20 cmH2O); and (iii) a clear improvement of the
clinical impairment after a tap test of 50mL or prolonged CSF
drainage. Nonambulatory patients with a history of significant
head injury, intracranial hemorrhage, meningitis or noncompliant
severe dementia were excluded. Twenty-five healthy volunteers
were recruited by advertisement (mean age, 62.1 years; SD, 7.0
years; 10 men, 15 women). They had no family history of
dementia or personal history of any psychiatric or neurological
disease, severe head trauma, any metabolic or endocrine
disturbances, cancer, severe hypertension, heart disease, or
alcohol or drug abuse, and did not demonstrate an increase in
ventricular size. The study was approved by the local ethics
committee (protocol No EA1/186/08). A description of the group
statistics is given in Table 1.

Cerebral MRE and data evaluation

Measurements were performed on a standard 1.5-T clinical MRI
scanner (Sonata, Siemens, Erlangen, Germany). Mechanical
vibrations were induced into the head by a custom-made head
cradle connected via a carbon-fiber piston to a remote vibration
generator as described in ref. (15). The vibration waveform was
synthesized by a superposition of four harmonic oscillations of
25, 37.5, 50 and 62.5 Hz with equal phases and a total duration of
400ms (22). A single burst of this signal was fed into the wave
generator prior to the start of each image acquisition. Wave
images were acquired using a spin-echo echo planar imaging
sequence, which was sensitized to motion by a sinusoidal
motion-encoding gradient (MEG) during the first half of the echo
period. The center frequency of MEG was 60Hz, with a length of
MEG of four periods equal to 66.67ms and an amplitude of
35mT/m in the through-plane direction. The polarity of MEG was
toggled in each second experiment to subtract the inverse phase
contrast and leave the difference wave phase in the image. The

Table 1. Group description, mean age and age range; values in parentheses denote the standard deviation (SD)

Healthy NPH Healthy male NPH male Healthy female NPH female

n 25 20 10 9 15 11
Mean age (years) 62.1 (7.0) 69.1 (8.1) 63.8 (6.4) 69.1 (8.6) 60.9 (7.4) 69.0 (8.1)
Range (years) 51–72 51–78 51–72 51–78 51–72 53–78

NPH, normal pressure hydrocephalus.
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experiment was repeated in order to capture the dynamics of
wave propagation. Therefore, the delay between the onset of
vibration and the start of motion encoding was varied 32 times
from 320.0 to 397.5ms by an increment of 2.5ms. The resulting
phase shift corresponds to a first harmonic frequency of 12.5 Hz
which determines the resolution in our vibration spectrum. One
dynamic scan (32 phase shifts acquired twice with alternating
sign of MEG) was run per image slice. Three adjacent image
planes with a slice thickness of 6mm were selected in a central
part through the ventricles parallel to the internal base of the
skull. Of note, the resulting position of image slices with a central
ventricular location was substantially different from the slice
selection used in previous studies (15,20,21). Further image

acquisition parameters were as follows: TR¼ 3 s; TE¼ 149ms;
field of view, 192� 192mm; matrix size, 128� 128. For data
analysis, the time traces of the waves at each planar spatial point
were Fourier transformed to create the time harmonic, complex,
out-of-image plane displacement uðx; f Þ at each of the
mechanical driving frequencies f of 25, 37.5, 50 and 62.5 Hz.
Figure 1a, b shows, in the top row, wave images (real parts of
complex waves) at the four driving frequencies of a healthy
volunteer and a patient.
Brain biomechanics comparisons are reported based on the

complex shear modulus G�(x,f ) in the parenchyma excluding the
ventricles. Using a locally constant assumption for the complex
modulus G�(x,f ), the relationship G�(x,f )¼ � (2pf )2ru(x,f )/Du(x,f),

Figure 1. Top row: wave images after Fourier decomposition (real part). The vibration frequency is given in the top left-hand corner. Blue color scales
vibrations towards the reader, and red to yellow color scales motion beneath the image plane. The maximum tissue deflection is approximately 80mm.

Bottom row: spatially resolved constitutive parameters Ĝ
0
(x) and â(x) according to the springpot model. The images were calculated from four complex

modulus images corresponding to the four experimentally applied driving frequencies. Further details are given in ‘Methods’. Red lines demarcate the

region of interest used for averaging global moduli; blue/dotted lines show the region used for the quantification of periventricularm and a values. Ĝ
0
and

â images are linearly scaled from 0 to 3.0 kPa and from 0 to 0.6, respectively. The T1-weighted image (T1w) shows anatomical details. (a) Healthy volunteer

(female, 72 years); (b) patient with normal pressure hydrocephalus (NPH) (female, 70 years).
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where r¼ 1000 kg/m3 is the tissue density within the brain
parenchyma, was used to calculate G�(x,f ) in all image planes at
each frequency. The global G

�ðf Þ was calculated by averaging
G�(x,f ) over all parenchyma spatial points in all planes. The
springpot model for G

�ðf Þ ¼ kð2pfiÞa, where k ¼ m1�aha, and k, a
are frequency independent. The parameter m is the global shear
elasticity, h is the viscous damping and a is a measure of the
elastic lossy relation. For example, a¼ 0 corresponds to lossless
elastic behavior with shear elasticity m, and a¼ 1 to lossy viscous
damping with viscosity h. It should be noted that, when
considering spatially averaged quantities, the springpot model
will yield a linear dependence on log f with slope a when G

�ðf Þ is
displayed on a logarithmic scale (see Fig. 2).
The global storage modulus G

0ðf Þ ¼ ReG
�ðf Þ and global loss

modulus G
00ðf Þ ¼ ImG

�ðf Þ are given in Table 2. The parameters k
and a were determined by a least-squares fit over the frequency
of the tabulated global G

�ðf Þ using the springpot model. We
present values of G

0ðf Þ, G00ðf Þ, a and m where, for the latter
parameter, we assume h¼ 3.7 Pa. This value of h was previously
determined as an approximated value of viscosity in human brain
tissue (20). As there are no other frequency-independent
viscosity values of in vivo human brain in the literature, we
propose this value for translating k to elasticity. This scaling of k
from a dimension (Pa sa) that depends on a to an elasticity
improves the comparability of multifrequency MRE results with
other elastography studies without changing the significance of
the determined mechanical constants.
For demonstration purposes, Ĝ

0
(x), which is G’(x,f ) averaged

over all four driving frequencies, and â(x) images are shown in
Fig. 1a, b (bottom rows). The â images were calculated by
averaging over the driving frequencies, that is averaging over the
springpot-inherent relation for a, 2/p arctan[G’’(x,f )/G’(x,f )]. In
Fig. 1, the considered regions of interest (ROIs) are drawn. The

main ROI is the entire parenchyma, but we also consider the PV
ROI outlined in the bottom rows, where these outlines are
superimposed on the grayscale images of Ĝ

0
(x) and â(x). The

main conclusions are drawn from the ‘global’ moduli G
0ðf Þ, G00ðf Þ,

which are determined from the entire brain parenchyma visible in
the image slice. In addition, the PV subregion was derived by an
automatic dilatation of the ventricle boundary towards a
10-pixel-wide ring. When this ring extended outside the whole
brain image, only points within the brain were used. Although, in
general, this 10-pixel-wide ring contained less than the whole
brain image, it is still a substantial subregion of the brain. In future
studies, we will consider rings of varying size to determine
possible ring radius elasticity properties. Henceforth, we refer to
the 10-pixel-wide ring around the boundary of the ventricles as
the ‘PV’ ROI. The frequency-independent constitutive parameters
m and a are tabulated for this PV subregion.

Statistical data analysis

Four storage moduli G
0
, four loss moduli G

00
and two constitutive

parameters m and a were analyzed for each participant. All data
were distributed approximately normally, which was revealed by
a Shapiro–Wilk parametric hypothesis test of composite normal-
ity. Statistical hypotheses were tested by a two-sided Student’s
t-test. The level of significance was 0.05. For statistical analysis,
the Matlab R2007b statistics toolbox (The MathWorks Inc., Natick,
MA, USA) was used.

RESULTS

Figure 3 shows a significant decrease in cerebral viscoelasticity,
given by a reduction in m and a, in patients with NPH compared
with healthy volunteers. The shear elasticity m decreased by
about 0.57 kPa (�20%) from 2.84 to 2.27 kPa. The connectivity
parameter a decreased by about 0.025 (�9%) from 0.287 to 0.262
(see Table 2) (p< 0.01). Similar findings were encountered inmen
and women, with relative changes in m of �20% in both groups.
The connectivity parameter a was found to decrease by 7% in
men and 9% in women.
All measured complex moduli were decreased significantly in

patients by both real and imaginary parts. This change in G
�

dispersion is illustrated in Fig. 2. In addition, a decrease in both
slopes of G

0ðf Þ and G
00ðf Þ is perceptible, corresponding to a lower

a value in patients. A symptomatic decrease in Ĝ
0
(x) and â(x) is

further demonstrated in Fig. 1, where Ĝ
0
(x) and â(x) maps appear

darker in diseased brain, particularly near the ventricles.
Table 2 summarizes the relevant viscoelastic data of this study.

It is shown that the global parenchyma ROIs of patients are
smaller (117� 19 cm2) than in healthy volunteers (152� 14 cm2)
because of the enlarged ventricles. However, this effect is
reversed when accounting for PV ROIs, with a mean size of
48� 12 cm2 in patients and 37� 7 cm2 in volunteers. Of note,
irrespective of these differences in ROI size, the decrease inm and
a is significant in both regions, and even enhanced in the vicinity
of the ventricular system.

DISCUSSION

Although representing an epidemiologically important disease,
NPH and its underlying pathophysiology are still poorly under-
stood and subject to controversial discussions (24). Different
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Figure 2. Dispersion data from the global complex modulus acquired in

a patient with normal pressure hydrocephalus (NPH) (female, 70 years; red

symbols) and a healthy volunteer (female, 72 years; blue symbols). The

data show the global complex moduli, averaged within the entire
parenchyma of the image slices (cf. Fig. 1). The fitted curves (line graphs)

were calculated by the viscoelastic springpotmodel that incorporates two

variables k and a. Thus, only two parameters were needed to fit eight data
points (four G

0
and four G

00
moduli). The slope of the lines is given by a,

which is significantly lower in patients with NPH compared with healthy

volunteers.
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Table 2. Viscoelastic parameters m and a according to the springpot model. G
0
and G

00
denote the frequency-dependent storage

and loss moduli, respectively. D refers to the difference between the groups [normal pressure hydrocephalus (NPH) vs healthy
volunteers]. In addition, the size of the considered region of interest (ROI) is given, with ‘PV’ denoting the periventricular region.
Values in parentheses correspond to standard deviations. Viscoelastic parameters are given in kPa, except for dimensionless a.

All subjects Males Females

NPH Controls NPH Controls NPH Controls

m 2.27 (0.24) 2.84 (0.44) 2.20 (0.27) 2.76 (0.54) 2.32 (0.21) 2.90 (0.36)
D �0.57 kPa �0.56 kPa �0.58 kPa

�25.1% �20.3% �20.0%
p< 0.001 p< 0.05 p< 0.001

a 0.262 (0.011) 0.287 (0.011) 0.265 (0.011) 0.286 (0.013) 0.260 (0.010) 0.287 (0.011)
D �0.025 �0.021 �0.027

�9.5% �7.3% �9.4%
p< 0.001 p< 0.01 p< 0.001

G
0ð25HzÞ 1.34 (0.15) 1.50 (0.13) 1.27 (0.14) 1.46 (0.16) 1.39 (0.13) 1.52 (0.11)

D �0.16 kPa �0.19 kPa �0.13 kPa
�11.9% �13.0% �8.6%
p< 0.001 p< 0.05 p< 0.01

G
0ð37:5HzÞ 1.60 (0.14) 1.82 (0.21) 1.53 (0.11) 1.77 (0.23) 1.66 (0.14) 1.85 (0.19)

D �0.22 kPa �0.24 kPa �0.19 kPa
�13.8% �13.6% �10.3%
p< 0.001 p< 0.01 p< 0.05

G
0ð50HzÞ 1.76 (0.15) 1.94 (0.23) 1.73 (0.17) 1.91 (0.30) 1.78 (0.13) 1.97 (0.17)

D �0.18 kPa �0.18 kPa �0.19 kPa
�10.2% �9.4% �9.6%
p< 0.001 p¼ 0.115 p< 0.05

G
0ð62:5HzÞ 2.19 (0.28) 2.38 (0.22) 2.15 (0.31) 2.33 (0.23) 2.22 (0.26) 2.42 (0.22)

D �0.19 kPa �0.18 kPa �0.2 kPa
�8.7% �7.7% �8.3%
p< 0.05 p¼ 0.179 p¼ 0.056

G
00ð25HzÞ 0.56 (0.09) 0.70 (0.10) 0.55 (0.11) 0.68 (0.10) 0.57 (0.08) 0.72 (0.10)

D �0.14 kPa �0.13 kPa �0.15 kPa
�25.0% �19.1% �20.8%
p< 0.001 p< 0.05 p< 0.001

G
00ð37:5HzÞ 0.65 (0.07) 0.84 (0.10) 0.63 (0.08) 0.83 (0.12) 0.66 (0.07) 0.84 (0.09)

D �0.19 kPa �0.2 kPa �0.18 kPa
�29.2% �24.1% �21.4%
p< 0.001 p< 0.001 p< 0.001

G
00ð50HzÞ 0.79 (0.07) 0.98 (0.15) 0.77 (0.07) 0.95 (0.19) 0.82 (0.07) 1.00 (0.13)

D �0.19 kPa �0.18 kPa �0.18 kPa
�24.1% �18.9% �18.0%
p< 0.001 p< 0.05 p< 0.001

G
00ð62:5HzÞ 1.03 (0.13) 1.20 (0.19) 1.01 (0.15) 1.18 (0.17) 1.05 (0.12) 1.22 (0.20)

D �0.17 kPa �0.17 kPa �0.17 kPa
�16.5% �14.4% �13.9%
p< 0.01 p< 0.05 p< 0.05

ROI size (cm2) 117 (19) 152 (14) 119 (22) 160 (15) 116 (17) 146 (10)
D �35 cm2 �41 cm2 �30 cm2

�29.9% �25.6% �20.5%
p< 0.001 p< 0.001 p< 0.001

m (PV) 2.83 (0.61) 4.03 (0.77) 2.89 (0.82) 3.83 (0.66) 2.78 (0.40) 4.16 (0.84)
D �1.2 kPa �0.94 kPa �1.38 kPa

�42.4% �24.5% �33.2%
p< 0.001 p< 0.05 p< 0.001

(Continues)
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mechanisms have been suggested as possible causes of NPH,
including impaired absorption of CSF, deep white matter
abnormalities, redistribution of vascular pulsations and
decreased compliance of the brain parenchyma, vessels and
subarachnoid spaces (5–10). The neurological symptoms have
been related to interstitial edema in PV white matter and changes
in brain tissue perfusion. Several of these mechanisms are related
to the complex shear modulus of the brain. Only recently has
noninvasive imaging of the complex shear modulus in the brain
been possible (17–21).
This study is the first to assess alterations in the viscoelastic

properties of brain tissue in NPH. Our raw complex modulus data
G
0
and G

00
clearly show that NPH is associated with a decrease in

elasticity, i.e. stiffness, and thus an increase in brain tissue
compliance. In addition to stiffness, multifrequency MRE,
combined with viscoelastic modeling, is able to reveal details
about the micromechanical connectivity of biological tissue. To
achieve this, we analyzed the springpot-inherent power law
behavior of G

�
, which can be explained by generalized Gaussian

structures built from hierarchically ordered networks of viscous
beads and elastic springs (23). These fractal networks are of
special interest, as the displacement in the micromechanical
model is represented in terms of well-defined eigenvalues of the
connectivity matrix, which, in turn, determine the macrodisper-
sion relation (25). Depending on the size and connectivity of

fractal networks, their dynamics scale over several orders of
magnitude and yield a fractional power of frequency depen-
dence within the intermediate frequency range applied in our
experiments (26). The property of this resultant scaling is seen in
the springpot model, indicating that the functions log(G

0
) and

log(G
00
) are linear as functions on log( f ), with a slope a and an

offset log[kð2pÞacosðap=2Þ] and log[kð2pÞasinðap=2Þ], respect-
ively. As such, the two-parameter springpot model is the simplest
two-parameter model that reproduces the experimentally
observed linear increase in G

�
on a logarithmic scale, as

demonstrated in Fig. 2. The Voigt and Maxwell body models
are classical two-parameter models which are, however, incap-
able of reproducing the monotonic increase in G

0
and G

00
within

the frequency range of our experiments (20,22). Adding an
additional variable, as performed in the three-parameter Zener
model, yields a better fit to individual modulus dispersion data
(22), but without improving the significance of the revealed
constants to brain physiology given by, for example, age and
gender aspects (20). Furthermore, the higher degree of freedom
of the model renders the interpretation of the determined
constants rather cumbersome. The parameter m deduced from
the springpot model reveals an elastic softening of the brain in
patients with NPH. The parameter a indicates a decreasing
number of mechanical connections, and thus reveals an
alteration of the micromechanical network topology in the

Table 2. (Continued)

All subjects Males Females

NPH Controls NPH Controls NPH Controls

a (PV) 0.292 (0.020) 0.321 (0.015) 0.299 (0.019) 0.323 (0.020) 0.286 (0.020) 0.320 (0.011)
D �0.029 �0.024 �0.034

�9.9% �7.4% �10.6%
p< 0.001 p< 0.05 p< 0.001

ROI size (cm2) (PV) 48 (12) 37 (7) 45 (16) 38 (8) 50 (8) 36 (7)
D þ11 cm2 þ7 cm2 þ14 cm2

þ22.9% þ18.4% þ38.9%
p< 0.001 p¼ 0.263 p< 0.001

healthy NPH healthy
(male)

NPH
(male)

healthy
(female)

NPH
(female)

shear modulus

0.25

0.26

0.27

0.28
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NPH
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(female)

NPH
(female)

connectivity parameter

[k
P

a]

P < 0.001 P < 0.05 P < 0.001 P < 0.001 P < 0.01 P < 0.001

µ α

Figure 3. Patients with normal pressure hydrocephalus (NPH) present a global reduction in shear elasticity m on the order of 20%. A similar loss of brain
stiffness is seen in the subgroups of male and female patients. The connectivity parameter a is decreased in patients (�9%), corresponding to a reduction

in wave energy loss and a transition of viscous brain tissue towards an elastic body.
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diseased brain. In other words, relatively strong mechanical
connections are replaced by fewer and relatively weak bonds.
This scenario is seen in the degradation of bothm and a, implying
the degradation of the micromechanical matrix of the brain in
patients with NPH.
Modeling of in vivo viscoelastic data by the springpot model

has been applied to several in vivo systems. These include liver for
staging fibrosis (27,28), breast for the characterization of tumors
(29), relaxed and contracted skeletal muscle (30) and brain
affected by multiple sclerosis (MS) (21) and physiological aging
(20). Among these systems,m increased as a result of liver fibrosis,
breast tumormalignancy andmuscle contraction. Furthermore,m
decreased in normally aging brain by a rate of 15 Pa/year (20).
Patients suffering from MS presented a decrease in m of 273 Pa
(�13%) compared with healthy controls (21). Thus, in NPH, we
observed twice the effect of global brain softening relative to
patients with MS. Considering the average age difference
between patients and controls of 7 years in our study, the
decrease in m is still 1.7 times larger than that observed in
patients with MS. In the literature, a was not influenced
significantly by the progression of liver fibrosis (27,29) or
neuronal degradation as a result of physiological aging (20).
When m changes and a does not, this indicates that the strength
of the mechanical connections is altered, but their number and
alignment are not. In contrast, in malignant breast tumors (31), as
well as in contracted muscle (30), a increased significantly, which
indicates the establishment of new mechanical bonds. The fact
that we observed the reverse mechanism in NPH, i.e. a decrease
in m and a, may improve the understanding of the pathophy-
siological processes of this disease.
It is notable that the modulus values measured in this study are

substantially larger than those determined by other two-
dimensional MRE studies of the brain (21). We attribute this
effect to a different slice positioning compared with previous
studies. As mentioned in ‘Methods’, in the current study,
transverse image slices were aligned through the centre of the
lateral ventricles. In contrast, other studies (15,20,21) used slices
in a more peripheral slab of the brain through the upper part or
slightly above the ventricles. A higher proportion of sulci in that
area might cause increased wave scattering, which certainly will
influence the interpretation of wavelengths by inversion
algorithms (32). Clearly, such effects of shear wave propagation
through heterogeneous, porous, vascularized and anisotropic
media need to be analyzed in further detail. In particular, the
sensitivity of MRE to anisotropic viscoelastic constants of cerebral
tissue, and their exploitation for addressing clinically relevant
questions, remains an open field of research. In this respect, other
quantitative MRI methods might support the analysis of MRE
wave data by, for example, providing information about fiber
alignment or tissue perfusion. One important structure-sensitive
imaging method is diffusion MRI, which has revealed an
increased water accumulation in PV tissue of patients with
NPH via the alternative egress of CSF via extracellular spaces
(33,34). Future studies should combine different quantitative MRI
methods to assemble a more complete picture of the
microstructural changes in cerebral tissue in NPH. MRE can
contribute to this by showing that mechanical adhesion is
reduced, corresponding to an increased possibility for CSF
absorption. However, substantial research is required in order to
derive valid microdriven macromechanostructural models that
address the major remaining questions about the interaction of
CSF drainage, interstitial water content, tissue porosity, tissue

matrix stiffness and clinical symptoms. Our results may contribute
to the search for models capable of explaining themechanisms of
NPH.

CONCLUSIONS

Multifrequency MRE reveals a substantial change in the
viscoelastic properties of the brain in patients with NPH. A
pronounced decrease in shear modulus and shear modulus
dispersion slope was observed in tissue areas near the ventricular
system. Further studies are required to translate these initial
findings into a valid model of the mechanism of disease
progression in NPH.
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