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Abstract

Magnetic Resonance Elastography (MRE) is an elasticity imaging technique that allows a safe, fast, and non-invasive
evaluation of the mechanical properties of biological tissues in vivo. Since mechanical properties reflect a tissue’s
composition and arrangement, MRE is a powerful tool for the investigation of the microstructural changes that take
place in the brain during childhood and adolescence. The goal of this study was to evaluate the viscoelastic properties
of the brain in a population of healthy children and adolescents in order to identify potential age and sex dependencies.
We hypothesize that because of myelination, age dependent changes in the mechanical properties of the brain will
occur during childhood and adolescence. Our sample consisted of 26 healthy individuals (13 M, 13 F) with age
that ranged from 7-17 years (mean: 11.9 years). We performed multifrequency MRE at 40, 60, and 80Hz actuation
frequencies to acquire the complex-valued shear modulus G = G′ + iG′′ with the fundamental MRE parameters being
the storage modulus (G′), the loss modulus (G′′), and the magnitude of complex shear modulus (|G|). We fitted a
springpot model to these frequency-dependent MRE parameters in order to obtain the parameter α, which is related to
tissue’s microstructure, and the elasticity parameter k, which was converted to a shear modulus parameter (µ) through
viscosity (η). We observed no statistically significant variation in the parameter µ, but a significant increase of the
microstructural parameter α of the white matter with increasing age (p <0.05). Therefore, our MRE results suggest
that subtle microstructural changes such as neural tissue’s enhanced alignment and geometrical reorganization during
childhood and adolescence could result in significant biomechanical changes. In line with previously reported MRE
data for adults, we also report significantly higher shear modulus (µ) for female brains when compared to males (p
<0.05). The data presented here can serve as a clinical baseline in the analysis of the pediatric and adolescent brain’s
viscoelasticity over this age span, as well as extending our understanding of the biomechanics of brain development.
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Introduction

The process of normal brain development unfolds according to patterns of age- and sex-related variations in
the pediatric population: decades of MRI data have provided us with a richness of information on the evolution of
important developmental parameters such as gray and white matter volume [1], myelination [2] and CSF content [3].
In children and adolescents, behavioral and neural changes are rapid that they parallel early postnatal development
[4, 5, 6, 7], hinting at the complex, dynamical nature of this organ.

Yet, the way these and successive developmental events correlate to variations in the mechanical properties of the
brain is still not completely elucidated. The mechanics of tissue has long been known to be an important hallmark of
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its physiological state, given that it reflects the underlying tissue microstructure [8, 9]. Therefore, in order to obtain a
baseline for the mechanical and viscoelastic properties of the healthy pediatric brain, thoroughly characterizing brain
stiffness at different pediatric ages is pivotal. However, such data are extremely scarce in literature, with limited age
range and numbers of subjects analyzed so far [10, 11].

The most established way to probe the stiffness of a tissue is through elastographic techniques: these rely on the
propagation of a mechanical stimulus inside the tissue and on the detection of the resulting displacement by different
diagnostic imaging modalities such as ultrasound [12], computed tomography (CT) [13], or MRI [14].

In particular, magnetic resonance elastography (MRE) [15] has been gaining attention as a non-invasive means for
the in-vivo mechanical measurement of soft tissues thanks to its capability to assess even organs as inaccessible as the
brain [16, 17]. Compared to ultrasound elastography [12, 18], MRE displays higher sensitivity, does not require an
acoustic window, and generates images with a higher spatial resolution [19, 20]. Clinically, MRE has been originally
used to measure liver fibrosis and cirrhosis [21, 22], to characterize hepatic tumors [23], and as an alternative to liver
biopsy [24], but its diagnostic use quickly spread to other types of tissue as well.

Recently, MRE has been broadly used to measure the viscoelasticity of the human brain [16, 17, 25, 26, 27]. It has
quickly become a valuable tool for the indirect recognition of the changes that occur in the brain with development
[10, 28], aging [29], and during the onset of many neurological conditions such as hydrocephalus [30], Alzheimer’s
disease [31, 32], multiple sclerosis [33, 34], or neuroinflammation [35]. A number of studies have reported brain
viscoelasticity data in adults [19, 36, 37, 38, 39], adolescents [11] and animals [40, 41], but almost no published
work has studied children and adolescent brains through MRE over a broad age range, with the notable exception
of Yeung et al. [10]. In this population, MRE data acquisition is especially challenging, because it is a motion-
sensitive technique in which any unwanted subject motion can cause phase errors [42, 43]. Additionally, when using
this technique, cross-study comparisons can be challenging [19]: biological materials in fact display mechanical
responses that are frequency-dependent, hence giving rise to a large range of values for the reported viscoelastic
parameters when the actuation frequencies are not held constant. One approach to overcome this limitation is to
perform multi-frequency MRE experiments and then extract frequency-independent material parameters by fitting
appropriate linear viscoelastic models to the data sets [44].

In this study, we hypothesized that we would observe a stiffening behavior in the brain over the course of childhood
and adolescence due to ongoing myelination and axonal pruning. We performed multifrequency MR elastography on
a population of healthy children and adolescents, aged between 7 and 17. We analyzed the viscoelasticity of gray
and white matter to study how this changes during the normal process of brain development. The results presented
are intended to serve as a baseline for future applications of brain MRE in the pediatric population, thereby enabling
viscoelasticity-based metrics to assess the pathophysiological state of brain tissue.

Material and Methods

Study population

Our study was approved by the institutional review board (IRB) of the Stanford Department of Radiology and the
subjects were imaged after obtaining written informed consent from their parents and assent from study participants.
Our study population consisted of 26 healthy volunteers (13 males and 13 females) of age ranging from 7-17 years
(mean age of 11.9 years old) without any known neurological or psychiatric disorders. Age was considered as years
completed, e.g. a child of 8 years and 11 months would be categorized as being 8 years old.

Image data acquisition

Conventional MRI scans were acquired by a 3.0-tesla MRI Scanner (GE, Healthcare, Waukesha, WI) at the Stan-
ford Lucas Center for Imaging. The scanning parameters for T1-w images were set as follows: TR/TE: 9.3/3.7 ms,
FOV: 240 mm, flip angle: 13 ◦, and acquisition matrix: 256 × 256 (see Figure 1b). A total of 160 slices were acquired
with a slice thickness of 1.00 mm, each having a slice thickness of 1.00 mm in between. MRE images were col-
lected on the same 3.0-tesla MRI scanner using a modified single-shot spin-echo EPI pulse sequence (MRE sequence)
provided by Mayo Clinic [16, 31], in which a motion encoding gradient (MEG) was applied symmetrically around a
refocusing 180-degree RF pulse [26]. A pillow like passive drum (provided by Mayo Clinic) was driven pneumatically
with Resoundant system (Rochester, MN, US) under three different actuation frequencies to generate shear waves of

2



Figure 1: A) Sketch of the MRE actuation setup: A vibrating pillow below the subject’s head causes shear wave propagation in the brain. B) T1-w
anatomical image of a brain (subject age: 13 yrs). C) Gray matter mask. D) White matter mask. Wave propagation image for E) 40Hz, F) 60Hz,
and G) 80Hz. Storage modulus (G

′
) for H) 40Hz, I) 60Hz, and J) 80Hz. Loss modulus (G

′′
) for K) 40Hz, L) 60Hz, and M) 80Hz.
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40, 60, and 80 Hz [44]. A total of 48 transverse slice with a slice thickness of 3.0 mm were acquired. For each imaging
slice, through the MRE sequence 8 phase offsets of the propagating wave field were captured automatically. A head
coil tuned to 128 MHz for proton resonance was used for all measurements. Each MRE image slice was acquired
with the following scan parameters: TR/TE: 2000/74.5 ms for 40 Hz, 2000/62 ms for 60 Hz, and 2100/51.6 ms for 80
Hz actuation, respectively. FOV: 240 mm, and acquisition matrix: 128 × 128. Wave images were obtained in three
orthogonal directions: frequency encoding (FE), phase encoding (PE), and slice-select (SS). To obtain the magnitude
of the complex-valued shear modulus map (also known as the elastogram), wave images were processed through a
3D inversion scheme called Algebraic Inversion of the Differential Equation (AIDE) [45]. During this inversion pro-
cedure, a smoothing kernel was applied to the curl-filtered wave images. Then, the Laplacian of these wave images
were calculated. Afterwards, complex-valued shear modulus maps were acquired and 3D median filter was applied as
a final step. Also, the AIDE inversion accuracy was checked during the two studies published by the authors [39, 44].
Total acquisition time for all the sequences was approximately 1 hour.

Image data processing

The image post-processing steps were performed by using the SPM12 software (Welcome Trust Centre for Neu-
roimaging, London, UK). First, MR elastograms, storage and loss maps were registered to the same space of the T1-w
images by using the coregistration option. Then, interpolation between slices was performed via a 5th degree b-spline.
This step was followed by automatic segmentation of the T1-w images to obtain binary masks of white matter, gray
matter and CSF regions and, by combining those, of the whole brain. Finally, the binary masks were utilized to ac-
quire regional averaged magnitude of the complex-valued shear modulus, storage modulus and loss modulus values
acquired at 40, 60, and 80 Hz actuation.

Frequency-independent parameter extraction

Currently, there are a few viscoelastic models being used to analytically represent the soft tissue response un-
der certain loading conditions. These are Kelvin-Voigt, Maxwell, Standard Linear Solid (SLS), springpot, Burgers
Model, Generalized Maxwell Model, and Fractional Voigt Model [46]. Various viscoelastic models can be fit to mul-
tifrequency MRE data in order to extract frequency-independent viscoelasticity parameters [37, 47]. Among these,
we used the generic springpot and Zener models and in Matlab their analytical formulas are coded by the authors
[44]. Since as highlighted in a number of studies, the springpot and Zener model (a.k.a. standard linear solid, or
SLS) provide the most accurate representation of in vivo brain viscoelasticity data [37, 44, 19]. Furthermore, in
the previously published work of the authors [44], four viscoelastic models were investigated. Springpot and Zener
showed better fits than the Kelvin-Voigt and Maxwell models. Here, we initially analyzed both the springpot and
Zener by fitting the corresponding viscoelastic formulations to the complex-valued shear moduli data sets G(ω) for
whole brain (WB), white matter (WM), and gray matter (GM) regions. For the springpot model, this meant extracting
the frequency-independent rheological parameters k and α via the fit function:

G = k(iω)α (1)

where G = G′ + iG′′ is the complex-valued shear modulus. The exponent α is a parameter that has been linked
to the geometrical alignment of structural building blocks in a material [37] and k is an elasticity parameter related to
the shear modulus via

µ =
(
kη−α

) 1
1−α (2)

where η is the viscosity. For the calculation of µ, the subject-specific viscosity η obtained from SLS model fitting
was used. In the above equations ω and i denote the angular actuation frequency and the imaginary unit, respectively.

For the SLS model, the rheological parameters µ1, µ2 and η were calculated by fitting the expression:

G = (µ1µ2 + iωη(µ1 + µ2)) / (µ2 + iωη)) (3)

where µ1 the component of instantaneous elastic modulus, µ2 the steady-state elastic modulus and η the vis-
cosity. As the main parameters of interest an emphasis was given on the age-dependent changes of the frequency-
independent rheological parameters α and k which were extracted from the springpot model fitting. Further attention
was given to the shear modulus (µ) calculated by Eq. 2 since shear waves were captured through MRE imaging. In
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all cases, the stiffness values presented were calculated as the magnitude of the complex-valued shear modulus via
|G| =

√
(G′)2 + (G′′)2. All fitting procedures were performed by minimizing the fit function variance in the least-

square sense via the fmincon function in MATLAB (v2019.b). However, to identify one preferred model to focus
on, we additionally performed a Bayesian information criterion (BIC) analysis [48, 49]. During viscoelastic material
model fitting, the model with the smallest BIC is chosen. The BIC criterion enables for model selection by impos-
ing a penalty depending on the number of parameter constants that exists for each model via the computation of the
quantity:

BICω = n
(
ln

(
σ̂2

e

))
+ d ln (n) (4)

where σ̂2
e is the error variance, defined as

σ̂2
e =

1
n

n∑
i=1

(
G −Gi,ω

)2 (5)

In other words, BIC attempts to reduce the risk of over fitting by introducing the penalization term dln(n), which
grows if the number of parameters used in a model increase [48]. In Eqs.(4) and (5), n=3 is the total number of
actuation frequencies used for the data acquisition and d is the number of parameter constants that exists for each
linear viscoelastic material model (i.e., d=2 for the springpot model and d=3 for the SLS model). The model with the
lowest BIC score would be chosen as the preferred one.

Statistical analysis
Linear regressions were performed both on frequency-dependent (G′, G′′, |G|) and frequency-independent (k, α)

parameters using age and sex as covariates. Given that the interaction term resulted non-significant in all cases, we
limited our analysis to a purely linear regression model without interaction terms. The level of significance was set at
p ≤ 0.05. To analyze possible sex-specific statistically significant differences in the distributions of stiffness, storage
and loss modulus of the whole brain, gray matter and white matter, the two-sample t-test (MATLAB function ttest2)
was used.

Results

Viscoelastic model selection
Global mean values for loss modulus(G′′), storage modulus(G′), and stiffness(|G|) were calculated for whole brain,

gray matter, and white matter by using the binary masks generated through the SPM12 segmentation. In line with
expectations, we observed generalized tissue stiffening with increasing actuation frequency. After fitting both the
springpot and SLS model to the multifrequency shear and loss modulus data acquired for each subject, we performed
a BIC analysis (see eq. 4) for model selection as detailed in the Materials and Methods section. The springpot
performed better than the SLS model for all combinations of frequency and brain region analyzed for both loss and
storage modulus (see Figures 3a and 3b, respectively). Values of the springpot BIC score were up to 10.3% lower than
those of the SLS BIC, which is why in the following we limit our report to the presentation of the springpot analysis.
For the interested reader, the SLS data are reported in the Supplementary Information (suppl. Table 1).

Viscoelastic properties of the human brain over the course of adolescence
When considering the evolution of the loss and storage moduli of whole brain, white matter and gray matter, no

statistically significant variations with age were observed upon linear regression of the data sets at individual fre-
quencies. The mean population values (with standard deviations) and linear regression R2 and p-values are presented
in Table 1. The overall viscoelastic parameter k evaluated from the Springpot model fit of the multifrequency data,
however, showed a significant decrease with age (see Figure 4c, p-value=0.002). Once transformed via equation 2,
though, the shear modulus µ appeared to not change over time (see Figure 4a). Note that, to this end, we used a
group-averaged estimate for the overall brain viscosity η = 4.01 Pa.s obtained as a fit parameter of the SLS material
model. Interestingly, however, the structural parameter α significantly increased over the analyzed age range (see
Figure 4b), with an estimated growth of 0.002/year (p-value=0.023).
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Figure 2: Viscoelastic material model fitting. Average storage (red) and loss (blue) moduli of whole brain at different actuation frequencies for
the whole subject cohort with A) springpot and B) SLS model fits (shaded areas).
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Figure 3: BIC scores as a function of actuation frequency and brain region analyzed for the SLS (Zener) model having three independent
parameters while springpot (or springdashpot, SD) model having two independent parameters. The markers represent the BIC score for storage
and loss moduli. The lower the BIC score, the better the model fit is. A) BIC score of the loss modulus fits. B) BIC score of the storage modulus
fits. WB: Whole brain, WM: White matter, GM: Gray Matter.
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Figure 4: Age dependence of the fitted springpot model parameters for white matter. A) Shear modulus(µ) derived from Eq. 2 by using SLS
model parameter viscosity(η) with the springpot model parameters k and α. B) Springpot model parameter α, which is related to the microstructural
alignment, derived from Eq. 1 by fitting the fundamental MRE parameters to the springpot model. C) Age dependence of the white matter springpot
model-derived parameter k for the white matter of male and female subjects. Slope: -5.46 Pa·sα/year, p-value=0.002. Fits: linear regression models
using age and sex as covariates and no interaction term. Units: k=[Pa·sα]; α= dimensionless.
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Table 1: Mean values of the MRE-extracted viscoelastic parameters at different actuation frequencies for all subjects, female and male cohorts,
respectively. |G|: Magnitude of the complex-valued shear modulus, G

′
: Storage Modulus, G

′′
: Loss Modulus. Standard deviations are in brackets.

Units: [kPa]. The R2 and p-values refer to a linear regression model using age and sex as covariates. *, ** indicate significance levels.

Parameter [kPa] All Subjects Females Males R2 p-value p-value
[age] [sex]

G
′′

(40 Hz) 0.72 (0.06) 0.73 (0.07) 0.70 (0.06) 0.10 0.29 0.16
G
′

(40 Hz) 1.50 (0.13) 1.53 (0.14) 1.47 (0.13) 0.14 0.16 0.12

W
ho

le
B

ra
in |G| (40 Hz) 1.69 (0.14) 1.73 (0.15) 1.66 (0.14) 0.15 0.14 0.11

G
′′

(60 Hz) 1.03 (0.06) 1.05 (0.06) 1.00 (0.06) 0.17 0.41 0.04*
G
′

(60 Hz) 2.09 (0.11) 2.14 (0.09) 2.04 (0.11) 0.25 0.39 0.01**
|G| (60 Hz) 2.37 (0.13) 2.43 (0.10) 2.31 (0.12) 0.26 0.24 0.01**
G
′′

(80 Hz) 1.18 (0.12) 1.22 (0.11) 1.15 (0.12) 0.13 0.33 0.23
G
′

(80 Hz) 2.40 (0.14) 2.45 (0.13) 2.36 (0.14) 0.11 0.90 0.12
|G| (80 Hz) 2.75 (0.17) 2.80 (0.15) 2.69 (0.16) 0.13 0.98 0.09
G
′′

(40 Hz) 0.80 (0.08) 0.83 (0.09) 0.78 (0.07) 0.09 0.78 0.19
G
′

(40 Hz) 1.60 (0.12) 1.63 (0.13) 1.56 (0.1) 0.12 0.37 0.09

W
hi

te
M

at
te

r |G| (40 Hz) 1.83 (0.14) 1.87 (0.15) 1.79 (0.12) 0.11 0.50 0.11
G
′′

(60 Hz) 1.11 (0.08) 1.14 (0.09) 1.07 (0.06) 0.18 0.39 0.08
G
′

(60 Hz) 2.14 (0.10) 2.19 (0.10) 2.09 (0.08) 0.32 0.13 0.01**
|G| (60 Hz) 2.45 (0.12) 2.51 (0.12) 2.39 (0.09) 0.27 0.39 0.01**
G
′′

(80 Hz) 1.19 (0.16) 1.23 (0.16) 1.15 (0.15) 0.10 0.34 0.34
G
′

(80 Hz) 2.45 (0.16) 2.50 (0.17) 2.40 (0.13) 0.14 0.38 0.07
|G| (80 Hz) 2.76 (0.20) 2.83 (0.22) 2.70 (0.17) 0.11 0.79 0.11
G
′′

(40 Hz) 0.68 (0.06) 0.70 (0.07) 0.67 (0.05) 0.12 0.18 0.17
G
′

(40 Hz) 1.47 (0.14) 1.50 (0.15) 1.44 (0.13) 0.13 0.17 0.15

G
ra

y
M

at
te

r |G| (40 Hz) 1.65 (0.15) 1.69 (0.16) 1.62 (0.14) 0.14 0.14 0.14
G
′′

(60 Hz) 1.00 (0.06) 1.02 (0.06) 0.98 (0.06) 0.20 0.20 0.03*
G
′

(60 Hz) 2.07 (0.12) 2.13 (0.10) 2.02 (0.13) 0.21 0.56 0.02*
|G| (60 Hz) 2.35 (0.13) 2.40 (0.11) 2.29 (0.13) 0.23 0.28 0.02*
G
′′

(80 Hz) 1.18 (0.10) 1.21 (0.10) 1.15 (0.11) 0.14 0.33 0.18
G
′

(80 Hz) 2.39 (0.15) 2.43 (0.14) 2.35 (0.15) 0.09 0.88 0.17
|G| (80 Hz) 2.74 (0.16) 2.80 (0.14) 2.68 (0.16) 0.12 0.89 0.10

Sex-dependent variances in the pediatric brain viscoelasticity

Analysis of the frequency-dependent viscoelastic parameters of the male and female subgroups indicated signif-
icant sex-specific differences in the complex-valued shear modulus, storage and loss modulus of whole brain, gray
matter and white matter when probed at 60 Hz (see suppl. Figure 1). Mean values for the female cohort at 60 Hz
increased 4.9% for the whole brain complex-valued shear modulus magnitude (p=0.015), and 4.5% and 5% for the
whole brain loss and storage modulus, respectively (p=0.044, p=0.012). When analyzing the frequency-independent
parameters (i.e., k and α from the springpot model), this difference was no longer apparent, although a trend of
stiffening for female brains remained (see Table 2).

Discussion

Despite their critical importance to understand the normal and pathological brain development, data on the me-
chanical properties of the pediatric brain tissue have historically been extremely scarce. Most published data are either
derived from cadaver and animal studies [50, 51] or from computer simulations mimicking the response of children's
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Table 2: Mean values of the springpot viscoelastic parameters k, µ and α for all subjects, and only female and male cohorts, respectively. Standard
deviations are in brackets. Units: k=[Pa·sα]; µ=[kPa]; α=dimensionless. The R2 and p-values refer to a linear regression model using age and sex
as covariates. WB: Whole brain. WM: White matter. GM: Gray matter.

Viscoelastic p-value p-value
parameter All Subjects Females Males R2 [age] [sex]

W
B κ 380 (30) 387 (36) 373 (21) 0.19 0.06 0.09

µ 2.70 (0.22) 2.78 (0.20) 2.60 (0.23) 0.16 0.63 0.04*
α 0.30 (0.01) 0.30 (0.01) 0.30 (0.01) 0.11 0.11 0.98

W
M

κ 388 (34) 392 (41) 383 (25) 0.36 0.002** 0.09
µ 2.84 (0.25) 2.95 (0.26) 2.74 (0.22) 0.17 0.83 0.04*
α 0.30 (0.02) 0.31 (0.02) 0.30 (0.01) 0.22 0.02* 0.95

G
M

κ 380 (33) 387 (38) 372 (27) 0.11 0.24 0.17
µ 2.64 (0.22) 2.73 (0.20) 2.56 (0.23) 0.15 0.65 0.05*
α 0.30 (0.01) 0.30 (0.01) 0.30 (0.01) 0.06 0.26 0.99

brain to various loading conditions [52]. Recent technical advances in neuroimaging have led to the development
of MRE, enabling us to finally assess the mechanical properties of the developing brain in-vivo and non-invasively
[19]. Specifically, MRE can provide additional, indirect information about a tissue’s architecture and cellular matrix,
given that the viscoelasticity of a biological material reflects its micro-structural composition [53]. Even though we
did not observe any statistically significant changes in shear modulus (µ) related to ageing as we hypothesized, we
have observed significantly higher shear moduli (µ) in females when compared to males during childhood and ado-
lescence. In addition, for white matter, where the myelination development occurs the most during early childhood,
we observed statistically significant changes in α with aging, which is mainly due to the relation of this parameter to
tissue’s microstructure.

In this study, we exploit MRE to present a quantification of the mechanical properties of the pediatric and adoles-
cent brain tissue derived from multi-frequency data. For all subjects, we observed a systematic increase in complex-
valued shear modulus, storage, and loss moduli with increasing actuation frequencies, in line with expectations for a
viscoelastic material. Performing linear regressions considering age and sex as covariates, we did not observe signifi-
cant trends of variation with age in the mechanical properties of the brain at each single frequency. This is in line with
previous work from McIlvain et al. [11], who characterized children's brain viscoelasticity via single-frequency MRE
and reported no significant cerebrum stiffness variations between adolescents (aged 12-14 years) and young adults
(aged 18-33 years). Similar observations were reported by Yeung et al. [10] for a cohort of children and teenagers
aged between 7-18 years. There, the authors observe no relationship between the complex-valued shear modulus (G)
and age or other growth metrics, concluding that the existing differences must be small in magnitude and not uniform
throughout the brain [10]. These studies, however, did not analyze the frequency-independent response of the pedi-
atric brain, which is fundamental for capturing its broadband response and understanding its dynamics during impact
scenarios [54, 55, 56].

Here, we fit the frequency-dependent storage and loss modulus data to specific viscoelastic models able to analyze
the overall response of the pediatric brain to actuation. In particular, we focused our analysis on the springpot model,
given that it outperformed the SLS model when subject to a BIC score calculation and that it was already reported to
better describe brain viscoelasticity data than other spring/dashpot combinations [37, 44]. We identified a significant
decrease of the viscoelastic parameter k, which translated to a roughly constant shear modulus µ over time when
transforming the quantity according to the relation µ = (kη−α)

1
1−α as described in [57, 37]. With population averages

of µ = 2.6 ± 0.2 kPa for males and µ = 2.8 ± 0.2 kPa for females, our data are in line with those presented by Sack
et al. [37]. In their study, a cohort of subjects aged 18 to 88 was found to undergo progressive tissue softening
at the rate of -15 Pa/year. A rough extrapolation of their linear regression would predict values in the order of 2.4
kPa for males and 2.7 kPa for females around age 10, similar to the results reported here. Interestingly, we also
observed a significant increase of the model exponent α with age, a result that confirms the possibility of assessing
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microstructural variations of tissue in vivo via MR elastography [58]. The parameter α is a quantity that describes
the fractal dimension of a cross-linked network of identical elements [57], with applications to rheology and polymer
viscoelasticity [59]. On the other hand, another interesting parameter that can be investigated during brain maturation
is fluidity, defined as phase angle. In recent work, Guo et al. analyzed the age-dependent mechanical properties
of mice brain via multifrequency MRE, identifying an age-dependent increase in solid-rigid material composition
and showing that after 4 weeks of maturation, a fluidity reduction is observed in the hippocampus and the corpus
callosum of mice brains [60]. A retrospective analysis of the power-law behavior of different types of tissues under
different pathophysiological conditions has highlighted that specific patterns of tissue degradation (i.e. microstructural
alterations) generally lead to a decrease in both the shear modulus µ and the structural parameter α [57, 61]. In
the brain, specifically, pathological conditions such as chronic multiple sclerosis (which results in diffuse myelin
degradation) and the compression and dilation of the viscoelastic lattice caused by normal pressure hydrocephalus
[62] are reflected in a marked decrease in α when compared to healthy brains [34]. It seems that variations in α
when µ remains constant (as we report) might be associated with some sorts of re-arrangements of axonal fibers. This
would be in line with the well-known anatomical data on brain myelination and white matter reorganization during
adolescence [63, 64]. DTI studies have established that fractional anisotropy, along with other white matter fiber tracts
alignment metrics, steadily increases until at least 18 years of age [6], as does the the G-ratio (i.e., the relative axonal
diameter) [65].

The reported viscoelastic differences here in white matter development are known to be sex-dependent [66, 67].
MRE studies on the effect of sex on adult brain viscoelasticity are unanimous in reporting higher complex-valued
shear modulus values for female brains when compared to male ones [37, 68]. In particular, Sack et al. reported
female brains being on average 9% stiffer than male ones [37]; here, for the whole cerebrum, we found values about
half as high (4.9%). This difference might be imputed to the above-mentioned sex-related differences in white matter
restructuring that takes place at different pace during development. In particular, during adolescence males seem to
experience a fast, age-related white matter volume increase rooted in a testosterone-driven increase in axonal calibre
[66]; whereas females appear to undergo increased myelination [66, 69], which is known to increase tissue stiffness
[70].

Additionally, different brain parts follow different developmental trajectories, hence variations in brain viscoelas-
ticity with age are expetcted to be subtle and region-specific, as already reported by [11]. In essence, all neuroimaging
evidence points to the fact that a synergy of subtle biomechanical effects must be be at play during brain develop-
ment: Therefore, working with larger population cohorts or performing MRE longitudinal studies would be the most
valuable approach to investigate the biomechanics of development in more depth.

Some limitations must be kept in mind when considering the results of this study: first of all, we do not present
data on children younger than 7 years of age, although observing how the brain's rheological properties vary during
early childhood would be of paramount importance for setting a developmental baseline of brain mechanics. Due to
the difficulty of recruiting and scanning young children, we could analyze only a relatively low sample population.
Furthermore because of the cohort age group, it was difficult to get parental consent and perform multiple scans on
the same subject to check data acquisition reproducibility. But for the analysis protocol, in the authors'previously
published manuscript, MRE was performed within a frequency range from 20Hz up to 80Hz. So analysis protocol,
which is used in this current study, showed reproducibility for a wider range of actuation frequencies [44]. Addition-
ally, the space-resolution of our MRE acquisition protocol did not enable for a reliable analysis of small subcortical
regions; and the direct inversion algorithm we employed (AIDE, [45]) assumes tissue isotropy, which is obviously a
simplification in the case of white matter. Future studies should attempt to resolve these issues. Taken together, the
data presented help fill a gap in our understanding of pediatric brain viscoelasticity, and help characterize the most
prominent age and sex-related variations that occur during development.

Conclusion

In this work, we analyzed the viscoelastic properties of the pediatric and adolescent human brain measured in
vivo via multifrequency MRE at 40, 60, and 80 Hz actuation frequencies. In line with the few previous MRE studies
on developing brains [10, 11], we report no significant changes in the complex-valued shear modulus of the whole
brain over the age range analyzed (7-18 years). However, by performing viscoelastic fitting of our multifrequency
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data via the sprinpot model, we observed a significant increase in the structural parameter α of white matter with age
while the shear modulus µ remained constant. This might be an indication of increased geometrical alignment of the
material's microstructure, in line with anatomical data that report an increase of myelination and white matter fiber
tract formation well into adolescence. Additionally, we assessed sex-related variations in the mechanical properties
of the developing brain finding that children and adolescent female brains are stiffer than their male counterparts, as
previously observed for adult subjects. In essence, the data presented aim to serve as baseline values for the analysis
of pediatric brain viscoelasticity, with numerous clinical and developmental implications.
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