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Abstract
In recent years, computational mechanics have become a
powerful tool to study and predict the behavior of the human
brain. However, an important challenge that remains unad-
dressed is that brain tissue is not a constant uniform material.
Throughout its life time, our brain’s microstructure, mechanical
properties, and macroscopic shape keep changing in close
relation to brain function. In this review, we summarize the
evolution of various microscopic and macroscopic features
during brain development and aging. We discuss how to use
mechanical models to translate processes on the microscopic
scale into the evolution of mechanical properties and brain
shape on the macroscopic scale. In addition, we propose how
to incorporate additional coupling effects that arise from the
“mechanosensitivity” of brain cells. Considering the entire life
cycle of the human brain will be critical for refining existing
brain models toward personalized simulations of brain injury,
brain damage, and brain protection.
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Introduction
Throughout lifetime the complex structure of the brain
keeps changing in close relation to brain function e on
both the microscopic and the macroscopic scales. From
the third week of gestation until death, our brain

constantly adapts to new functional demands and can
reallocate function after injury or disease. As a conse-
quence, the mechanical properties also change
continuously. In general, we can divide the life cycle of
the human brain into two distinct phases: brain devel-
opment and brain aging, as illustrated in Figure 1.
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Interestingly, some changes throughout this process are
also mechanically stimulated. For instance, mechanical
forces seem to drive cortical folding during brain
development on the macroscopic scale [13,14], and
brain cells sense and respond to their mechanical envi-
ronment on the cellular scale: mechanical stimuli affect
how cells migrate, differentiate, and proliferate

[29,28,9,62,52].

Mechanical models based on the nonlinear field theories
of mechanics are a promising tool to transfer processes
on the cellular scale to structural changes on the con-
tinuum scale and to obtain further insights into me-
chanically controlled cell behavior. Continuum models
even allow us to incorporate biochemical or electro-
physiological processes [66]. However, one of the
greatest remaining challenges in understanding the
human brain is that it is virtually impossible to establish

a single material model that is capable of capturing the
response of the brain as a whole, at any age. Our brain is
a highly inhomogeneous living organ, which dynamically
changes over timedboth in structure and mechanical
properties. For allowing reliable and accurate numerical
predictions, it is critical to identify new innovative ap-
proaches that incorporate this continuous turnover and
change in computational models through novel consti-
tutive models and evolution laws.

A classical approach to characterize spatiotemporal

changes in mechanical properties is to link macroscopic
mechanics to changes in tissue microstructure.
Microstructure-based models can capture both regional
variations [36,12] and temporal changeewhether phys-
iological or pathological. However, to date, the link be-
tween single-cell mechanics in the brain and whole
organ behavior remains insufficiently understood [52].
It remains unclear as to which microstructural compo-
nents actually control the continuum-scale behavior of
brain tissue, especially because fibrillar collagen, the
load-bearing component in other tissues [25], is not

present in the brain. We will need to address this
question in the future through a clever combination of
experimental studies, image analyses, and computa-
tional modeling.

For obvious reasons, it is challenging to obtain data on
brain microstructure and brain mechanics in vivo.
Regarding the brain’s microstructure, in vivo data mainly
originate from magnetic resonance and diffusion tensor
imaging. Typical examples of microstructural parameters
are the fractional anisotropy (FA) or mean diffusivity

(MD) [41]. In vitro alternatives are histological staining,
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Figure 1
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The life cycle of the human brain. The brain volume increases nonlinearly during development and decreases linearly during aging; the female brain, on
average, is 15% smaller than the male brain (light and dark blue solid lines) [22]. The gyrification index increases rapidly during early brain development
and decreases logarithmically after the age of 5 (black solid line) [18,15,42]. Malformations of cortical development, such as lissencephaly (LISS) and
polymicrogyria (POLY), or diseases, such as congenital heart disease (CHD), result in alterations in the gyrification index in early development [38];
Alzheimer’s disease (AD) leads to an accelerated decrease in the gyrification index during aging (black dashed line). The fractional anisotropy (FA) from
magnetic resonance and diffusion tensor imaging decreases in the early developing gray matter before it plateaus (brown solid line); in white matter, it
increases during childhood, plateaus around the age of 10, and then decreases during aging (orange solid curve) [41,16,56]. The decrease in FA during
aging is accelerated in patients with Alzheimer’s disease (orange dashed curve) [17]. The whole-brain elasticity measured using magnetic resonance
elastography decreases during aging (dark green solid curve) [55]. The brain shear modulus measured using macroscopic mechanical testing remains
almost constant [12] (light reen solid curve). Round inlays: 3D printed models from magnetic resonance images of the human brain at gestational week
22, left, at term, middle, and at the age of 30, right.
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immunohistochemistry, or immunolabeling. By their
very nature, these techniques fail to provide longitudi-

nal information, and the link between in vivo and in vitro
measurements remains insufficiently understood. The
picture is similar with regard to the mechanical prop-
erties of the brain. To date, the only existing in vivo
technique, magnetic resonance elastography, is limited
to small strains and fairly high loading frequencies, while
ex vivo techniques may be affected by post mortem
changes in structural integrity and tissue composition
[55,67]. In view of these difficulties, cleverly selecting
microstructural features that control constitutive
models of brain tissue remains a major challenge. Ideally,

we can assess these features in vivo to allow for longi-
tudinal personalized simulations.

An additional challenge arises from the fact that cells
sense and respond to their mechanical environment
[61,9,48]. From a modeling point of view, this leads to
www.sciencedirect.com
coupled multifield problems. Cells apply forces and
contractile tension to probe the stiffness of the sur-

rounding tissue and respond appropriately or inappro-
priately in pathogenesis [33]. This implies that
mechanical cues not only affect cell migration [6],
growth, differentiation [62], or even cell survival [9],
but, in turn, also induce cells to change their mechanical
environment e for example by modulating their sur-
rounding extracellular matrix [31].

Here, we summarize cellular mechanisms that underlie
physiological and pathological structural changes in our
brain during development and aging and point out

adequate continuum modeling approaches to capture
and predict these dynamic processes. While a lot of
research on computational modeling of the brain has
focused on traumatic brain injury, in this review, we aim
to emphasize the great potential of using computational
Current Opinion in Biomedical Engineering 2020, 15:16–25
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mechanics to predict healthy and pathological changes
throughout our brain’s life cycle.

Modeling brain development
During brain development, both the microscopic
structure and the macroscopic shape of our brain change
dramatically in close relation with the evolving brain
function. The development of the complex cellular
structure is associated with growth but also changes in
tissue stiffness.

On the microscale, the loose accumulation of individual
cells evolves into a highly connected network of cells,
extracellular matrix, and capillaries. Cellular brain devel-
opment occurs in three distinct phases: neuronal division
and migration, neuronal connectivity, synaptogenesis, and
synaptic pruning [53,14]. The first phase, which spans
throughout the first half of gestation, is characterized
by the creation of new neurons and their migration
toward the outer brain surface [8,14]. At the end of this
stage, around gestational week 22, the brain surface is still

smooth, as shown in Figure 1, inlay on the left. The
second phase spans from mid-gestation throughout two
years postnatally and is dominated by the formation of
neuronal connectivity. Not only neurons, but also other
cellular components, such as astrocytes, oligodendrocytes,
microglial cells, and capillaries play a crucial role in this
process [5]. One measure to quantify the inter-
connectivity of cells in vivo is the fractional anisotropy
(FA) from magnetic resonance and diffusion tensor im-
aging: the higher neuropil complexity, the lower the FA
value [63]. Not surprisingly, the FA value in the devel-

oping cortex decreases notably during the connectivity
process, as shown in Figure 1, brown curve [3]. At about
38 gestational weeks, however, the FA plateaus, while the
total brain volume keeps increasing until early adulthood.
A process closely related to the interconnectivity within
white matter regions is myelination [64]. The first myelin
sheaths form around week 14 of gestation; however, the
most progressive phase of myelination occurs during the
first year of life and therefore slightly later than in the
cortex. It spans well into the third phase of brain devel-
opment, which occurs after all the major gyri and sulci,
characterizing the macroscopic structure of the brain,

have formed. The third phase extends throughout the
entire lifetime and is associated withmild synaptogenesis,
the formation of new connections, and synaptic pruning,
the removal of unnecessary neuronal structures [20]. The
human brain remains plastic and locally adapts its struc-
ture. In white matter, the fractional anisotropy increases
negative exponentially until the age of approximately 25
[41,16], and then decreases linearly until death [56], as
depicted in Figure 1, orange curve.

On the continuum scale, the evolving neuronal con-

nectivity is associated with volume growth and cortical
folding [14]. Brain volume increases drastically in the
Current Opinion in Biomedical Engineering 2020, 15:16–25
first years of life, as indicated in Figure 1 by light and
dark blue curves. This trend is similar for women and
men, whereby the male brain, on average, is 15% larger
than the female brain. This maydat least in partdbe
attributed to the height differences between women
and men [19]. Importantly, the volume expansion in the
early stages of development is not uniform throughout
the brain. The new connections induce an excessive

tangential expansion of the outer cortex [32], whereas
the loosely interconnected inner layers grow much
slower. During this period, cortical folds emerge, which
are the classical hallmark of most mammalian brains and
closely correlate with brain function and dysfunction. A
common clinical metric to quantify the degree of
cortical folding is the gyrification index (GI), the ratio
between the complete cortical contour length and the
outer cortical contour length [68]. In humans, the
gyrification index increases during gestation from the
smooth initial brain surface with values close to 1.0

toward the heavily convoluted adult brain surface with
values between 2.5 and 3.0 [18,42]. Interestingly, the GI
reaches its maximum value around the age of 5, while
the total brain volume keeps increasing until the early
twenties, as shown in Figure 1, black curve. From a
biomechanics point of view, cortical folding may be
regarded as a mechanical instability problem [7,13]:
constraint growth of the cortex leads to compressive
stresses high enough to induce surface bucklingdthe
initially smooth surface evolves into an elaborately
convoluted pattern.

If either cell migration or cellular connectivity is
disrupted, it will lead to cortical malformations on the
continuum scale, which are associated with mental dis-
orders, including developmental delay, epilepsy, or
schizophrenia [4]. Two extreme cases of cortical mal-
formation are lissencephaly, which literally means
smooth brain, and polymicrogyria, characterized by
abnormally small convolutions. The former results in a
significantly reduced gyrification index, while the latter
is associated with increased gyrification, as indicated in
Figure 1 by dashed black curves. Interestingly, infants

with congenital heart disease (CHD) also show
impaired cortical development with lower gyrification
indices [38].

We can model the (physiological and pathological)
cortical folding process mechanically using the theory of
finite growth [7,13]. This common approach multipli-
catively decomposes the deformation gradient F into an
elastic part Fe and a growth part Fg [54],

F ¼ VXf ¼ Fe,Fg with Fg ¼ w I (1)

The key is to prescribe the growth tensor Fg and its
evolution in time to realistically mimic the phenomena
www.sciencedirect.com
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underlying growth in the developing brain. Under the
assumption of isotropy, it can be expressed in terms of a
scalar-valued growth multiplier w. In the simplest case,
the growth multiplier evolves in time irrespective of the
mechanical environment

w ¼ wðtÞ with _wc ¼ G; (2)

where G denotes the cortical growth rate [13,59]. The

latter represents the growth of individual neuronal cell

bodies, the formations of new connections and synapses,

the establishment of the vasculature, and the accumulation

of additional glial cells. Interestingly, even this fairly simple

model can explain several main characteristics of cortical

folding [13,59]. It shows that cortical thickness, brain ge-

ometry, stiffness, and growth rates control the evolving

pattern. The model explains why larger mammalian brains

tend to be more convoluted than smaller brains [13,59],

and how disrupted cell migration in lissencephaly and

disruptions during neuronal connectivity in polymicrogyria

[2] result in the corresponding malformations on the

macroscopic scale [11].

While this simple model provides first insights into the
role of mechanical forces during cortical folding, it is not
capable of explicitly linking cellular processes, such as
cell division in the ventricular and subventricular zones,
cell migration along radial glial cells, and tangential
migration of interneurons, with macroscopic growth and
folding. A recent study has therefore proposed to intro-
duce the cell density as an additional spatial scalar field,
which is kept in balance through the cell density source
Rc representing cell division, and the cell density flux Qc
representing cell migration [21]. The cell density prob-
lem is then coupled with volume growth through a cell
density-dependent growth multiplier [21].

w ¼ wðcÞ ¼ ½1þG c�; with _c ¼ div Qc þ Rc; (3)

where c is the material cell density. This model has been

shown to well capture volume growth in the developing

brain between weeks 10 and 29 of gestation. It represents

an important first step toward more refined models, which

are capable of explicitly predicting how disruptions on the

cellular level will affect growth, folding, and structural ab-

normalities on the continuum scale. While it will be chal-

lenging to accurately calibrate and validate such models,

they may eventually help to find alternative identification

criteria and treatment strategies for neurological disorders

that are directly linked to malformations of cortical devel-

opment, such as epilepsy, schizophrenia, or autism [2,4].

Certainly, cellular rearrangement during brain develop-
ment not only results in tissue growth but also in changes
in tissue stiffness [65,64]. This important aspect has not
yet been considered in mechanical models for brain
growth. It is especially important in the context of
cortical folding as the evolving surface pattern is highly
www.sciencedirect.com
sensitive to the stiffness contrast between different
layers in the developing brain. Considering the evolution
of the fractional anisotropy (FA) in the developing
cortical layer, depicted by the brown curve in Figure 1,
and the negative correlation between the FA value and
the shear modulus of brain tissue measured through
tissue-scale testing [12], we expect that cortical stiffness
increases significantly between 24 and 38 weeks of

gestation. One possibility to incorporate such stiffness
changes over time into constitutive models for brain
tissue is to introduce the strain energy function as a
function of the FA value. Importantly, we do not expect
changes in the qualitative response of brain tissue char-
acterized by nonlinearity and compression-tension
asymmetry [10]. Therefore, alterations will only affect
the absolute value of the material parameters. We pro-
pose to use a modified one-term Ogden strain energy
function [12], where the shear modulus is a function of
the fractional anisotropy (FA),

j ¼ jðFAÞ ¼ 2mðFAÞ
a2

�
la1 þ la2 þ la3 � 3

�
(4)

with

mðFAÞ ¼ 1:57 kPa� 1:96 kPa,FA: (5)

The latter relation requires that FA < 0:8 to assure a

positive shear modulus m. This is usually satisfied
considering the range of FA values, which have previously
been measured [41,16,56,12]. While the proposed strain
energy function may well capture the increase in tissue
stiffness in the developing gray matter, and also regional
heterogeneities within the fully developed, healthy
human brain [12], it is inconsistent with the decrease in
both the fractional anisotropy [56] and whole-brain
elasticity from magnetic resonance elastography (MRE)
[55] during aging. The latter will be discussed in more
detail in the next section.

Similar to the connectivity of cell nuclei in gray matter,
myelination in white matter has been shown to result in
an increase in tissue stiffness [65,64]. Unfortunately, we
could not find data on FA values in white matter during
the early stages of development. In the later stages,
however, starting at age 5, the value increases until it
starts to plateau around the age of 10e15 [41,16,56].

An in vitro microstructural parameter that has shown a
certain correlation with brain tissue stiffness is the

density of cell nuclei or the relative tissue area covered
by cell nuclei [39,1,10]. While the density of cell nuclei
shows a positive correlation with tissue stiffness in the
very early stages of development [60] or in spinal cord
tissue [39], this trend is reversed in the fully developed
human [10] or mouse brain [1]. This observation may be
attributed to the fact that the cells themselves control
tissue stiffness in the early stages of brain development,
Current Opinion in Biomedical Engineering 2020, 15:16–25
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while the dense network of dendrites, synapses, and
extracellular matrix components control the stiffness in
the fully developed brain. Due to this transition during
brain development, the density of cell nuclei is not a
suitable microstructural parameter to predict changes in
tissue stiffness over the life cycle of the human brain.

As brain tissue consists of living cells that are mecha-

nosensitive [61,28,9], additional coupling effects arise.
A first attempt to include the response of brain cells to
mechanical stimuli into mechanical models for brain
growth was made by incorporating towed growth of
axons [7,13]. Chronic overstretch of axons in white
matterdfor instance, due to the folding of the
cortexdactivates mechanotransduction pathways and
induces gradual axonal elongation to maintain the
desired level of axonal tension [23]. To translate towed
growth of axons to the continuum scale, we can intro-
duce the evolution of the growth multiplier as a function

of the (elastic) stretch state in the tissue [13].

w ¼ wðFeÞ with _ws ¼ Gs

�
Je � J0

�
; (6)

where Gs denotes the growth rate in the developing white

matter (subcortex) and Je the elastic volume stretch as the

Jacobian of the elastic part of the deformation gradient Je ¼
detFe. According to this evolution law, the term in the

Macaulay brackets hJe �J0i activates growth only if the elastic
volume stretch Je exceeds the threshold value J0, i.e., when
axons are stretched beyond their physiological limit [11,13].

Interestingly, the growth of axons is not only controlled by
mechanical strain but also by stiffness gradients in the
surrounding tissue [40,60]. This phenomenon has not yet

been considered in mechanical models for brain growth
but could be modeled by replacing isotropic volume
growth by anisotropic growth, directed by the stiffness of
the environment. Other processes that have been
observed on the cellular scale but have not yet been
transferred to continuum-scale models are the strain-
controlled proliferation and differentiation of oligoden-
drocytes [35,6], the stiffness-controlled morphological
development of astrocytes [47], and the growth and
migration of brain cells along stiffness gradients [40,6]. To
incorporate the dependence of cell proliferation and dif-

ferentiation on themechanical stiffness of the surrounding
tissue, we may introduce the growth rate as a function of
tissue stiffness m,

w ¼ wðmÞ with _wðmÞ ¼ GðmÞ: (7)

Interestingly, the influence of matrix stiffness has been
shown to depend on the cell type [29]. This emphasizes
that it might be necessary to treat the contributions of
individual cell types in brain tissue, neurons [29,52],
oligodendrocytes [62], astrocytes [47,9], or microglial
Current Opinion in Biomedical Engineering 2020, 15:16–25
cells, individually. To develop realistic microstructurally
motivated constitutive models and evolution laws for
brain tissue in the future and to understand this com-
plex link between cell biology and mechanics, well-
designed experiments will be necessary.
Modeling brain aging
After our brain has passed its zenith around the age of 22,
most of the trends during development reverse. Those
changes due to aging may affect cognition and behavior
and occur on different length scales, including the mo-
lecular level, intercellular and intracellular processes,
tissue properties, and organ shape. The considerable

inter-individual variability makes it difficult to distinguish
between normal brain aging and pathological conditions
associated with cognitive impairment and dementia [24].

On the microscopic scale, the classical hallmarks of aging
include mitochondrial dysfunction, intracellular accumu-
lation of oxidatively damaged proteins, nucleic acids, and
lipids, impaired cellular waste disposal, repair mecha-
nisms, neurogenesis, neuronal network activity, and
inflammation [45]. All of those processes occur during
“healthy” aging and are not necessarily associated with

significant neuronal loss [27,44]. In neurodegenerative
diseases, such as Alzheimer’s disease, however, similar
mechanisms lead to synaptic dysfunction, neuronal death,
and loss of brain function [45]. A useful imaging tool to
assess the structural integrity of the tissue and to distin-
guish between normal aging and early Alzheimer’s disease
is diffusion tensor imaging [17]. Normal aging in both
women andmen is characterized by a linear decline in the
fractional anisotropy (FA) [41,58], as indicated by the
solid orange line in Figure 1. In patients with Alzheimer’s
disease, this decline is accelerated, as indicated by the
dashed orange line. Such changes are region-dependent

and follow an anterior to posterior gradient [17].

On the continuum scale, the described microstructural
changes result in a reduction of overall brain volume and
the enlargement of ventricles [22]. This trend is similar
for women and men, as indicated by the light and dark
blue curves in Figure 1, respectively. While the total
brain volume does not start to decrease until the early
twenties, the gyrification index reaches its peak much
earlier and starts to decrease logarithmically around the
age of five, as illustrated in Figure 1, black curve [15].

Mechanically, we can model brain volume lossdbrain
atrophydsimilarly to brain growth by using the multi-
plicative decomposition of the deformation gradient F
into an elastic part Fe and an atrophy part Fa [54],

F ¼ VXf ¼ Fe,F a with F a ¼ w1 (8)

under the assumption of isotropic brain shrinkage.

Considering the linear decrease in brain volume depicted
www.sciencedirect.com
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in Figure 1, we can describe the evolution of the multiplier

as a function of time

w ¼ wðtÞ with _w ¼ Ga; (9)

where the rate Ga is negative and defines the rate of volume

loss. According to the data presented in Ref. [22] and

illustrated in Figure 1 by light and dark blue lines,

respectively, we expect a rate of Ga; f ¼ �3:2cm3=y in the

female brain and a rate of Ga;m ¼ �3:7cm3=y in the male

brain. While [22] focused on the age-dependent effects on

total brain volume, more recent studies have shown that

the pattern of volume shrinkage is highly heterogeneous

and varies throughout the brain. Greater volume loss was

found in gray matter than in white matter [27], and within

gray matter, greater cortical thinning in the frontal than in

the occipital cortex. To additionally capture these regional

trends, we can locally vary the rate of atrophy via a spatial

dependency with GaðxÞ. From a mechanics point of view, it

is clear that brain shrinkage will lead to a separation of

neighboring gyri, and thus, to a reduction in the gyrification

index, as shown in Figure 1.

As the rate of brain atrophy during aging can predict
whether or not someone develops cognitive impair-
ment and dementia, it is a valuable measure to eval-
uate neurodegenerative disease progression [45]. The

accelerated atrophy associated with disorders, such as
Alzheimer’s disease, extends inhomogeneously
throughout the brain. It is first observed in the hip-
pocampal regions of the temporal lobes, subsequently
affects the frontal lobe and the occipital lobe, and
only in late stages reaches the motor and sensory
cortex [37]. Interestingly, different neurodegenera-
tive disorders share the same characteristics of prion-
like diseases with a similar macroscopic spatiotem-
poral evolution and spreading of misfolded proteins
[37]. The latter leads to the accumulation of

plaques that have toxic effects on neurons, astrocytes,
glial cells, and brain endothelium. This systematic
spreading has motivated mechanical engineers to use
a physics-based reaction-diffusion model to predict
the growth and spreading of misfolded proteins in
Alzheimer’s disease, Parkinson’s disease, and amyo-
trophic lateral sclerosis [66]. Regions with high toxic
protein concentration are likely correlated with
neuronal death and tissue atrophy. We may, therefore,
introduce the growth multiplier as a function of the
toxic protein concentration p

w ¼ wðpÞ with _p ¼ div Qp þ Rp; (10)

where Rp is the source term representing the growth of

misfolded proteins, and Qp is the flux term representing

the spreading of misfolded proteins. By defining the flux

term Qp ¼ D,VX p with the diffusion tensor D and the

gradient of the protein concentration VX p, we can further

capture anisotropic diffusion effects, D ¼ DextI þ
www.sciencedirect.com
Daxn n05 n0, with a pronounced diffusion along the axonal

direction n0 from diffusion tensor imaging data [57]. Here,

Dext and Daxn are the diffusion parameters associated with

extracellular diffusion and axonal transport, respectively.

Promisingly, this model correctly predicts amyloid-b de-

posits and tau inclusions in Alzheimer’s disease, a-synu-
clein inclusions in Parkinson’s disease, and TDP-43

inclusions in amyotrophic lateral sclerosis [66]. It displays

good agreement with the histological patterns observed in

diseased human brains [37]. While the computational

modeling of neurodegeneration is still in its infancy, it

could allow us to assist early diagnosis of neurodegenerative

diseases in the future.

While it seems well established that brain tissue stiffens
during development, the question of whether brain

tissue starts to degrade and soften again during aging
remains less well understood. While in vivo magnetic
resonance elastography (MRE) has indeed shown a
constant decay in whole-brain elasticity within an age
range from 18 to 72 years [55,30], as shown in Figure 1,
dark green curve, neither oscillatory shear tests [26] nor
macroscale unconfined experiments [36,12] showed
strong age-dependent trends of brain tissue stiffness,
light green curve. The latter, ex vivo measurements,
indicate that regional trends are markedly stronger than
age- or inter-subject-dependent effects [10]. This may

be attributed to the fact that in vivoMREmeasurements
are affected by the changes in total brain volume and the
fluid balance in our brain, while ex vivomeasurements on
small tissue samples are not. They mostly test the
elasticity of the solid skeleton rather than the effects of
fluid trapped in the interstitial space. To capture the
constant decrease in whole-brain elasticity from MRE
measurements, we propose to introduce the strain
energy as a function of age A in years,

j ¼ jðAÞ ¼ 2mðAÞ
a2

�
la1 þ la2 þ la3 � 3

�
(11)

with

mðAÞ ¼ 4:38 kPa=y� 0:024 kPa=y,A; (12)

according to the results presented in Ref. [55]. The latter

relation requires that A < 182y to assure a positive shear

modulus m, which is universally satisfied considering

human age ranges.

While it remains unclear to what extent brain tissue
stiffness actually changes during normal aging, there is

no doubt that certain pathological conditions will lead to
changes in the mechanical properties of the tissue. For
instance, recent studies have reported a decrease in
tissue stiffness in patients with Alzheimer’s disease
[49,51]. Another process, which is associated with
several neurodegenerative autoimmune diseases, such
as multiple sclerosis [43], and results in alterations of
Current Opinion in Biomedical Engineering 2020, 15:16–25
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Table 1

Summary of mechanical modeling approaches to capture physiological and pathological brain volume and stiffness changes occurring
during the life cycle of the human brain. To model brain volume changes, we use the theory of finite growth with the multiplicative split
of the deformation gradient, F [ F e,Fg, and isotropic growth, Fg [ w1, quantified by the growh multiplier w. To model brain stiffness

changes, we adopt the one-term Ogden strain energy function j[
2m
a2

½la1 +la2 +la3 �3� with a variable shear modulus m.

brain growth/shrinkage with F ¼ F e,F g and F g ¼ w1

growth multiplier evolution law/balance equation application

w ¼ wðtÞ _w ¼ const : brain development, normal brain aging
w ¼ wðcÞ _c ¼ div Qc + Rc neurodevelopment
w ¼ wðF eÞ _ws ¼ GshJe � J0i towed growth of axons
w ¼ wðmÞ _wðmÞ ¼ GðmÞ remodeling due to “‘mechanosensing” of cells
w ¼ wðpÞ _p ¼ div Qp + Rp neurodegeneration

changes in brain stiffness with j ¼ 2m
a2

½la1 + la2 + la3 � 3�

stiffness distribution application

m ¼ mðFAÞ mðFAÞ ¼ 1:57 kPa� 1:96 kPa,FA stiffness changes due to the inter-connectivity of cells
m ¼ mðAÞ mðAÞ ¼ 4:38 kPa=y� 0:024 kPa=y,A stiffness changes due to normal aging
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tissue stiffness, is demyelinationdthe progressive loss

of myelin sheaths. Considering the finding that brain
tissue stiffens due to myelination during brain devel-
opment [65,64], we would expect that brain tissue
softens during demyelination. Indeed, a recent study
has shown decreases in tissue stiffness in acute
demyelinated lesions [62]. In chronic demyelinated le-
sions, in contrast, the same study reported a significant
increase in stiffness. The latter finding could be
attributed to long-term extracellular matrix remodeling
in the affected areas but emphasizes the importance of
taking the continuous adaption of brain tissue properties

into account. Interestingly, glial scar after stab wound in
the rat neocortex and spinal cord was found to be much
softer rather than stiffer than the area around it [46].
This is especially surprising as the tissue exhibited
increased concentrations of fibrillar collagendan extra-
cellular matrix component usually not found in healthy
brain tissue and generally known to be a “stiffening”
component of other tissues in the human body. In
summary, brain tissue stiffness could serve as a valuable
biomarker for neuronal degeneration and death [50].
However, the situation is complex and carefully

designed future studies are necessary to clear the
picture.

Interestingly, certain remodeling processes in the aging
brain seem to be stimulated by mechanical cues. For
instance, mechanical strain and stiffness affect oligo-
dendrocyte differentiation and their remyelinating
ability [34]. This again leads to coupling effects, where
mechanical factors affect remyelination and vice versa.
To accurately capture such interdependencies in the
future, and to potentially even stimulate remyelination
mechanically [34], additional experiments will be

requireddideally supported by complementary me-
chanical in silico models.
Current Opinion in Biomedical Engineering 2020, 15:16–25
Conclusion
Throughout its lifetime, the microscopic structure and
macroscopic shape of our brain undergo continuous
changes. Some of these changes are associated with
healthy development and aging; others are associated
with injury and disease and may lead to cognitive

impairment. In all cases, such changes will undoubtedly
affect the mechanical behavior of the brain as a whole.
Therefore, it is impossible to provide one constitutive
model, with a single set of parameters, which represents
the behavior of our brain throughout its entire life cycle.

A promising approach to capture age-dependent
changes in brain tissue properties is to introduce a
strain energy function that depends on microstructural
parameters. Fortunately, the qualitative behavior char-
acterized by nonlinearity and compression-tension

asymmetry seems unaffected by age-effects. There-
fore, we propose to introduce material parameters that
depend on appropriate microstructural data varying in
space and time. For example, we can introduce the shear
modulus as a function of the concentration of certain
microstructural components, mðcmicroÞ. An important
challenge is that we can only assess limited information
about the microstructural composition of our brain
in vivo. The final diagnosis of neurodegenerative dis-
eases, such as Alzheimer’s disease, for instance, can
typically only be reliably established upon histological

examination of the brain during an autopsy. Therefore, it
is not sufficient to identify the microstructural compo-
nents that control the macroscopic mechanics of the
brain, but it is equally relevant to know which type of
data is accessible non-invasively.

Three microstructural parameters that have shown a
notable correlation with brain stiffness are the density of
cell nuclei, the myelin content, and the fractional
www.sciencedirect.com
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anisotropy. However, none of the observed trends are
valid for the entire life cycle of the human brain;
moreover, they do not represent healthy and patholog-
ical conditions equally well. We have proposed to model
temporal variations in brain stiffness in the early
developing gray matter and spatial variations in the fully
developed brain by introducing the shear modulus as a
function of the fractional anisotropy in equation (5).

Furthermore, we have proposed to capture the constant
decline in whole-brain elasticity during aging through an
age-dependent shear modulus in equation (12). Still,
those approaches only represent first attempts
toward more versatile microstructure-based constitutive
models that capture the brain’s behavior over a wider
range in space and time.

We have shown that continuum-mechanics-based
models allow us to couple cell division and migration
during brain development or diffusion processes during

the progression of neurodegenerative diseases e both
occurring on the microscopic scale e with growth and
changes in brain shape on the macroscopic scale.
Interestingly, also mechanical stimuli seem to affect
certain remodeling processes during the life cycle of the
human brain, leading to a coupled multifield problem.
This emphasizes that using computational mechanics
may help to better understand the complex interrela-
tionship between brain microstructure, mechanics, and
function in the future. In this review, we have presented
initial approaches to incorporate the dynamic changes

during the life cycle of the human brain into continuum
mechanical models, as summarized in Table 1. Still, we
will require further thoughtfully designed experiments
to bring computational modeling of the brain closer to
clinical practice. Ultimately, in silico modeling of the
human brain could allow us to improve the design pro-
tective devices, to enhance the diagnosis of neurological
conditions, and to test and advance novel treatment
strategies.
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