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A B S T R A C T

The human brain remains an endless source of wonder and represents an intruiging scientific frontier.
Multiphysics approaches naturally lend themselves to combine our extensive knowledge about the neurobiology
of aging and diseases with mechanics to better capture the multiscale behavior of the brain. Our group uses
experimental methods, medical image analysis, and constitutive modeling to develop better disease models
with the long-term goal to improve diagnosis, treatment, and ultimately enable prevention of many prevalent
age- and disease-related brain changes. In the present perspective, we outline on-going work related to
neurodevelopment, aging, and neurodegenerative disease.
1. Introduction

The human brain undergoes a myriad of changes during its lifetime.
From a mechanics perspective alone, it is mesmerizing how the brain
develops during early life, transforms into this highly functional, albeit
still very enigmatic, organ that makes us unique, and is subjected to
injury, disease, and ultimately age-related degeneration like every other
part of the body. Despite extensive efforts to mechanically characterize
brain tissue for more than two decades, literature continues to provide
a wide range of experimental results [1,2]. Additionally, the relation-
ship between microstructure, state of health, and mechanical behavior
remains elusive. On the modeling side, the computational biomechanics
community has had extensive interest in modeling traumatic brain
injury and developed theories and simulation approaches to investigate
brain impact and blast injury [3,4]. Only in the past decade, have
other applications emerged that range from brain tumor growth, to
neurodegeneration, stroke, surgical guidance, and, the most intensely
studied, brain folding during early development [5–12].

Our group’s motivation to pursue multiphysics modeling of the
brain is simple: while the biology of brain aging and many neurological
diseases is very well established, its coupling to the brain’s mechan-
ical response in the form of cerebral atrophy and tissue degenera-
tion/damage remains understudied. We are focusing on (i) multiphysics
methods to integrate either neurobiology or medical image-derived
data into our computational modeling approaches, (ii) developing new
models that capture morphological changes during aging, (iii) exploring
the role of mechanics as a major contributor to age-related neurodegen-
eration, and (iv) further investigating the mechanical behavior of brain
tissue to resolve existing contradictions reported in literature. In the
following, we briefly outline our recent work.

E-mail address: johannes.weickenmeier@stevens.edu.

2. Computational brainmechanics

2.1. Inferring brain growth fields during brain development from longitudi-
nal image data

Early human brain development is characterized by neuronal cell
proliferation, migration, and aggregation in the periphery of the outer
cortical layers. The gradual densification of arriving neuronal cells
and the subsequent formation of a hyperdense inter-neuronal dendritic
network causes mechanical folding. The repeatability of the resulting
folding patterns across every brain is attributed to migration pathways
that are genetically encoded in the emerging brain. Current modeling
approaches use multifield finite element formulations to integrate this
knowledge into their constitutive models of brain growth. The com-
putational mechanics community uses the multiplicative split of the
deformation gradient to prescribe volume change, i.e., dilatation, and
obtain the compatible purely elastic deformation that is associated with
stress [8].

A limitation of existing work is the lack of validation of simulation
results against experimental or clinical data. We recently sought to
address this issue by using a fetal brain atlas to determine brain
deformations between two consecutive weeks on the one hand, and an
inverse finite element modeling approach to infer the volumetric brain
growth field on the other [13]. Instead of prescribing the volumetric
growth field in the entire brain, our approach delivers the data-derived
growth field that satisfies the theory of morphoelasticity, see Fig. 1. For
the first four weeks of the atlas, our study showed that brain growth is
highly heterogeneous with respect to both space and time. During early
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Fig. 1. We infer the whole brain growth field based on registration results from
longitudinal image data and visualize the results on the ventricular and cortical
surfaces [13].

brain growth, we notice consistent volumetric growth across the whole
brain. During later weeks, brain growth transitions to mostly tangential
expansion of the cortical layer [13]. These findings are important
confirmation of the existing theory of brain growth and provide new
insight into the temporal growth patterns of the developing brain. More
specifically, the proposed framework can be applied to other examples
for which longitudinal image data exists.

2.2. Predicting age-related brain shape changes and corresponding neu-
ropathology

Like all organs, the brain is affected by age and functional de-
cline [14,15]. The underlying brain changes are mostly associated with
the gradual degeneration of cellular microstructure due to the loss
of dendritic connections in gray matter [16] and neuroinflammation-
driven demyelination, axon death, astrogliosis and microgliosis in
white matter [17]. From our modeling work on Alzheimer’s disease,
see Section 2.3, we have come to realize that cerebral atrophy causes
extensive mechanical loading in many brain regions known to suffer
from age-related damage [18]. More specifically, some of the promi-
nent features of aging [19], such as cortical thinning, ventricular
enlargement, and sulcal widening, create significant levels of strain
across the aging brain. Accompanying deterioration of tissue integrity
leads to significant functional decline [20]. For example, we have
observed that ventricular enlargement creates particular strains on
periventricular white matter tissues which spatially correlate with
lesions known as periventricular white matter hyperintensities [21,22],
see Fig. 2. These lesions appear as bright spots on fluid attenuated
inversion recovery (FLAIR) imaging in subjects of advanced age [23].
Interestingly, they consistently form in the horns and along the edges
of the lateral ventricle’s main body. More importantly, the ventricular
wall is made up of cuboidal ciliated ependymal cells that form a
very tight functional barrier between brain tissue and cerebrospinal
fluid that is produced in the choroid plexus of the ventricles and
drains into the subarachnoid space through the 3rd and 4th ventri-
cles due to cardiac- and respiratory-driven forces [24]. The cuboidal
cells are connected via tight cadherin and other gap junctions that
actively regulate the fluid and nutrient transport across this crucial
barrier [25]. We demonstrated that cerebral atrophy causes these cells
to be stretched thin [21,22] and, therefore, hypothesize that age-
related ventricular enlargement eventually causes fluid to leak into
the periventricular space and trigger white matter lesion formation.
We are currently coupling our atrophy model to a periventricular
2

Fig. 2. Age-related ventricular expansion causes ependymal cells in the ventricle’s
horns to experience loads which lead to their functional decline and CSF-leakage into
nearby white matter [21,22].

white matter hyperintensity damage field to predict the progressive
growth of periventricular white matter hyperintensity volumes. This
work challenges existing notions that age-related white matter lesions
are purely driven by neurobiology when, in fact, mechanics represents
another important source for neurodegeneration [19].

2.3. Assessing the impact of Alzheimer’s disease on brain shape

Alzheimer’s disease and related dementias represent a major health
threat and significant societal burden due to a progressively aging
population. The disease’s extensive pre-symptomatic progression pe-
riod is a major obstacle to early intervention when treatments are
most effective in delaying the onset of symptoms. There is a dire
need for diagnostic and health monitoring tools that allow to detect
abnormal brain changes as early as possible in order to affect disease
outcome. We have been developing anatomically accurate finite ele-
ment brain models to predict brain changes in healthy and accelerated
aging to detect characteristic morphological features associated with
early disease phases [18,26]. More importantly, we are developing
multiphysics aging models that differentiate between healthy aging
and disease-related acceleration of neurodegeneration. More specifi-
cally, we use a two field finite element formulation to capture brain
deformations, driven by cerebral atrophy-based tissue shrinking, and
toxic protein progression associated with the progression of neurofib-
rillary tangles from misfolded tau [18,26]. The two fields are coupled
in that the presence of tangles increases the atrophy rate and lo-
cally accelerates tissue shrinking. Atrophy is governed by the theory
of morphoelasticity and tangle progression is governed by the well-
known Fisher–Kolmogorov equation, i.e., a reaction–diffusion problem
developed to simulate population growth [18,26].
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Fig. 3. We simulate biomarker progression and cerebral atrophy during aging. Our model reproduces hallmark features such as sulcal widening, ventricular enlargement, and
cortical thinning [18].
Fig. 4. Tissue stiffness in mouse brain corpus callosum and cortex from
microindentation measurements.

Using our whole-brain modeling approach, we have been able to
reproduce a number of characteristic morphological and protein-related
features linked to Alzheimer’s disease and related dementias, see Fig. 3.
On the one hand, our models capture the clinically-observe toxic pro-
tein spatiotemporal progression patterns of 𝛽-amyloid hyperphospho-
rylated tau in Alzheimer’s disease, 𝛼-synuclein in Parkinson’s disease,
and TDP43 in amyotrophic lateral sclerosis [27,28]. On the other hand,
the atrophy-related part of our model induces cortical thinning, sulcal
widening, gray and white matter volume loss, and ventricular enlarge-
ment to an extent commonly observed in population-based imaging
studies [18]. Interestingly, our model allows to identify the inflection
point when Alzheimer’s disease-related brain changes deviate from
healthy aging patterns.

3. Experimental characterization of the brain

We are predominantly interested in brain stiffness changes asso-
ciated with brain aging and disease. Previous work has illustrated
substantial brain stiffening during early development and that the
brain softens during aging and with the progression with neurode-
generative disease [29–31]. It has also been shown that metabolic
brain activity, i.e., noticeable changes in brain homeostasis, influences
brain stiffness [32,33]. In general, it is known that gray matter in
3

rodents is significantly stiffer than white matter [34], whereas in
larger mammals and humans white matter is roughly two times stiffer
than gray matter [35]. Extensive work has gone into micromechanical
characterization of distinct brain regions such as the hippocampus [36],
corpus callosum [34], spinal cord [37,38], meninges [39].

Our work has shown that myelin density is a sensitive marker for
brain tissue stiffness [40,41]. Although it does not predict absolute
tissue stiffness, myelin content is highly proportional to local tissue
stiffness. Myelin mostly appears in white matter where it wraps around
axons to increase signaling speed and provides mechanical integrity to
the axon. Axonal extensions in the cortex have considerably less myelin
which, therefore, plays a significantly lower role in comparison to
neuron cell density and number of dendritic connections [42]. Besides
extensive stiffness variations across the corpus callosum in mice brains,
see Fig. 4, we observed significant transient tissue stiffness changes
in response to fluctuations in myelin density (work currently under
review). This is particularly relevant to demyelinating diseases which
are often associated with recurring flares of neuroinflammation that
result in temporary demyelination such as in multiple sclerosis. Devel-
oping interventions that facilitate neuronal and myelin repair depend
on a reliable assessment of the mechanical microenvironment con-
ducive to cell proliferation and differentiation into myelin-depositing
oligodendrocytes in lesion sites.

4. Current challenges and opportunities in brain multiphysics

Multiphysics modeling offers an intriguing approach to studying the
complex nature of the brain. Current opportunities are understanding
the relationship between mechanical properties and microanatomy,
verification and validation of novel computational models, and devel-
oping accurate neurological disease models.

4.1. Resolving the relationship between tissue composition, microanatomy,
and mechanical behavior

Resolving the structure–function relationship of neuronal tissues is
an important step towards a better understanding of brain health. Age-
and disease-related neurodegeneration and brain injury have various
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effects on brain microanatomy and inherently decrease functional per-
formance. In order to develop more effective treatment methods for
neuronal repair following damage or disease, we need to fully establish
the mechanobiological properties of brain tissues using experimental
and computational methods. Combined analysis of biological and me-
chanical properties is paramount to also capture the properties as they
evolve with maturation, aging, and disease.

4.2. Validating computational models against experimental and clinical
data

Computational models play a critical role in predicting brain be-
havior under various states of health. Their rigorous validation against
clinical or patient data, however, continues to be mostly absent from
literature. Medical imaging is one of the most frequently used clinical
tools to monitor brain health. For one, its integration into future simu-
lation frameworks will enable validation of models and simulations. For
the other, integration of imaging data will allow to calibrate or infer the
constitutive models of the neuropathological mechanisms that manifest
in brain changes.

4.3. Developing multiphyics-based neurological disease models

Multiscale and multiphysics modeling provides an intriguing avenue
to provide new insights into many neurological diseases that present
with complex spatial and temporal pathological progression patterns.
By the time that many diseases develop symptoms that allow for
definitive diagnosis, neuropathology has often already progressed to an
advanced stage. Earlier diagnosis remains nearly impossible, however,
because it would require frequent monitoring of an otherwise healthy
population from early age. Computational disease models can help
identify early brain changes, inform potential intervention strategies,
and become an inexpensive monitoring tool in the future.

5. Summary

Our work focuses on developing novel experimentally-informed and
data-driven computational models to simulate brain aging and age-
related neurological diseases. Our goal is to better understand the
relationship between neuropathology and organ-level brain changes
that are visible in in vivo medical images such as MRI. We use mul-
tiphysics modeling approaches to couple well understood biological
disease mechanisms to mechanical tissue changes ranging from atrophy
to damage.

Funding

Our work is supported by the National Institute on Aging of the
National Institutes of Health, United States of America under award
R21AG067442, the National Science Foundation, United States of
America under award 1953323, and the Frank Semcer Sr. ’65 Fellow-
ship, United States of America.

Declaration of competing interest

The authors declare the following financial interests/personal rela-
tionships which may be considered as potential competing interests:
Johannes Weickenmeier reports financial support was provided by
National Institutes of Health. Johannes Weickenmeier reports financial
support was provided by National Science Foundation.

Data availability
4

All data presented in this perspective are available upon request.
References

[1] C. Hall, E. Moeendarbary, G. Sheridan, Mechanobiology of the brain in ageing
and Alzheimer’s disease, Eur. J. Neurosci. 53 (12) (2021) 3851–3878.

[2] S. Budday, T.C. Ovaert, G.A. Holzapfel, P. Steinmann, E. Kuhl, Fifty shades of
brain: a review on the mechanical testing and modeling of brain tissue, Arch.
Comput. Methods Eng. 27 (2020) 1187–1230.

[3] J. Giudice, W. Zeng, T. Wu, A. Alshareef, D. Shedd, M. Panzer, An analytical
review of the numerical methods used for finite element modeling of traumatic
brain injury, Ann. Biomed. Eng. 47 (2019) 1855–1872.

[4] A. Madhukar, M. Ostoja-Starzewski, Finite element methods in human head
impact simulations: a review, Ann. Biomed. Eng. 47 (2019) 1832–1854.

[5] P. Bayly, R. Okamoto, G. Xu, Y. Shi, L. Taber, A cortical folding model
incorporating stress-dependent growth explains gyral wavelengths and stress
patterns in the developing brain, Phys. Biol. 10 (1) (2013) 016005.

[6] S. Budday, P. Steinmann, E. Kuhl, The role of mechanics during brain
development, J. Mech. Phys. Solids 72 (2014) 75–92.

[7] A. Jérusalem, J. García-Grajales, A. Merchán-Pérez, J. Peña, A computational
model coupling mechanics and electrophysiology in spinal cord injury, Biomech.
Model. Mechanobiol. 13 (2014) 883–896.

[8] S. Verner, K. Garikipati, A computational study of the mechanisms of growth-
driven folding patterns on shells, with application to the developing brain,
Extreme Mech. Lett. 18 (2018) 58–69.

[9] R. de Rooij, E. Kuhl, A physical multifield model predicts the development of
volume and structure in the human brain, J. Mech. Phys. Solids 112 (2018)
563–576.

[10] Y. Bing, D. Garcia-Gonzalez, N. Voets, A. Jérusalem, Medical imaging based
in silico head model for ischaemic stroke simulation, J. Mech. Behav. Biomed.
Mater. 101 (2020) 103442.

[11] S. Wang, N. Demirci, M. Holland, Numerical investigation of biomechanically
coupled growth in cortical folding, Biomech. Model. Mechanobiol. 20 (2021)
555–567.

[12] M. Rhodes, T. Hillen, V. Putkaradze, Comparing the effects of linear and one-term
Ogden elasticity in a model of glioblastoma invasion, Brain Multiph. 3 (2022)
100050.

[13] Z. Wang, B. Martin, J. Weickenmeier, K. Garikipati, An inverse modelling study
on the local volume changes during early morphoelastic growth of the fetal
human brain, Brain Multiph. 2 (2021) 100023.

[14] F.M. Gunning-Dixon, A.M. Brickman, J.C. Cheng, G.S. Alexopoulos, Aging of
cerebral white matter: a review of MRI findings, Int. J. Geriatric Psychiatry A J.
Psychiatry Late Life Allied Sci. 24 (2) (2009) 109–117.

[15] D.H. Salat, R.L. Buckner, A.Z. Snyder, D.N. Greve, R.S. Desikan, E. Busa, J.C.
Morris, A.M. Dale, B. Fischl, Thinning of the cerebral cortex in aging, Cerebral
Cortex 14 (7) (2004) 721–730.

[16] A.M. Fjell, K.B. Walhovd, Structural brain changes in aging: courses, causes and
cognitive consequences, Rev. Neurosci. 21 (3) (2010) 187–222.

[17] D. Raj, Z. Yin, M. Breur, J. Doorduin, I.R. Holtman, M. Olah, I.J. Mantingh-
Otter, D. Van Dam, P.P. De Deyn, W. den Dunnen, et al., Increased white matter
inflammation in aging-and Alzheimer’s disease brain, Front. Mol. Neurosci. 10
(2017) 206.

[18] Y. Blinkouskaya, J. Weickenmeier, Brain shape changes associated with cerebral
atrophy in healthy aging and Alzheimer’s disease, Front. Mech. Eng. (2021) 64.

[19] Y. Blinkouskaya, A. Caçoilo, T. Gollamudi, S. Jalalian, J. Weickenmeier, Brain
aging mechanisms with mechanical manifestations, Mech. Ageing Dev. 200
(2021) 111575.

[20] J.M. Wardlaw, M.C. Valdés Hernández, S. Muñoz-Maniega, What are white
matter hyperintensities made of? Relevance to vascular cognitive impairment,
J. Am. Heart Assoc. 4 (6) (2015) e001140.

[21] V. Visser, H. Rusinek, J. Weickenmeier, Peak ependymal cell stretch overlaps
with the onset locations of periventricular white matter lesions, Sci. Rep. 11 (1)
(2021) 1–12.

[22] A. Caçoilo, H. Rusinek, J. Weickenmeier, 3D finite-element brain modeling
of lateral ventricular wall loading to rationalize periventricular white matter
hyperintensity locations, Eng. Comput. (2022) 1–17.

[23] C. DeCarli, E. Fletcher, V. Ramey, D. Harvey, W.J. Jagust, Anatomical mapping
of white matter hyperintensities (WMH) exploring the relationships between
periventricular WMH, deep WMH, and total WMH burden, Stroke 36 (1) (2005)
50–55.

[24] T. Wichmann, H. Damkier, M. Pedersen, A brief overview of the cerebrospinal
fluid system and its implications for brain and spinal cord diseases, Front. Hum.
Neurosci. 15 (2022) 850.

[25] A. Jiménez, M. Domínguez-Pinos, M. Guerra, P. Fernández-Llebrez, J. Pérez-
Fígares, Structure and function of the ependymal barrier and diseases associated
with ependyma disruption, in: Tissue Barriers, Vol. 2, No. 3, Landes Bioscience,
2014, pp. 1–14.

[26] A. Schäfer, J. Weickenmeier, E. Kuhl, The interplay of biochemical and biome-
chanical degeneration in Alzheimer’s disease, Comput. Methods Appl. Mech.
Engrg. 352 (2019) 369–388.

[27] J. Weickenmeier, E. Kuhl, A. Goriely, Multiphysics of prionlike diseases:
Progression and atrophy, Phys. Rev. Lett. 121 (15) (2018).

http://refhub.elsevier.com/S2666-5220(23)00006-0/sb1
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb1
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb1
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb2
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb2
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb2
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb2
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb2
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb3
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb3
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb3
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb3
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb3
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb4
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb4
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb4
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb5
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb5
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb5
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb5
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb5
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb6
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb6
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb6
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb7
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb7
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb7
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb7
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb7
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb8
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb8
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb8
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb8
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb8
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb9
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb9
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb9
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb9
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb9
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb10
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb10
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb10
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb10
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb10
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb11
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb11
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb11
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb11
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb11
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb12
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb12
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb12
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb12
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb12
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb13
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb13
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb13
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb13
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb13
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb14
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb14
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb14
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb14
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb14
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb15
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb15
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb15
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb15
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb15
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb16
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb16
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb16
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb17
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb17
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb17
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb17
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb17
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb17
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb17
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb18
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb18
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb18
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb19
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb19
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb19
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb19
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb19
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb20
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb20
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb20
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb20
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb20
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb21
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb21
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb21
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb21
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb21
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb22
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb22
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb22
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb22
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb22
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb23
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb23
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb23
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb23
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb23
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb23
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb23
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb24
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb24
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb24
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb24
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb24
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb25
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb25
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb25
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb25
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb25
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb25
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb25
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb26
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb26
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb26
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb26
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb26
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb27
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb27
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb27


Brain Multiphysics 4 (2023) 100068J. Weickenmeier
[28] J. Weickenmeier, M. Jucker, A. Goriely, E. Kuhl, A physics-based model explains
the prion-like features of neurodegeneration in Alzheimer’s disease, Parkinson’s
disease, and amyotrophic lateral sclerosis, J. Mech. Phys. Solids 124 (2019)
264–281.

[29] I. Sack, K.-J. Streitberger, D. Krefting, F. Paul, J. Braun, The influence of
physiological aging and atrophy on brain viscoelastic properties in humans, PLoS
One 6 (9) (2011) e23451.

[30] M. Murphy, J. Huston III, C. Jack Jr., K. Glaser, A. Manduca, J. Felmlee, R.
Ehman, Decreased brain stiffness in Alzheimer’s disease determined by magnetic
resonance elastography, J. Magn. Reson. Imaging 34 (3) (2011) 494–498.

[31] G. McIlvain, J. Schneider, M. Matyi, M. McGarry, Z. Qi, J. Spielberg, C. Johnson,
Mapping brain mechanical property maturation from childhood to adulthood,
NeuroImage 263 (2022) 119590.

[32] K. Holtzmann, H. Gautier, A. Christ, J. Guck, R. Káradóttir, K. Franze, Brain
tissue stiffness is a sensitive marker for acidosis, J. Neurosci. Methods 271 (2016)
50–54.

[33] J. Weickenmeier, M. Kurt, E. Ozkaya, R. de Rooij, T. Ovaert, R. Ehman, K. Pauly,
E. Kuhl, Brain stiffens post mortem, J. Mech. Behav. Biomed. Mater. 84 (2018)
88–98.

[34] M. Urbanski, L. Kingsbury, D. Moussouros, I. Kassim, S. Mehjabeen, N. Pakne-
jad, C. Melendez-Vasquez, Myelinating glia differentiation is regulated by
extracellular matrix elasticity, Sci. Rep. 6 (2016).
5

[35] S. Budday, G. Sommer, C. Birkl, C. Langkammer, J. Haybaeck, J. Kohnert, M.
Bauer, F. Paulsen, P. Steinmann, E. Kuhl, et al., Mechanical characterization of
human brain tissue, Acta Biomater. 48 (2017) 319–340.

[36] N. Antonovaite, L. Hulshof, E. Hol, W. Wadman, D. Iannuzzi, Viscoelastic
mapping of mouse brain tissue: relation to structure and age, J. Mech. Behav.
Biomed. Mater. 113 (2021) 104159.

[37] E. Moeendarbary, I. Weber, G. Sheridan, D. Koser, S. Soleman, B. Haenzi, E.
Bradbury, J. Fawcett, K. Franze, The soft mechanical signature of glial scars in
the central nervous system, Nature Commun. 8 (1) (2017) 14787.

[38] S. Möllmert, M. Kharlamova, T. Hoche, A. Taubenberger, S. Abuhattum, V.
Kuscha, T. Kurth, M. Brand, J. Guck, Zebrafish spinal cord repair is accompanied
by transient tissue stiffening, Biophys. J. 118 (2) (2020) 448–463.

[39] G. Fabris, Z. Suar, M. Kurt, Micromechanical heterogeneity of the rat
pia-arachnoid complex, Acta Biomater. 100 (2019) 29–37.

[40] J. Weickenmeier, R. de Rooij, S. Budday, P. Steinmann, T. Ovaert, E. Kuhl, Brain
stiffness increases with myelin content, Acta Biomater. 42 (2016) 265–272.

[41] J. Weickenmeier, R. de Rooij, S. Budday, T. Ovaert, E. Kuhl, The mechanical
importance of myelination in the central nervous system, J. Mech. Behav.
Biomed. Mater. 76 (2017) 119–124.

[42] S. Budday, M. Sarem, L. Starck, G. Sommer, J. Pfefferle, N. Phunchago, E. Kuhl,
F. Paulsen, P. Steinmann, V. Shastri, Towards microstructure-informed material
models for human brain tissue, Acta Biomater. 104 (2020) 53–65.

http://refhub.elsevier.com/S2666-5220(23)00006-0/sb28
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb28
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb28
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb28
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb28
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb28
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb28
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb29
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb29
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb29
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb29
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb29
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb30
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb30
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb30
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb30
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb30
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb31
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb31
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb31
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb31
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb31
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb32
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb32
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb32
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb32
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb32
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb33
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb33
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb33
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb33
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb33
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb34
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb34
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb34
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb34
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb34
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb35
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb35
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb35
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb35
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb35
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb36
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb36
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb36
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb36
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb36
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb37
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb37
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb37
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb37
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb37
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb38
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb38
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb38
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb38
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb38
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb39
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb39
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb39
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb40
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb40
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb40
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb41
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb41
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb41
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb41
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb41
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb42
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb42
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb42
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb42
http://refhub.elsevier.com/S2666-5220(23)00006-0/sb42

	Exploring the multiphysics of the brain during development, aging, and in neurological diseases
	Introduction
	Computational Brainmechanics
	Inferring Brain Growth Fields during Brain Development from Longitudinal Image Data
	Predicting Age-Related Brain Shape Changes and Corresponding Neuropathology
	Assessing the Impact of Alzheimer's Disease on Brain Shape

	Experimental Characterization of the Brain
	Current Challenges and Opportunities in Brain Multiphysics
	Resolving the Relationship Between Tissue Composition, Microanatomy, and Mechanical Behavior
	Validating Computational Models against Experimental and Clinical Data
	Developing multiphyics-Based Neurological Disease Models

	Summary
	Declaration of Competing Interest
	Data availability
	References


