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Highlights

e A pronounced decrease in brain volume is a classical hallmark of Alzheimer’s disease.

e The patterns of shrinkage are closely related to the distribution of misfolded tau protein.

e We propose a multiphysics model that couples the spreading of misfolded tau to volume loss.
e Our simulations reveal that misfolded protein accelerates natural shrinkage by a factor 3 to 5.
e Volume loss of 3—4%/year accurately predicts atrophy in Alzheimer’s disease.

e Regions near the hippocampus are most affected by biochemically induced brain tissue loss.

Abstract

Alzheimer’s disease is an irreversible neurodegenerative disorder that manifests itself in the progressive aggregation of
misfolded tau protein, neuronal death, and cerebral atrophy. A reliable diagnosis of these changes in the brain is challenging
because they typically precede the clinical symptoms of Alzheimer’s disease by at least one, if not two, decades. Volumetric
magnetic resonance imaging holds promise as a non-invasive biomarker for disease onset and progression by quantifying
cerebral atrophy in time and space. Recent studies suggest that the patterns of brain atrophy are closely correlated with
the regional distribution of misfolded tau protein; yet, to date, there is no compelling computational model to simulate the
interaction of misfolded protein spreading and tissue atrophy. Here we establish a multiphysics model that couples misfolded
protein spreading and tissue atrophy to explore the spatio-temporal interplay of biochemical and biomechanical degeneration
in Alzheimer’s disease. We discretize the coupled bio-chemo-mechanical problem using a nonlinear finite element approach
with the misfolded protein concentration and the tissue deformation as primary unknowns. In a systematic parameter study,
we probe the role of the individual model parameters and compare our results against cerebral atrophy curves of patients with
early onset Alzheimer’s disease. A critical link between biochemical and biomechanical degeneration is the atrophy rate, which
reflects both natural aging-induced atrophy and accelerated misfolding-induced atrophy. Our simulations reveal that misfolding
accelerates natural atrophy by a factor of three to five, and that regions near the hippocampus are most affected by brain
tissue loss. Our quantitative model could help improve diagnostic tools, advance early detection, and, ultimately, enable early
interventions to delay the onset of cognitive decline in familial or sporadic Alzheimer’s disease.
© 2019 Elsevier B.V. Allrights reserved.
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1. Motivation

Alzheimer’s disease is an ultimately fatal, neurodegenerative disease affecting more and more people worldwide.
In the United States, 10 percent of people age 65 or older are living with Alzheimer’s dementia today [1]. The
increasing life expectancy makes Alzheimer’s disease a growing public health problem [2]. As of today, a reliable
diagnosis of Alzheimer’s disease is only possible at a late disease stage when interventions have little effect [3].
To develop new diagnostic tools and treatments, it is crucial to find answers to the many open questions regarding
the pathogenic cascade of Alzheimer’s disease.

Histological evidence suggests that the progression of Alzheimer’s disease is related to the spreading of misfolded
protein aggregates in the brain [4]. Large assemblies of pathological amyloid-8 and tau protein have been found in
the form of senile plaques and neurofibrillary tangles in the brains of Alzheimer’s patients. These postmortem
analyses reveal a stereotypical pattern of protein aggregate propagation [5]. While amyloid-f plaques start to
accumulate in the neocortex before spreading into the allo- and subcortex, tau-inclusions first appear in the entorhinal
cortex and locus coeruleus and then advance to interconnected cortical areas [4,6]. When taking into account the
neuronal connectome of the brain, it becomes clear that axonal transport must play an important role in the spread of
misfolded proteins [7]. To this day, the pathways by which pathological protein conformations of amyloid-$ and tau
develop, grow and spread, are not entirely understood [8]. However, recent findings suggest that the spatio-temporal
spreading of neurodegeneration shares many of its key properties with the biology of prion diseases [7,9]. In these
infectious diseases, corruptive seeds in the form of misfolded proteins initiate a chain reaction, causing healthy
proteins to misfold and grow [10]. While it is difficult to quantify the underlying transport mechanisms in vivo,
we can replicate the key features of protein propagation in various neurodegenerative disorders using a nonlinear
diffusion model based on the Fisher—Kolmogorov equation [11]. This proposal of a simple physics-based model for
neurodegeneration is one of the first attempts to find quantitative explanations for the characteristic observations in
Alzheimer’s disease [12].

Where proteopathic inclusions of amyloid-8 and tau accumulate, they disrupt healthy tissue function and
ultimately lead to cell death manifesting in tissue atrophy [13]. Especially the sequential pattern of tauopathy seems
to align with the topographic progression of brain atrophy observed in longitudinal magnetic resonance imaging
studies [14,15]. Brain volume loss is first observed in the hippocampal regions of the temporal lobes, subsequently
affects the frontal lobe and the occipital lobe, and only in late disease stages occurs in the motor and sensory
cortex [15]. While the presence and propagation of proteopathic lesions can, to this date, only be reliably quantified
postmortem, local changes in brain volume can easily be assessed with conventional imaging methods non-invasively
in vivo [16-18].

Fig. 1 illustrates the progressive cerebral atrophy in twelve patients with early-onset Alzheimer’s disease recorded
during a longitudinal magnetic resonance imaging study [17]. The brain volume is normalized by the intracranial
volume and displayed over a time period of 13 years. Year zero represents the time point of clinically diagnosed
cognitive impairment defined as an MMSE score of 23 [17]. The solid and dashed red curves represent a second
order polynomial fit to the data points and its 95% confidence interval. For comparison, the dashed gray line
shows the baseline atrophy in healthy elderly adults [19]. Quantitatively modeling the accelerated tissue atrophy in
Alzheimer’s disease, induced by misfolded protein, is the objective of this study.

A computational model that relates the spatio-temporal evolution of brain atrophy in Alzheimer’s disease to
the underlying biological mechanisms that precede the clinical symptoms could provide insight into the ways
in which both processes affect each other. A few atrophy models have been proposed in the literature [20-22];
however, these models typically disregard the anisotropy of the tissue, the regional variation of atrophy rates, and
the disease-specific pattern in which volume loss occurs. Here we build on our previous prototype model [11] and
propose a simple approach to study the interplay of misfolded protein propagation and regional tissue atrophy using
a multiphysics finite element analysis. Our model combines a biochemical anisotropic reaction—diffusion model to
predict the time-dependent local concentration of misfolded tau protein [12] with a biomechanical finite deformation
shrinking model to predict the concentration-dependent regional tissue atrophy [23]. Specifically, we introduce a new
constitutive function for tissue atrophy that depends explicitly on the misfolded protein concentration, we analyze
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Fig. 1. Progressive brain atrophy in twelve patients with early-onset Alzheimer’s disease from a longitudinal magnetic resonance imaging
study [17] compared to baseline atrophy in healthy elderly adults [19]. The brain tissue atrophy is normalized by the intracranial volume
and displayed throughout a period of 13 years. The zero time point represents the onset of clinically diagnosed cognitive impairment with
an MMSE score of 23. The solid red curve represents a second order polynomial fit to the data points; the dashed red curves represent the
95% confidence interval; the dashed gray line indicates the baseline atrophy in healthy elderly adults.

the nature of coupling between biochemical protein misfolding and biomechanical atrophy, we perform a systematic
sensitivity analysis of all atrophy-related model parameters, and calibrate our model to atrophy recordings of patients
with early-onset Alzheimer’s disease. In Section 2, we introduce the governing equations of the coupled protein
spreading and tissue atrophy problems and discuss the nature of coupling. In Section 3, we propose a computational
model to solve the protein spreading and tissue atrophy problems using a multiphysics finite element approach and
show how we can implement a discrete version of the governing equations, either in a stand-alone approach or within
existing nonlinear finite element solvers. In Section 4, we prototype our approach using two-dimensional models
of the brain that we created from magnetic resonance imaging and tractography data. We perform a systematic
sensitivity analysis to study the influence of our model parameters on the spatio-temporal evolution of atrophy and
compare our results to the tissue atrophy curves in early onset Alzheimer’s disease [17] from Fig. 1. Finally, we
discuss our results and provide an outlook towards potential future applications of our model.

2. Continuum modeling of protein spreading and tissue atrophy

Kinematics. We characterize the kinematics of the shrinking brain by the mapping ¢ from the initial configuration
By to the current configuration B; at time . We adopt the conventional notation, x = @(X, t), where x € B; denotes
spatial coordinates, X € B; material coordinates, t € R, time. The deformation gradient, F(X, ) = Vxe(X, 1),
characterizes local deformations and its determinant, Jun=ndet(F )pmeasuresrtherlocalnvolumerchangemTormodel
brain atrophy, we adopt the classical multiplicative decomposition of the deformation gradient, F = V¢, into an
elastic part F¢ and an atrophy part F?,

F=Veo=F°-F* and J =det(F)=JJ (1)

This multiplicative decomposition carries over to the Jacobian J, where J¢ = det(F°) is the elastic volume change
and J* = det(F?) is the volume loss by tissue atrophy. The elastic part of the deformation F® contributes to the
elastic strain energy and is fully reversible. The atrophy part F?* defines the tissue loss caused by atrophy and
depends on the local concentration of misfolded protein.

Balance equations of protein spreading. We characterize the spreading of misfolded protein ¢ in the initial
configuration By through a reaction—diffusion equation with a flux @ and a source F°,

¢ =Div(Q) + F°¢ in By, @)
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Fig. 2. Kinetics of healthy and misfolded protein. The healthy protein concentration p increases through production ko and decreases through
clearance k; and conversion into misfolded protein kj,. The misfolded protein concentration p decreases through clearance 121 and increases
through conversion from healthy protein k1. The conversion rate kjp collectively represents the recruitment kij;s of healthy protein, its
misfolding ky/pr on an infectious seed of misfolded protein, and the fragmentation k,, into new infectious seeds.

where ¢ = dc/dr denotes the material time derivative of the misfolded protein concentration c¢. Using Nanson’s

formula, Q = Jgq - F~', and the transformation of the source term, F¢ = J f¢, we can rephrase the
reaction—diffusion equation (2) in the current configuration 5,
¢=div(Jq) + f€ in B;. 3)

In a continuum sense, the misfolded protein concentration c¢ is an order parameter that varies between 0 < ¢ < 1
and characterizes the degree of misfolding. The nature of coupling between the protein spreading problem and the
tissue atrophy problem will depend on whether we choose to introduce constitutive equations for the material or
spatial flux Q or ¢ and for the material or spatial source F° or f€.

Balance equations of tissue atrophy. We characterize tissue atrophy through the balance of linear momentum in
the initial configuration BBy in terms of the material divergence of the Piola stress P and the external forces F?,

0 = Div(P) + F* in By. “)

Tissue atrophy usually occurs over months, years, or even decades, which allows us to consider the balance of
linear momentum in the quasi-static limit. Similar to the protein spreading problem, we use Nanson’s formula,
P = Jo - F', and the relation between the volume forces, F¥ = J f¢, to transform the material version of the
mechanical equilibrium equation (4) into its spatial counterpart in the current configuration B,

0 = div(e) + f* in B, 5)

where ¢ is the Cauchy stress and f? is the external force vector. For simplicity, we assume that we can neglect the
effect of external forces, F¥ = 0 and f¥ = 0. The material and spatial versions of the tissue atrophy problem (4)
and (5) are coupled to the protein spreading problem through the atrophy tensor F?, which we assume to depend
on the local misfolded protein concentration c.

Constitutive equations of protein spreading. For the protein spreading problem, we have to define constitutive
equations for the material or spatial source, either F¢ or f¢, that represents the growth of misfolded protein and for
the material or spatial flux, either Q or ¢, that represents the spreading of misfolded protein. Here we introduce
both flux and source in the current, spatial configuration. For the source f¢, we adopt our recent protein folding
model [12], and assume that the current protein concentration ¢ derives from a kinetic model that balances the total
amount of healthy protein p and misfolded tau protein p,

E;—‘It]=ko—/€1p—k1zpﬁ and %—]Z=—k1ﬁ+k1zl’ﬁ- (6)
Fig. 2 illustrates the kinetics of healthy and misfolded protein, where kg is the production rate of healthy protein
p, ki and k, are the clearance rates of p and p, and ki» is the conversion rate from the healthy to the misfolded
state. In the healthy state, the total amount of healthy protein is simply the ratio between production and clearance,
Ppo = ko/k;. Initially, close to this healthy equilibrium state, the amount of healthy protein is much larger than the
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amount of misfolded protein, p > p, which implies that the rate of change of healthy protein is close to zero,
ap/at ~ 0. With these assumptions Eq. ((6).1) provides an explicit estimate for the amount of healthy protein p,

0 k
Pxo thus p=—o
at ki +kia p

We approximate the amount of healthy protein p using a Taylor series, evaluated at kj5/k;p = 0, to obtain
p =ko/ki [ 1 — pkia/ki ], and substitute this back into Eq. ((6).2) to estimate the amount of misfolded protein,

2 ke -1 . Kk
L k2 =k | p— 222 52 8
o1 [ 2k 1] P P ®)

(N

For convenience, instead of working with the absolute amount of misfolded protein p, we scale equation (8) by
the maximum amount of misfolded protein p™* = ky/ky> [ 1 — [ki1k1]/[kok12]], and re-parameterize equation (8)
in terms of the misfolded protein concentration ¢ = p /p™®*, which varies between zero and one, 0 < ¢ < 1,

aC ¢ . k() ~

— = ith fC=|kp——k 1—c]. 9
o w f [ 2 1:| cl[1—=c] 9)
This definition implies that the spatial reaction or source term f¢ is directly correlated to the kinetics of misfolding
in Eq. (6): The misfolded protein concentration ¢ increases linearly with the conversion rate from the healthy to the
misfolded conformation kj, and with the equilibrium concentration of healthy protein pg = ko/k;, and decreases

linearly with the clearance of misfolded protein k.

Remark 1 (Fisher—Kolmogorov equation). The reaction—diffusion equation for the growth and spreading of
misfolded proteins (2) with a nonlinear reaction term ((9).2) of o c[1 — c]-type is broadly known as the Fisher—
Kolmogorov equation [24,25]. It was originally proposed to model the spreading of a favored gene in population
dynamics, and is now widely used to describe traveling wave solutions in ecology, physiology, combustion,
crystallization, plasma physics, and phase transition. Here the parameter o = kj2ko/ k1 — ky follows naturally from
the kinetics of misfolding (6). A characteristic feature of the Fisher—Kolmogorov equation is that the amount of
misfolded protein, once seeded anywhere in the domain, ¢ > 0, will always increase, ¢ — 1, and never return back
to the benign state, ¢ = 0.

For the flux ¢, we assume that spreading is driven by the spatial concentration gradient V,c and occurs by
two distinct mechanisms, extracellular diffusion d®*', which we associate with the isotropic diffusion through the
extracellular space, and axonal transport d**", which we associate with the local axonal direction n,

Jg=d-Vic with d=d™i+d™*"n®n/)>. (10)

Here i is the spatial identity tensor, n/A, = F - ng/X, is the current axonal unit vector, n, is the initial axonal
unit vector that we can determine from diffusion tensor magnetic resonance elastography, and A, = || F - ng ||
is its stretch upon deformation. We can rephrase the source J f¢ = F¢ and flux Jq¢ = Q - F', and introduce the
material source F¢ and flux Q in terms of the material concentration gradient Vxc and the material diffusion tensor
D=F"'-d F,

k ~

Fe=1J |:k12 k_o — k1i| c[1—=c] and Q=D Vxc with D=dC'+d*"n, ®n0/)»§, (11)
1

where C = F'.F is the right Cauchy Green deformation tensor and C~! = F~!. F~'is its inverse. The constitutive

equation for the flux @ illustrates that the protein spreading problem is constitutively coupled to the tissue atrophy

problem through the deformation-dependent flux Q in Eq. (11) via C “land Ay = || F -no|.

Remark 2 (Constitutive decoupling). When defining the source f¢ in (9) and the flux ¢ in (10) in the current
configuration, we introduce an implicit coupling between the protein spreading problem and the tissue atrophy
problem. Alternatively, we could define the source F°,

Lok oA]
F¢ = klZ__kl C[l—C], (12)
ki
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and the flux @ in the initial configuration as functions of the material diffusion tensor D, the material unit tensor
I, the initial axonal unit vector n(, and the material gradient of the concentration Vyc,

Q=D Vyc with D=DI+D"nyQn,. (13)

We can then rephrase the source F¢ = J f¢ and flux Q = J q - F~*, and introduce the spatial source f¢ and flux
Jq in terms of the spatial concentration gradient V,c and the spatial diffusion tensord = F - D - F',

J

where b = F - F' is the left Cauchy Green deformation tensor. Obviously, the materially defined source (12) and
flux (13) are different from the pull back of the spatially defined source and flux (11), and the spatially defined
source (9) and flux (10) are different from the push forward of the materially defined source and flux (14). The
most notable difference is that the materially defined source (12) and flux (13) are deformation independent and no
longer coupled to the tissue atrophy problem. The extent by which the spatially and materially defined fluxes differ
depends on the degree of atrophy ¢ and on the time delay between protein misfolding and the onset of atrophy. In
other words, a sufficient time delay between protein misfolding and tissue atrophy would justify using the material
constitutive equations (12) and (13) and solving the protein spreading and tissue atrophy problems in a decoupled
way.

1 k ~ 1
fcz—[ 12k—?—k1:|c[l—c] and q:7d~ch with d =D™'b+D*"n®n, (14)

Constitutive equations of tissue atrophy. For the tissue atrophy problem, we have to define constitutive equations
for the atrophy tensor F* and the Piola stress P or Cauchy stress 0. We assume that gray matter atrophy is purely
isotropic,

F*=J91 and F°=F/J7¥, (15)

and that white matter atrophy is anisotropic and reflects thinning of cortical fiber tracts orthogonal to the fiber
direction n,

Fr=VoI+[1-V91no®ny and F°=F/Vo +[l—-1/V3n®ny. (16)
By design, in both cases, ¥ is a measure of the volume loss or tissue shrinkage J?,
d=J* and J°=J/V. (17)

We propose a novel constitutive model for brain atrophy in which the tissue atrophies naturally at a rate Gy. We
assume that an increase in misfolded protein ¢ accelerates the progression of natural atrophy by a factor y(c).
For simplicity, we assume that y(c) is the product of atrophy acceleration G./ Gy and the Heaviside step function
H(c — ¢, which activates atrophy acceleration once the misfolded protein concentration ¢ exceeds a critical
threshold c¢c"it,

Gy if ¢ <™

ﬁ=[1+y(C)]G0={G0+G if C>Ccrit

where  y(c) = g— H(c — . (18)
0

This implies that we can interpret Gy and G, as the natural and the misfolding induced atrophy rates. To characterize
the mechanical behavior of the tissue, we introduce the neo-Hookean free energy v as the atrophy-weighted elastic
stored energy Y, which depends exclusively on the elastic part of the deformation,

Yo=J" with ¢y =1u[F:F° —3-2In(J]+3A1n*(J°). (19)

Here p and A are the standard Lamé parameters that relate to the Young’s modulus E and Poisson’s ratio v in the
linear limitas A = Ev/[[14+v][1—2v]] and u = E/[2[1+V]]. Here we assume ¢ = 2.07 kPa and A = 101.43 kPa for
gray and ;1 = 1.15kPa and A = 56.35 kPa for white matter [26]. Following standard arguments of thermodynamics,
we obtain the Cauchy stress o,
gl L 1y
J dF Je dF°
from the neo-Hookean free energy v in Eq. (19). We emphasize that the Cauchy stress is parameterized exclusively
in terms of the elastic tensor F° and its Jacobian J°.

1
-(Fe)t=F[MFE-(FC)‘+[?»ln(Je)—u]i], (20)
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3. Computational modeling of protein spreading and tissue atrophy

Continuous residuals. We solve the protein spreading and tissue atrophy problems using the finite element method
and rephrase equations (3) and (5) in their residual forms,
R = ¢ — divg — f° = 0 in B

R? = dive + f* = 0 in B. @D

To obtain the weak forms of the residuals (21), we multiply them with the test functions §c and §¢, integrate them
over the domain B,, perform integration by parts, and use the Neumann boundary conditions.

Spatial and temporal discretizations. In the spirit of the finite element method, we discretize the misfolded protein
concentration ¢ and the deformation ¢ as global degrees of freedom at the node point level and introduce the degree
of atrophy ¢ as an internal variable on the integration point level. For the spatial discretization, we discretize the
domain B; into n. finite elements, such that 3, = U:,’il B;. We use C°-continuous shape functions to interpolate
the test and trial functions of the concentration §c¢ and ¢ and of the deformation §¢ and ¢,

Nen Nen Nen Nen

Sc=) Nfsci c=Y Niew Sp=) N'so, @=) No (22)
=1 k=1 Jj=1 1=1

where i, j, k, [ sum over the n, element nodes. Although we could technically use different orders of interpolation,

here we use the same shape functions N for the concentration ¢ and the deformation ¢. For the temporal

discretization, we partition the time interval of interest 7 into nge, discrete subintervals [#,, 411, such that
~1 . .

T = Uzsfg [, t,+1]. We assume that we know the concentration c,, the deformation ¢,, the atrophy ¥, and

all derivable quantities at the beginning of the current interval. In the spirit of implicit time integration schemes,

we adopt a finite difference scheme to approximate the evolution of the misfolded protein concentration ¢ in the

discrete residual ((21).1) and the evolution of atrophy @ in Eq. (18) as follows,

¢=[c—cy1/At and O =[0 —0,1/At, (23)

where (o) and (o), denote the unknown quantities at t = t,,; and t,, and At = t — ¢, > 0 is the current time
increment. At the integration point level, for the current concentration ¢, we evaluate the time-discrete evolution of
the atrophy, 0 = &, +[ 1+ y(c)] Gy At from Eq. (18) with ((23).3), calculate the atrophy tensor F* and the elastic
tensor F°¢ from Egs. (15) or (16), and determine the Cauchy stress o from Eq. (20).

Algorithmic residuals. By multiplying the continuous residuals (21) with the test functions dc¢ and ¢, inte-
grating them over the domain B,, performing integration by parts, and using the spatial (22) and temporal (23)
discretizations, we obtain the discrete algorithmic residuals of the protein spreading and tissue atrophy problems,

el —
R =A) N [CA;"} + ViNi-q — Nif© o dv =0

I 24)
R’ =A/ ViN’.a — NSO dv =0,

e=1 /3¢ J J

where the operator A:e:‘l symbolizes the assembly of the element residuals at the n., element nodes i and j to the
overall residuals at the ngy, global nodes I and J.

Linearization. We solve the discrete algorithmic residuals (24) using the incremental iterative Newton—Raphson
method and linearize the residuals,

ngn ngn
R + E K dex  + EK‘,“{-dpr =0
K=1 L=1
ngn Hen (25)

RY + ZK?CchK + ZK%-dq)L =0
K=1 L=1



376 A. Schdfer, J. Weickenmeier and E. Kuhl / Computer Methods in Applied Mechanics and Engineering 352 (2019) 369-388

to obtain the iterative update equations for the incremental unknowns dcg and dg; in terms of the following tangent
moduli,

. dR¢ el 1 ) dg dfe .
Ke = —L — A NE| — | NS+ Vo N¢ - | —— | - VL. N{ + N°¢ Nid
1K dCK e—=1 B¢ i [At] k+ x4V |:de€:| x k+ i [dc] r av
dRS flel . o [d
K% = L — A VeN{ -q Vle‘p + V. Nf - |:—qi| -F'. VxN;p dv
d(oé e=1 Ble dF (26)
dR flel d .
K = —2 = A [ VN’ [—6] NE dv
dCI((p e=1 B¢ dc
K% = ﬁ = rE VeN?. .0 -V.N’i+V.N? - ¢c-V.N’ dv
JL == d(PL = =1 J e x iV x 1V x4V x 1V .

The concentration moduli K¢% consist of three terms associated with the temporal evolution, the spreading, and the
growth of misfolded protein. The mixed moduli K} reflect the influence of the deformation ¢ on the spreading of
misfolded protein ¢, where the first and second terms associated with the geometric and constitutive contributions.
The mixed moduli K%} reflect the influence of the misfolded protein concentration ¢ on tissue atrophy F?, which
indirectly influences the elastic tensor F°¢, and with it the mechanical stress . The mechanical moduli K‘j‘i, similar
to the mixed moduli K}, consist of a geometric and a constitutive contribution, where the latter includes the fourth
order tensor of constitutive moduli € that reflect the dependence of the mechanical stress o on the deformation ¢.

From the sensitivities of flux ¢ and source f¢ with respect to the misfolded protein concentration ¢ and its

gradient V,c we obtain the derivatives for the tangent moduli K%,

d 1 dfe ko -
1 _ @™ +d*n@n/32]  and df :|:k12—0—k1}[1—2c]. Q7
C

dvee  J ki

From the sensitivity of the flux ¢ with respect to the deformation gradient F we obtain the derivative for the tangent
. cQ

moduli K7,
dgq

1
ﬁ-th7da"“[i®n+n®i—2n®n®n/kn]-ch®n/kﬁ—q®i. (28)

From the sensitivity of the Cauchy stress o with respect to the misfolded protein concentration c¢, along with the
abbreviation A = [dF?/d®][d¥/dc] with either dF?®/d9 = 1/[3 V0311 from (15) or dF?/d® = 1/[2/9][1 —
ny Q@ ng] from (16) and [d¥/dc] = [dy /dc] Gy At from (18), we obtain the derivative for the tangent moduli K?CK,

do do dF*

dc ~ dF* " dc
From the sensitivity of the Cauchy stress o with respect to the deformation gradient F' along with the associated
symmetry requirements we obtain the standard fourth-order tensor € of the spatial moduli of the neo-Hookean
model for the tangent moduli K%7,

| 0%y
c=—[i®F)]: —————

Je[ ® Fl dF°®JF°
where the component representations of the non-standard fourth-order products expand as {e ® o};jx = {®};x ® {0}
and {e ® o}; ;i1 = {e}i; @ {o} jx. For each time increment At¢, we solve equations (25) for the iterative updates of the
global unknowns, dc and d¢, and update the incremental unknowns, Ac < Ac 4+ dc and Ag < A¢ + dg, until
we achieve global convergence.

=—[F°-A-F'1'04+[A:(F) 10 —cCc:[F°-A - (F)']. (29)

— 1 —
I[i®(Fe)‘]=F[M—Un(ﬁ)][i®i+i@i]+ki®i, (30)

Remark 3 (Constitutive decoupling). Defining the constitutive equation for the spatial flux ¢ rather than the material
flux Q introduces the ¢ and [dg/dF]- F' terms in the tangent moduli ((26).2). If we define the constitutive equations
for the material flux @ as functions of the material diffusion tensor D, the initial axonal unit vector ng, and the
material concentration gradient Vyc as proposed in (13), the above coupling terms will vanish, and the protein
spreading problem ((24).1) decouples from the tissue atrophy problem ((24).2). We can then solve the protein
spreading problem first, record the concentration ¢ to update the degree of atrophy ¢+ using Eq. (18), and then solve
the tissue atrophy problem.
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Remark 4 (Implementation in Abaqus/Standard). To solve the discrete algorithmic residuals (24), we can use the
analogies of our protein spreading problem (2) or (3) and the classical nonlinear heat transfer problem [27] and
interpret the protein concentration ¢ as temperature scaled to 0 < ¢ < 1, the concentration flux g as heat flux, and
the diffusion tensor d as conductivity tensor, and the nonlinear source f° as heat source. In Abaqus/Standard, we
can add this nonlinear source to the standard heat transfer problem using the subroutine HETVAL, where we define
fC=ac[l —cland df°/dc = o[l — 2c] with & = ky2ko/ k1 — 121. We can then solve the protein spreading and
tissue atrophy problems as a coupled problem using a thermo-mechanical formulation with a user-defined subroutine
UMAT where we discretize the degree of atrophy ¥ as an internal variable at the integration point level. At each
integration point, we update the degree of atrophy according to & = ¥, + [1 + y(c)]1 Gy At, here specifically
¥ = 0, + [Go + G.H(c — ™) ] At from Eq. (18), calculate the atrophy tensor F* and the elastic tensor F®
from Eq. (15) or (16), calculate the Cauchy stress o from Eq. (20), and calculate the sensitivities from Egs. (27) to
(30). However, rather than working directly with the constitutive moduli ¢ from Eq. (30), the user-defined subroutine
in Abaqus/Standard utilizes the Jauman rate of the Cauchy stress [27], which requires the following modification
of the tangent moduli, ¢** =¢c+1 [0 ®I+IQ0 +0 QI +I®o0].

Brain models. We created six two-dimensional finite element models from T2 weighted magnetic resonance images
of a healthy adult female brain using MATLAB and the mesh generator gmsh [28]. We selected one sagittal and
one coronal slice and generated three linear triangular meshes with varying average mesh size h for each slice.
Fig. 3 illustrates the resulting geometries and number of elements. The coronal models consist of 2646 nodes and
4710 elements with an average mesh size of 7 = 2.5 mm, 6282 nodes and 11,596 elements with 7 = 1.5 mm, and
13,245 nodes and 25,037 elements with 7 = 1.0 mm. The sagittal models consist of 3163 nodes and 4690 elements
with an average mesh size of & = 2.5mm, 7760 nodes and 11,838 elements with # = 1.5 mm, and 16,260 nodes
and 25,812 elements with 4 = 1.0 mm.

Tractography models. To obtain the element-wise fiber orientations for the anisotropic diffusion coefficient and
anisotropic tissue atrophy, we infer a small number of idealized fibers from tractography illustrations in the
literature [29-31] and project them onto our two-dimensional meshes. Fig. 4, top, illustrates these idealized fiber
directions. In a next step, we detect the elements crossed by fibers in MATLAB and assign them the corresponding
orientation vectors. Subsequently, we use a fast marching algorithm to propagate the orientations through the entire
mesh. We perform several iterations until every element is provided with its own orientation. We create a list with
element numbers and matching orientation unit vectors as an input to our finite element simulations. Fig. 4, bottom,
shows our tractography models of the axonal fiber network, generated from the element-wise fiber orientations using
Paraview’s Stream Tracer feature [32]. The resulting images are in excellent agreement with the tractography data
we used as input for our algorithm [29-31].

Initial and boundary conditions. For the initial conditions, we initiate the spreading of misfolded tau protein by
elevating the initial concentration to c; = 0.8 in a small seeding region B*. We set the initial concentration equal to
zero ¢o = 0.0 in all other regions 3 \ B*. We infer the seeding region B* from the post-mortem analysis of brains
with Alzheimer’s disease [4]. In the coronal model we seed misfolded protein in the transentorhinal cortex. This
region is located in the temporal lobes and is not explicitly part of our sagittal section. In the sagittal model, we
seed misfolded protein in the nodes which are connected most closely to the temporal lobe [29]. For the boundary
conditions, we assume that no misfolded protein can leave the system and apply homogeneous Neumann boundary
conditions for the protein spreading problem. We assume that the brain shrinks downward towards the stem and
apply homogeneous Dirichlet boundary conditions for the tissue atrophy problem in a small region close to the
brain stem. To allow for a comparison with longitudinal magnetic resonance imaging studies, we simulate a period
of 15 years with a time increment of At = 0.05 years. At each time point, we calculate the degree of tissue atrophy
and assume that the original brain volume corresponds to 85% of the total intracranial volume [19]. We compare
these data to the reported volume changes from longitudinal magnetic resonance imaging studies from Fig. 1.

Mesh convergence study. To determine the adequate mesh size we conduct a mesh convergence study. We perform
the simulations with a fixed set of model parameters for our three average mesh sizes of 4 = 2.5mm, 7 = 1.5 mm,
and 7 = 1.0 mm. For both the coronal and sagittal models, we adjust the number of seeding nodes with ¢* = 0.8
to ensure equally sized seeding regions for all six cases and compare the resulting degree of tissue atrophy. For all
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Fig. 3. Coronal and sagittal models with varying mesh sizes. The coarse models have an average element size of 7 = 2.5mm and consist
of 4710 and 4690 elements; the medium models have an average element size of # = 1.5mm and consist of 11,596 and 11,838 elements;
and the fine models have an average element size of 2 = 1.0mm and consist of 25,037 and 25,812 elements.

subsequent simulations, we select the coarsest mesh size for which the results converge both for the coronal and
sagittal models.

Sensitivity analysis. Our model of protein spreading and tissue atrophy introduces six model parameters: the critical
concentration ¢ which initiates atrophy, the extracellular diffusion d®, the axonal transport d**", the production
of misfolded protein & = ks ko/k; — k;, and the misfolded-protein-induced atrophy in gray and white matter
G and G, For simplicity, we assume that axonal transport is ten times faster than extracellular diffusion,
d™" : d™ =10 : 1. We fix the natural atrophy rate at Go = —0.01 /year, and the ratio between the gray and white
matter atrophy rates at 9€ : 9¥hite — 3 . 2 [15]. We systematically vary all other parameters, and compare the
resulting tissue atrophy curves to the curve in Fig. | to visualize how the individual model parameters affect the
overall neurodegenerative response. From these sensitivity analyses, we selected a set of parameters for which we
extract contour plots of the misfolded protein concentration c, the tissue atrophy J* = ¢, and von Mises stresses
o at selected points in time.

4. Results

4.1. Mesh convergence study

Fig. 5 shows the results of our mesh convergence study. For the coronal model, the simulations with the coarse
mesh with an average mesh size of 4 = 2.5 mm, the medium mesh with 7 = 1.5mm, and the fine mesh with
h = 1.0 cm show minor variations in predicted relative brain volume towards late stages of atrophy. For the sagittal
model, in contrast, all three mesh sizes predict similar results. Consequently, we choose the medium coronal model
and the medium sagittal model for all subsequent simulations.
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coronal fiber bundle model sagittal fiber bundel model

coronal tractography model sagittal tractography model

Fig. 4. Coronal and sagittal fiber bundle models and tractography models. Fiber bundle models highlight the idealized fiber orientations as
red lines plotted on the medium mesh. Tractography models illustrate the streamlines of the axonal fiber network.
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Fig. 5. Mesh convergence study for coronal (left) and sagittal (right) models. Brain tissue atrophy over time for baseline model parameters
and three different mesh sizes, with colors indicating the respective average mesh size.
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Fig. 6. Influence of the axonal transport and diffusion coefficients d**" and d°*' on the evolution of atrophy over time. Results are plotted
for coronal (left) and sagittal (right) models and four different values for d**", indicated by colors. The ratio between axonal transport and
extracellular diffusion is fixed at d*™*" : d**' = 10 : 1. All other model parameters are fixed at their baseline values. The dashed gray curve
and the light red 95% confidence interval summarize the cerebral atrophy data from twelve patients with early-onset Alzheimer’s disease [17]
from Fig. 1.

4.2. Sensitivity analysis

Figs. 6 to 9 summarize the results of our sensitivity analysis. Each figure shows the time in years on the horizontal
axis and the dimensionless brain tissue atrophy with respect to total intracranial volume on the vertical axis. For each
graph, we vary only one model parameter while keeping the remaining parameters fixed at their baseline values.
These baseline values are d*" = 80 mm?/year, d* = 8 mm?/year, « = 0.9/year, ¢t = 0.2, & = —4.5% /year
and 9 = —3.09% year.

Fig. 6 shows the effect of axonal transport and extracellular diffusion on the evolution of cerebral atrophy. We
model the tissue response with four different sets of axonal transport coefficients, d*" = 40 mm?/year (dark green
curve), d*" = 60 mm?/year (light green curve), ™" = 80 mm?/year (orange curve), and d*" = 100 mm?/year
(red curve). We adjust the extracellular diffusion coefficient accordingly to keep the ratio d*™" : d**' = 10 : 1
constant. Varying the transport coefficients affects the overall slope of the atrophy curve after the onset of disease-
induced atrophy. Lower coefficients result in an increased delay between the simulated onset of disease and visible
consequences in the atrophy curve. The time at which the curves become linear again, after deviating from the
healthy brain atrophy curve, marks the point in time at which the whole brain is saturated with misfolded protein.
This event occurs earlier with larger transport and diffusion coefficients. Although both the natural atrophy rate and
the misfolding induced atrophy rate are constant, the brain tissue atrophy displays a markedly nonlinear regime.
This nonlinearity, after the onset of misfolding-induced atrophy and before the saturation of misfolded protein,
reflects the heterogeneity of progressive spreading of misfolded protein across the brain. After complete saturation,
all regions shrink at the same rate, resulting in a constant atrophy rate.

Fig. 7 summarizes the effect of the production of misfolded protein on the evolution of cerebral atrophy. We vary
the production o = ki ko/ ki — ki between o = 0.7 /year (dark green curve), @ = 0.9/year (light green curve), and
a = 1.1/year (orange curve), and keep the other parameters at their baseline values. We recall that an increase in the
misfolded protein production can result from an increase in the conversion rate from healthy to misfolded protein
k12, an increase in the equilibrium concentration of healthy protein py = ko/k, or a decrease in the clearance of
misfolded protein k;. Modifying the production has a similar effect as modifying the axonal transport d**". The
graphs illustrate that relatively high values for o are necessary to obtain an initial slope that matches the literature
data, here shown as a dashed gray curve. However, high values for « also result in earlier saturation and earlier
transformation of the curve from nonlinear to linear.
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Fig. 7. Influence of the production of misfolded protein o on the evolution of atrophy over time. Results are plotted for coronal (left) and
sagittal (right) slices and three different values for «, indicated by colors. All other model parameters are fixed at their baseline values.
The dashed gray curve and the light red 95% confidence interval summarize the cerebral atrophy data from twelve patients with early-onset
Alzheimer’s disease [17] from Fig. 1.
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Fig. 8. Influence of the critical concentration ¢ on the evolution of atrophy over time. Results are plotted for coronal (left) and sagittal

(right) slices and four different values for cc, indicated by colors. All other model parameters are fixed at their baseline values. The dashed
gray curve and the light red 95% confidence interval summarize the cerebral atrophy data from twelve patients with early-onset Alzheimer’s
disease [17] from Fig. 1.

Fig. 8 shows the effect of the critical concentration on the evolution of cerebral atrophy. We vary the critical
concentration between ¢t = 0.2 (red curve), ¢t = 0.4 (orange curve), it = 0.6 (light green curve), and
¢t = 0.8 (dark green curve) and keep the other parameters at their baseline values. Increasing the value of the
critical concentration ¢ shifts the onset of visible disease-induced atrophy to later points in time by increasing
the tissue’s tolerance to misfolded protein accumulation. While changing the critical concentration modulates the
timing at which atrophy occurs, it does not affect the slope of the atrophy curves themselves.
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Fig. 9. Influence of the atrophy rates &% and #“M® on the evolution of atrophy over time. Results are plotted for coronal (left) and
sagittal (right) slices and three different atrophy rates, indicated by colors. All other model parameters are fixed at their baseline values.
The dashed gray curve and the light red 95% confidence interval summarize the cerebral atrophy data from twelve patients with early-onset
Alzheimer’s disease [17] from Fig. 1.

Fig. 9 reveals the influence of the atrophy rates in gray and white matter #¢% and 9“"'¢. We vary the gray
matter atrophy rate between 9% = —3.0%/year (green curve), D& = —4.5%/year (orange curve), and Heray —
—6.0%/year (red curve), and adjust the white matter atrophy rate accordingly to keep the ratio & : H*hie =3 :2
constant. Increasing the atrophy rate increases the slopes of the nonlinear segment of the graph and of the linear
segment after the misfolded protein concentration has saturated. The atrophy rate is the parameter that most directly
influences the brain tissue loss and most strongly modulates the shape of the atrophy curve.

4.3. Spatio-temporal evolution of protein spreading and tissue atrophy

Fig. 10 summarizes the simulations with the baseline parameters d*" = 80 mm?/year, d*' = 8 mm?/year,
o = 0.9/year, ¢ = 0.2, & = —4.5% /year and D" = —3.0% /year. For both the coronal and sagittal model,
our simulated atrophy curves agree well with the clinically recorded atrophy curves [19]. Figs. 11 and 12 illustrate
the spatio-temporal evolution of the misfolded protein concentration, the atrophy factor, and the von Mises stress
in color-coded contour plots.

The top rows in Figs. 11 and 12 illustrate that at the beginning of the simulation, the misfolded protein
concentration only increases locally around the seeding areas. Over time, the amount of misfolded protein in the
seeding areas increases and gradually spreads along the axonal network throughout the brain. In the sagittal slice,
the fiber orientation forces the protein to first spread into the frontal lobe, before moving around the ventricles into
the occipital lobe. Misfolded proteins will only arrive in the central upper regions of the brain towards the end of
the spreading process. Due to the different geometries and axonal network orientations in the coronal and sagittal
models, the coronal slice saturates faster than the sagittal slice, even when using identical model parameters.

The middle rows in Figs. 11 and 12 show the local atrophy factors, or, in other words, the remaining tissue
volume fraction in response to an increasing concentration of misfolded protein. Here, the color blue indicates
tissue regions which still have their original volume, J* = ¢ = 1. Both the coronal and sagittal simulations reveal
a pronounced atrophy in the gray matter tissue. Areas near the seeding region begin to atrophy first, once the
misfolded protein concentration exceeds the critical concentration. As time progresses, gradually more and more
regions atrophy. It becomes clear that even after large parts of the brain are saturated, ¢ = 1, the atrophy values
vary regionally, depending on how early volume loss was locally initiated.

The bottom rows in Figs. 11 and 12 illustrate the stress concentrations in vulnerable regions across the brain
as a result of protein concentration gradients, regionally varying atrophy rates, and different stiffnesses in the gray
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Fig. 10. Our simulations with the baseline parameters d®" = 80 mm?/year, d*' = 8 mm?/year, « = 0.9/year, ¢t = 0.2, H&¥ =
—4.5%/year and Hwhite — _3 0% /year agree well with the clinically recorded atrophy, both for the coronal (left) and sagittal (right) models.
The dashed black curve summarizes the results of the simulation; the solid red curve and the light red 95% confidence interval summarize
the cerebral atrophy data from twelve patients with early-onset Alzheimer’s disease [17] from Fig. 1.
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Fig. 11. Spatio-temporal evolution of the misfolded protein concentration ¢, the atrophy factor ¥, and the von Mises stress o at selected
points in time, for a simulation with the coronal model, the medium mesh, and the baseline parameters.
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Fig. 12. Spatio-temporal evolution of the misfolded protein concentration ¢, the atrophy factor #, and the von Mises stress o at selected
points in time, for a simulation with the sagittal model, the medium mesh, and the baseline parameters.

and white matter tissue. We assume that the cortex looses volume faster than the inner white matter. This induces
tensional stresses in the gray matter resulting from the compatibility condition. The same principle leads to tensional
stresses in the regions with elevated atrophy factors due to earlier initiation of tissue loss.

Fig. 13 illustrates the global concentration of misfolded proteins and the degree of brain tissue atrophy for
both the coronal model and the sagittal model. The concentration curves reveal the characteristic sigmoid-like
shape, which has been proposed in clinical biomarker models for neurodegeneration [3]. For the sagittal model,
our simulation window of 15 years is too short to capture the saturation of the entire slice. This confirms once
again that, due to different geometry and fiber orientations, misfolded proteins propagate slower across the sagittal
slice than across the coronal slice. When comparing the evolutions of concentration and atrophy, we see the time
delay between the onset of misfolding and the onset of disease-related atrophy, which we can modulate in our
model though the critical concentration cmit.

5. Discussion

Neurodegeneration and brain volume loss in Alzheimer’s disease are associated with the spreading of misfolded
tau protein across the brain. The objective of this study was to introduce a simple, physics-based computational
model that connects the underlying biochemical process of protein spreading with the biomechanical process of
tissue atrophy. We combined our recent model based on the classical Fisher—Kolmogorov equation with anisotropic
diffusion [12] with a continuum model for anisotropic atrophy based on the brain’s connectome. In this approach,
protein spreading and tissue atrophy influence one another naturally through deformation-dependent diffusion
and concentration-dependent shrinkage. Specifically, we proposed a novel constitutive model for concentration-
dependent shrinkage in which the tissue atrophies at a natural rate that is accelerated in the presence of misfolded
protein. Since the values of our model parameters are largely unknown, we probed their importance and effect on
the simulation in a systematic parameter study. To compare the different results, we used the whole brain volume
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Fig. 13. Temporal evolution of global misfolded protein concentration and relative volume of the coronal model (left) and the sagittal model
(right). The left vertical axes define the scale of the misfolded protein concentration (orange curves); the right vertical axes define the degree
of brain tissue atrophy (red curves). The solid red curve illustrates the overall atrophy, the dashed and dotted curves show the individual
contributions of aging-related and disease-related atrophy.

change over time as global metric for Alzheimer’s disease progression. Our simulations confirmed our physical
intuition and aligned well with clinical phenomena observed in early-onset Alzheimer’s patients.

Extracellular diffusion, axonal transport, and growth control the timing of biochemical degeneration. In
a previous study, we showed that spreading through extracellular diffusion d**' and axonal transport d*" has
more influence on the three-dimensional protein propagation pattern than growth through the growth rate o =
kioko/ki — 121 [12]. All three parameters, extracellular diffusion d°', axonal transport d**", and growth « directly
influence how fast misfolded proteins spread and how fast the local concentration saturates, which, in turn, indirectly
affects how fast global atrophy progresses. From Figs. 6 and 7, we conclude that growth seems to affect the shape
of the atrophy curve more than spreading, especially in the initial phase. Increasing the extracellular diffusion d**
and axonal transport d**" causes a faster spreading of protein per time step. This wider spreading implies that the
local protein concentration decreases. In many regions, it will take longer for the local concentration to reach the
critical concentration ¢ that triggers tissue atrophy and the atrophy curves remain close to the natural baseline
atrophy at a natural slope of Gy. Increasing the growth rate o increases the amount of available misfolded protein.
This leads to higher concentrations in all affected areas. The local concentration exceeds the critical concentration
earlier in more regions. At the same time, an increased growth rate indirectly increases the spreading through
the concentration gradient V,c. In combination, this leads to steeper atrophy curves with slopes up to Gy + G..
A natural next step to improve our model would be to relate the parameters of extracellular diffusion, axonal
transport, and growth to the underlying kinetics of prion-like update, replication, and release [33]. In combination
with advanced kinetic modeling of prion-like replication, this would provide a more mechanistic interpretation of
our model parameters [34]. We could refine the molecular model of protein misfolding even further by accounting
for the misfolding and accumulation of amyloid-g [35]. In fact, it has been suggested that amyloid-f aggregation
might be a trigger for the subsequent accumulation of misfolded tau protein [36]. To better capture the earliest
events in the cascade of neurodegeneration in our simulation, we could include the amyloid-8 concentration as a
field of unknowns and simulate how amyloid-g precedes and influences the spreading of misfolded tau protein [8].

The critical concentration is a switch between biochemical and biomechanical degeneration. The critical
concentration ¢ controls the sensitivity of the tissue with respect to the misfolded protein concentration. In
that sense, it is the most important parameter that modulates the interplay between protein misfolding and cell
death. Through the Heaviside function H(c — ), it effectively increases the natural baseline atrophy rate from
Y = Gy to Yy = Go + G,. In Fig. 8, we can observe this effect as a temporal shift between the accumulation of
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misfolded protein and the onset of atrophy. An important future direction is the acquisition of quantitative knowledge
about the relation between the two time scales of misfolded tau protein progression on the one hand and atrophy
propagation on the other hand [35]. Since the biochemical processes of neurodegeneration precede the clinical
diagnosis in Alzheimer’s disease patients often by one or two decades this is a challenging task and most reported
findings are hypothetical or qualitative at best [3,37]. Despite the lack of quantitative information, our model can
easily account for varying temporal offsets between the protein spreading and tissue atrophy problems by adjusting
equation (18), either by simply varying the critical concentration ¢ or by replacing the atrophy acceleration y(c).
To date, it is unknown how much protein misfolding is too much protein misfolding for the cell to survive. From
a modeling perspective, answering this question has important implications on the nature of coupling between
biochemical and biomechanical degeneration. If the temporal shift between protein misfolding and tissue atrophy
is large enough, the two problems naturally decouple and we can solve for protein misfolding first, store the time
¢ at which each integration point reaches the critical concentration ¢, and then solve for tissue atrophy. Here
we selected a value of ¢ = (.2 as baseline value for our simulations. Once future experimental investigations
reveal more quantitative information, we can easily change and adjust this value, or even change the amplification
function, y = G./GoH(c — ™), entirely. For example, instead of using the concentration only implicitly as a
switch in the Heaviside function H(c — ¢'), we could scale atrophy acceleration explicitly with the concentration
itself, y = G./ Gy c. The inherent modularity of our model, especially with a view towards the biochemical and
biomechanical coupling, will easily allow us to adjust the model to potential future findings, which could potentially
emerge from positron emission tomography imaging of patients with familial or sporadic Alzheimer’s disease.

The interplay of natural atrophy and misfolding-induced atrophy modulates biomechanical degeneration.
The extracellular diffusion, axonal transport, and growth govern the timing of protein spreading whereas the critical
concentration governs the time delay between the biomarkers of protein misfolding and tissue atrophy. In contrast,
the tissue atrophy rates 9% = Gy 4+ G5 and ™M = G + G?h“e only affect the biomechanical side of the
problem. Varying these rates only affects the speed by which each affected element shrinks, but not the size of
the activated domain. Changing their ratio G&' : G, however, can generate different shrinkage patterns as we
have previously shown [23]. Interestingly, we achieve a good fit for both, the coronal and the sagittal model, with
identical model parameters in Fig. 9. This suggests that our atrophy model for neurodegeneration (18), & = Go+G..,
in which atrophy is a result of the natural baseline atrophy rate Gy and the misfolding induced atrophy rate G, is
a reasonable first approximation. The simulated curve becomes linear too early compared to the clinically reported
curve [19]. However, a numerical fitting addressing these disparities will only make sense with a three dimensional
whole brain geometry. Only then, a quantitative comparison with the literature data, in which volume and not area
change is evaluated, can be made.

The predicted spatio-temporal patterns of degeneration mimic staging in the neurodegenerative disorders.

After our systematic sensitivity analysis, we conclude that an axonal transport of d*" = 80 mm?/year, an
extracellular diffusion of d*' = 8 mm?/year, a growth rate of @ = 0.9, a critical concentration of ¢t = 0.2,
and atrophy rates of ¥&% = —4.5%/year and 9""® = —3.0%/year provide reasonable predictions of protein

spreading and tissue atrophy. Our protein propagation patterns in Figs. 11 and 13, top, agree well with the staging
sequence inferred from postmortem analyses [4,7]. Similar to biochemical degeneration, biomechanical degeneration
first develops in the hippocampal periphery and then spreads throughout the temporal lobes and into the frontal
lobe [15]. The occipital lobe is affected next, while the central areas comprising motor and sensory cortex are
mainly spared. Not only our global atrophy curves in Fig. 10, but also the spatio-temporal patterns of atrophy in
Figs. 11 and 13, middle, agree well with the observed timeline and sequence of degeneration. An important feature
of our model is that it predicts regionally-varying degrees of atrophy across the brain, even after the entire brain
geometry is saturated with misfolded protein. Modeling volume loss as a dynamic process that is initiated beyond
a critical concentration and increases progressively in time naturally captures these observed characteristics [37].
Our model also nicely predicts a widening of the cerebral sulci, both in the coronal slice in Fig. 11 and in the
sagittal slice in Fig. 13, a common feature of atrophy as evidenced through magnetic resonance imaging [38].
Another common observation associated with cerebral atrophy is the progressive increase in ventricular volumes,
a feature that is not yet captured to full extent by our model. To better capture this effect, in the future, we will
investigate the interplay of biochemical and fluid mechanical factors and include those effects in our model [39].
The stress distributions in Figs. 10 and 11, bottom, reveal elevated stresses due to regionally differential atrophy.
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Elevated stresses occur in regions of pronounced stiffness and shrinkage gradients, primarily located at the interface
between gray and white matter, in the depth of the cerebral sulci. These stress concentrations could potentially
amplify protein misfolding or cause additional damage to the tissue [23]. A natural next step would be to simulate
the interplay between protein spreading and tissue atrophy with a fully three-dimensional whole brain model. We
have already made a first promising step in this direction and registered fiber orientations from diffusion tensor
imaging on a three-dimensional finite element model of a healthy adult human brain [12]. While two-dimensional
simulations provide excellent insight into the underlying phenomena, the role of the model parameters, and the
nature of coupling between biochemistry and biomechanics [40], real three-dimensional simulations would provide
a more realistic basis for the comparison with literature values on observed volume changes in time.

6. Conclusion

We proposed a multiphysics model that couples misfolded protein spreading and tissue atrophy to explore the
spatio-temporal interplay of biochemical and biomechanical degeneration in Alzheimer’s disease. Our predicted
spatio-temporal patterns of protein spreading and tissue atrophy agree well with clinical observations inferred from
in-vivo magnetic resonance imaging and post-mortem histopathology. Specifically, we observed high concentrations
of misfolded protein and pronounced tissue atrophy in regions near the hippocampus. A critical link between
biochemical and biomechanical degeneration is the rate of cerebral atrophy. This atrophy rate mimics both, natural
aging-induced atrophy and accelerated misfolding-induced atrophy. Our simulations suggest that protein misfolding
can accelerate natural atrophy between three- and five-fold. From a basic science point of view, computational
modeling can improve our general understanding of the interplay between disease progression on the molecular and
cellular scales on the one hand and atrophy progression on the tissue and organ scales on the other hand. From a
translational point of view, once appropriately calibrated and validated, computational models of neurodegeneration
could help improve diagnostic tools, advance early detection, and, ultimately, enable early interventions to delay
the onset of cognitive decline in familial or sporadic Alzheimer’s disease.
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