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Background
Alzheimer’s disease progression is reflected by propagation of amyloid-β and tau pathology and the resulting neurodegeneration. Using a Bayesian
network framework informed by physical diffusion models [Schäfer 2021a,b; Fornari 2019] we model sex-specific seeding and propagation of
amyloid-β, tau and neurodegeneration.

Materials
Normative volumes. Regional volume trajectories of 95 anatomical ROIs estimated from MRI of 5691 cognitively normal subjects (ADNI,
HCP, ICBM, NIHPD, NKI, UK Biobank). T1w scans were segmented into 70 regions with AssemblyNet [Coupé 2019]; cerebellar WM was
subdivided into HCP-1065 WM tracts [Yeh 2022] via non-linear ANTs registration.

Disease cohort (TRIAD). 356 subjects (62% F) — 214 CU A- (67% F), 41 CU A+ (76% F), 64 MCI (53% F), 37 AD (38% F) — across
514 visits; age at baseline 69±8.7 y. Per-ROI deviations from the normative trajectory give age-/sex-adjusted W-scores (neurodegeneration).
Per-ROI SUVR for 18F-MK6240 (tau) and 18F-NAV4694 (amyloid-β)

Normative model – W-scores
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Figure 1. Normative volume trajectories for several ROIs by sex (Model 1) and illustration of the W-score (z-score)

calculation.

Methods
Hypothesis. Amyloid-β and tau spread via distinct brain networks, with amyloid-β modulating tau propagation and neurodegeneration, and
sex differences in the initial seeding and/or propagation of these pathologies. Modelling approach. Coupled Fisher–Kolmogorov spread on two
networks (ROI proximity for amyloid-β; HCP1065 DWI tracts for tau); logistic local growth with amyloid-β modulating tau; atrophy linear in
tau+amyloid-β; cognition a regularised-horseshoe function of accumulated atrophy. Sex-specific dynamics with a latent per-subject disease
onset. Fit with NumPyro. The full Bayesian model has two parts – a normative trajectory model (Model 1) and a physics-informed generative
propagation model (Model 2):
Model 1 — Normative Trajectory Model (W-scores)

Goal: fit smooth age/sex normative trajectories of 95 regional volumes (% of ICV) in CN subjects, then score any observation by how far it departs from its
age/sex expectation. For observation i (yi ∈ R95, sex si ∈ {−1

2,+
1
2}):

µfix
i = B(agei) βbl + siBsex(agei) βsex,

µi = µfix
i + βid

[:, subji]
+ βprot

[:, proti]
,

yi ∼ N
(
µi, Σi

)
, Σ

1/2
i = r(agei)Lres,

Σbase = ΛresΛ
⊤
res + diag(ψ2).

Trajectories use cubic penalized B-splines (first-order random-walk smoothness); subject/protocol effects are factorized low-rank and zero-mean (rank 3) for

identifiability; the residual covariance is a 3-factor model with an age-dependent log-scale r(age). Score: marginalizing random effects, zif = (yif − µ̄fix
if )/σ

pred
if

(negative = atrophy) — the neurodegeneration input to Model 2.

Symbol Definition Prior

βbl, βsex cubic B-spline coeffs (age, sex trajectories) penalized spline, RW1, σdiff∼N+(0.1)
βlog res coeffs for log residual scale r(age) penalized spline (RW1)
Λid, Θid subject loadings/scores (rank 3, zero-mean) N (0, 1) / N (0, 0.2)
Λprot, Θprot protocol loadings/scores (rank 3, zero-mean) N (0, 1) / N (0, 0.2)
Λres residual factor loadings (rank 3) N (0, 1)
ψ residual uniquenesses (per region) N+(0.5)
B, Bsex, Bresid cubic B-spline design bases in age fixed (data)

Model 2 — Physics-Informed Protein Propagation

Goal: jointly model the longitudinal spread of amyloid-β A, tau T (both PET SUVR) and neurodegeneration N (W-scores from Model 1) across 95 regions,
sharing kinetics across a latent disease timeline. Three submodels: (a) a network ODE for protein dynamics, (b) a latent disease-stage / regional-seed process
generating each subject’s initial state, and (c) a multimodal observation model.

(a) Network ODE (sex-specific rates; Ai, Ti ∈ [0, 1], Ni ≥ 0):

Ȧi = −kA [LmeshA]i + aAAi(1− Ai),

Ṫi = −kT [LconnT ]i + aT (1 + γAi)Ti(1− Ti),

Ṅi = νTTi + νAAi.

Lmesh (anatomical adjacency) spreads amyloid-β geometrically; Lconn (tractography) spreads tau along the connectome; both are eigenvalue-normalized
(λmax = 1, rates in yr−1). The (1 + γAi) term means amyloid-β modulates tau growth. Integrated by a 50-step Euler scheme.

(b) Disease stage & seeds. Subject onset tonset ∼ Beta(1, 1) is mapped to (−1, 1); for follow-up fu the horizon and a sharp gate are tstage = softplus100(fu+tonset),
tgate = σ100(fu + tonset). The gate multiplies the tau seed only. Region×sex seeds: seedT = sigmoid(ℓT ) exp(sT ), seedA = sigmoid(ℓA) exp(sA), seedN = 0.

(c) Observation model. APET
ij ∼ N (bAj + σAAij, σa), T

PET
ij ∼ N (bTj + σTTij, σt), positive off-target bj = σoff

j exp(zj). N
obs
ij ∼ N (−Nij + interceptj,subji, σN);

cognition cogi ∼ N (
∑

jNijβ
cog
j , σcog) with a regularized horseshoe prior on βcog.

Symbol Definition Prior

(a) Kinetics — per sex
kA, aA, kT , aT amyloid-β/tau diffusion & growth rates = exp(·) log(·)∼N (−2, 0.5)
γ amyloid-β→tau coupling N (0, 1)
νT , νA tau / amyloid-β toxicity on neurodegeneration N+(1)
Lmesh, Lconn mesh / connectome graph Laplacians fixed (data, λmax = 1)

(b) Disease stage & seeds
tonset subject disease onset, remapped to (−1, 1) Beta(1, 1)
sA, sT log seed scales (amyloid-β / tau) N (log 0.1, 0.5) / N (log 0.01, 0.1)
ℓA, ℓT region×sex seed logits N (0, 1)

(c) Observation model
σA, σT PET signal scales N+(0.5)
bAj , b

T
j off-target binding = σoff

j exp(zj) zj∼N (0, 1), σoff∼N+(0.5)
σa, σt PET observation noise (amyloid-β / tau) N+(0.5)
interceptj,s per-subject neuro random intercept (rank-3, non-zero-mean) loadings & scores N (0, 1)
σN , σcog neuro / cognition noise FoldedStudentT(3, 0.5)
βcog neurodegeneration→cognition weights regularized horseshoe (τ =0.5)

Connectivity networks
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DWI-weighted connectivity matrix (Tau)
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Figure 2. Connectivity matrices: left: tau, DWI tractography based and right: amyloid-β, anatomical proximity.
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Figure 3. Recovered tau seed locations: left: Males, right: Females.
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Figure 4. Recovered amyloid-β seed locations: left: Males, right: Females.
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Figure 5. Male–Female difference, tau (left) amyloid-β (right).
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Figure 6. Estimated off-target binding for MK6240 (left) and NAV4694 (right).
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Figure 7. Estimated dynamic model parameters (left), estimated tau accumulation onset time (center), median fit of

cognitive impairment (right).
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Figure 8. Median fits for NAV4694 (left), MK6240 (center), neurodegeneration (right).
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Figure 9. Simulated biomarker trajectories, demonstrating discovered differences in Alzheimer’s Disease progression

between males and females.

Conclusions
Our Bayesian network diffusion model captures Alzheimer’s disease progression, pinpoints tau and amyloid-β seeding

regions consistent with Braak and Thal staging, and highlights sex differences in the AT(N) cascade, demonstrating

the utility of physics-informed Bayesian network modelling for characterising protein propagation.
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