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Abstract

In Alzheimer’s disease (AD), tau pathology accumulates gradually throughout the
brain, with clinical decline reflecting tau progression. A comprehensive
understanding of, first, whether tau propagation is predominantly governed by
connectome-based diffusion, regional vulnerability, or an interplay of both, and
second, which types of brain connectivity or regional factors best explain tau
propagation, remains crucial for advancing our understanding of AD progression.
Here, we apply multi-scale mechanistic disease progression simulations to human
data, to disentangle the influence of local mechanisms on global tau progression
patterns in AD. We find that whether tau reaches a brain region (presence) and
how much tau accumulates there (load) are governed by different mechanisms.
Tau presence patterns are highly consistent across the population, and can be
largely explained through synaptic spread through white-matter networks and
excitatory-inhibitory dynamics. Meanwhile tau load differs across people, and is
driven by a combination of synaptic spread and intrinsic or extrinsic regional
properties, including regional B-amyloid load, MAPT gene expression and regional
blood flow. Finally, while distinct tau patterns in the population could each be
explained by established AD mechanisms, our models highlight a role of distinct
brain networks (parietal functional networks in MTL-sparing AD tau subtype) and
neurotransmitter systems (cholinergic system in posterior subtype). Together, this
work suggests that network dynamics likely determine the sequence of regional
tau progression, while individual-specific tissue-vulnerability factors influence
regional tau load.

Keywords: Alzheimer’s disease, Disease progression, Tau-PET, Brain
connectivity, Model


https://doi.org/10.1101/2025.04.17.648358
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.04.17.648358; this version posted April 23, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC 4.0 International license.

Main

Alzheimer’s disease (AD) is the leading cause of dementia worldwide, with its
prevalence projected to triple over the next 30 years '. AD is characterized by the
accumulation of diffuse extracellular and neuritic amyloid-8 (AB) plaques,
alongside intracellular  neurofibrillary  tangles (NFTs) composed of
hyperphosphorylated tau, both of which are fundamental to disease progression
23 The main hypothetical model of AD progression posits that AB accumulation,
combined with tau pathology, drives subsequent neurodegeneration and cognitive
decline *°. Compared to AB, tau pathology has a stronger predictive value for
future neurodegeneration ®” and a closer association with subsequent cognitive
decline "=, underscoring its importance in the AD pathophysiological cascade.
These properties of tau have led to an increased focus on development of tau-
targeting drugs '°'2. Tau is a complex protein to study, with a wide variety of
isoforms and post-translational modifications, which appear to influence properties
and location of its accumulation *-'®. Understanding the mechanisms underlying
tau propagation is therefore crucial for developing more effective tau-targeted
interventions, though these mechanisms are not well understood at present.

The accumulation of pathological tau in AD often follows a stereotypical
hierarchical spatial pattern, formalized as the Braak staging system -2, This
system delineates the progression of tau from the transentorhinal cortex, to the
medial and basal temporal lobes, followed by neocortical associative regions, and
eventually the unimodal primary sensory and somatomotor cortices. Braak staging
thus provides a semi-quantitative measure of tau progression in AD, indicating the
presence of tau tangles across specific brain regions at distinct stages of the
disease. However, this approach does not account for the quantitative level of tau
accumulation within each region. Tau positron emission tomography (tau-PET)
allows quantification of tau in vivo, enabling spatially resolved measures of tau
pathology across the whole brain %2, Whole-brain sampling has revealed
important spatial characteristics in tau accumulation that complement and extend
findings from neuropathology, including a strong link between tau location and
clinical symptoms %% and a spatiotemporal evolution of tau accumulation 2°2°.
Importantly, these studies suggest that individual tau accumulation patterns often
diverge from the stereotypical Braak staging system and exhibit substantial
variability across individuals 2~°.

The mechanisms that underpin tau propagation and the factors that
influence this process remain uncertain, though several compelling hypotheses
have been proposed *'-*’. The network spread hypothesis posits that tau
pathology propagates from an initial “epicenter” (for example the transentorhinal
cortex) along connected brain regions, potentially through synaptic transmission
341 This view is supported both by in vivo human studies =, and in vitro cell
and animal models *#”. However, it is unclear if cellular connectivity alone is
sufficient to predict where tau will distribute. Notably, evidence has emerged for
alternative mechanisms of tau spread, including cascading excitotoxic events or
altered proteostasis involving AB “3-°' or glial networks mediating tau phagocytosis
and subsequent secretion *2°*. Meanwhile, increasing evidence underscores the
g?lsgsgf selective regional vulnerability in modulating tau accumulation patterns

Brain regions prone to tau pathology are often characterized by
neurofilament-rich  excitatory neurons %*°~%°  sparse myelination %6
phylogenic/ontologic immaturity 2, distinct patterns of gene expression 8364 or
neuroreceptor distribution 5°%°. This raises the possibility that vulnerability to tau
accumulation is an intrinsic property of susceptible neurons, and that its
spatiotemporal evolution represents a pathological process traversing along a
gradient of vulnerability . Teasing apart the relative contributions of these
different brain properties to the distribution of AD tau pathology will be critical for
developing therapies that slow or halt its progress.

Connectome-based disease spreading models offer a mechanistic
framework for simulating tau propagation through human brain networks and
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resolving the mechanisms underlying tau propagation %', Studies employing
connectome-based spreading models have demonstrated that tau pathology can
propagate through human white matter connections measured by diffusion
weighted imaging (DWI) ®-"3, Some studies have more recently modeled regional
vulnerability alongside connectome-based spread, building evidence that tau
deposition is influenced by factors such as regional microglial activity " and gene
expression patterns "°. However, these studies restrict themselves to one or a few
predefined factors representing regional vulnerability. A comprehensive
understanding of, first, whether tau propagation is predominantly governed by
connectome-based diffusion, regional vulnerability, or an interplay of both, and
second, which types of brain connectivity or regional factors best explain tau
propagation, remains crucial for advancing our understanding of AD progression.
Here, we present a comprehensive investigation into the mechanisms of
tau propagation in AD using tau-PET imaging. We employed the Susceptible-
Infected-Removed (SIR) agent-based model """, a mechanistic disease
progression framework that simulates both connectome-based spread and cellular
tau dynamics at the level of brain regions. This model allows for in silico testing of
distinct pathophysiological mechanisms by parametrizing how regional factors
influence tau synthesis, spread, misfolding, and clearance. We leverage this
framework to investigate the interplay between brain network spread and regional
vulnerability, and to assess how these mechanisms explain population variation in
tau accumulation patterns. Our first aim was to understand the overarching
mechanisms of tau propagation, determining whether it is primarily driven by
connectome-based diffusion, regional vulnerability, or both. Here, we
hypothesized that tau distribution will be explained by a combination of
connectome-based spread and regional vulnerability. Second, we test a
comprehensive assay of multiscale regional properties of the brain to determine
which factors contribute most to tau accumulation patterns. Based on previous
work %8718 we hypothesized that adding regional AB-PET, regional MAPT
expression and myelination would improve simulation of tau-PET patterns.
However, we also anticipated unexpected measures would emerge that would
improve model fit, including metabolic factors and gene expression patterns.
Finally, we explore population variation in tau propagation, identifying biological
factors that contribute to heterogeneity in tau accumulation patterns. This work
provides new insights into the complex dynamics of tau propagation, highlighting
factors contributing to this phenomenon.

Results

This study included 646 AB-positive participants from the Swedish BioFINDER-2
study (http://biofinder.se/; NCT03174938). Among them, 219 were identified as
cognitively unimpaired (CU), 212 were diagnosed with mild cognitive impairment
(MCI), and 215 were diagnosed with AD dementia. Demographic information is
shown in Supplementary Table S1.
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Fig. 1: SIR model and tau measurements. a, b) Tau-PET SUVR b) represents tau load,
normalized to a 0—1 scale using cognitively normal AB-negative participants as a reference
group. Mixture modeling of SUVRs across all participants for each brain regions generates
tau-positive probabilities (TPP) a) as an index of tau presence. TPP was derived using the
posterior probabilities of the rightmost component of a two-component Gaussian mixture
model (which assumes distinct distributions for tauopathy-related and -unrelated PET
signal). Cortical surface projections illustrate the regional tau presence (TPP) and tau load
(SUVR) values averaged across subjects. The bar plot shows mean + SEM values of
SUVR and TPP for Braak stage regions '°. Histograms depict SUVR and TPP distributions
for the left fusiform region. c, d) Relat|onsh|p of tau presence c) and tau load d) with raw
SUVR values in grouped regions representing Braak stages. e, f) Relationship of tau
presence e) and load f) with CSF AB42/40 and CSF p-tau217 levels. g, h) SuStaln
algorithm was used to identify distinct spatiotemporal trajectories of tau propagation,
measured by tau presence g) and tau load h). For each subtype model (s=1-4), the
distribution of average negative log-likelihood across 10 cross-validation folds of left-out
individuals is shown. Higher log-likelihood represents a better model fit. The best-fit model
was indicated by the black arrow. The proportion of participants classified under each
subtype for the best-fit subtype model is shown. Only one subtype is consistently identified
for tau presence, whereas multiple subtypes are supported for tau load. SUVR:
standardized uptake value ratio; TPP: tau-positive probability; CSF: cerebral spinal fluid;
AB: beta-amyloid; p-tau: phosporalated tau; SuStaln: Subtype and Stage Inference.

Tau load and tau presence index two distinct phenomena

['®FIRO948-PET data were used to extract tau standardized uptake value ratios
(SUVR) across 66 cortical regions of interest ” for each participant, including the
left and right hippocampus and amygdala. To represent tau load, SUVR values
were MinMax normalized using a reference group of AB-negative, cognitively
normal elderly participants, with adjustments for choroid plexus binding (Fig. 1b
and Methods). The SUVRs for each brain region were then transformed into “tau-
positive probabilities” (TPP) using two-component Gaussian mixture models,
serving as an index of tau presence (Fig. 1a and Methods). Unlike SUVR, which
quantifies the level of tau, TPP reflects a confidence estimate as to whether tau
pathology has reached a given region, irrespective of the total amount, thereby
capturing the pattern of tau presence rather than its magnitude. When averaged
across a population, TPP represents the proportion of individuals who exhibit tau
pathology in a given region with high confidence. As expected, tau load was found
to exhibit a perfect linear relationship with raw SUVR, and was positively related
to CSF AB42/40 and p-tau217 levels (Fig. 1d, 1f, Extended Data Fig. 1b).
Meanwhile, TPP displayed a saturating trend with these variables (Fig. 1c, 1e,
Extended Data Fig. 1a). TPP showed a strong concordance with Braak staging
1719 whereas SUVR did not (Fig. 1a, 1b). These analyses were repeated using
Braak stage regions defined by %, yielding consistent results (Extended Data Fig.


https://paperpile.com/c/ZLMp6Y/HKVHk
https://paperpile.com/c/ZLMp6Y/PJ68v
https://paperpile.com/c/ZLMp6Y/uUmdW+HKVHk
https://paperpile.com/c/ZLMp6Y/ZTD4a
https://doi.org/10.1101/2025.04.17.648358
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.04.17.648358; this version posted April 23, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC 4.0 International license.
1c-j). These findings underscore differences between SUVR and TPP in
representing tau pathology, with SUVR indicating quantitative tau load, while TPP
reflects a Braak-like distribution pattern. Given that these two measures appear to
represent different properties of tau distribution, subsequent analyses are
performed across both measures, averaged across AB-positive participants unless
otherwise noted.

Tau load but not presence differs across individuals

Tau pathology in AD demonstrates substantial variability across the population,
with our previous work identifying four distinct patterns of tau accumulation ?%. We
sought to determine whether distinct subtypes exist for both tau presence and tau
load, or if these subtypes are observed only in one or the other. To address this,
we employed Subtype and Stage Inference (SuStaln)®' models to determine if both
tau presence and tau load exhibit distinct subtypes.

Our analysis revealed at least four distinct subtypes for tau load (SUVR),
consistent with previous findings, while tau presence (TPP) appeared largely
consistent across participants (Fig. 1g, 1h). Although two subtypes emerged for
tau presence, 97.5% of participants were classified into a predominant subtype
(S1), with the second subtype (S2) displaying substantial uncertainty, likely
influenced by outliers with strong laterality effects (Fig. 19, Extended Data Fig. 2a,
Extended Data Fig. 2b). Our results suggest that the spatial presence of tau (tau-
positive regions) is highly consistent among individuals, whereas the tau load
within those regions shows significant inter-individual variability.

Classical AD-related elements differently explain tau load and
presence

To investigate hypotheses of tau propagation, we employed the
Susceptible-Infectious Recovered (SIR) agent-based model ", a connectome-
based disease propagation framework, to simulate tau accumulation across the
brain. The SIR model simulates regional tau synthesis, misfolding, clearance, and
spread over a brain connectome, with a priori (i.e. measured) regional information
influencing model parameters (Fig. 2a). We first used the SIR model to test
whether, at the group-level, observed patterns of tau presence or tau load could
be explained by propagation along the brain’s anatomical network (structural
connectivity) alone. The model's performance was evaluated based on its ability
to reconstruct the group-averaged regional tau presence or load across all AB-
positive participants. After testing multiple potential epicenters, the entorhinal
cortex emerged as the best-fitting epicenter for tau presence '"%°#' though it was
only among the top five candidates for tau load (Extended Data Fig. 3). Based on
prior knowledge ""'®' we selected the entorhinal cortex as the epicenter for
subsequent analyses, unless otherwise specified. Our results indicated that
diffusion of tau through anatomical connections effectively recapitulated patterns
of tau presence (TPP) (R=0.85, MSE=0.02), whereas it did not reproduce tau load
(SUVR) as accurately (R=0.45, MSE=0.07) (Fig. 2b, 2c).

Next, we examined the influence of three well-established AD-related
factors on tau propagation — AR deposition level from [18F]-flutemetamol-PET,
Apolipoprotein E (APOE) and microtubule-associated protein tau (MAPT) gene
expression from the Allen Human Brain Atlas (AHBA) 82 — on regional susceptibility
to both tau presence and load. This was done by allowing each factor to have a
regionally-varying effect on either tau synthesis, clearance, spreading, or
misfolding rates of tau propagation, based on levels of the factor in a given region.
For each regional factor, the best-performing rate was selected and considered as
the mechanism through which the factor influences tau propagation
(Supplementary Table S2). Among these models, allowing regional MAPT
expression to influence tau synthesis rate (presence AR=0.0523, load AR=0.3243)
or regional AB to influence tau spread rate (presence AR = -0.1727, load AR =
0.1150) improved predictions of tau load more than tau presence (Fig. 2d, 2e,
Supplementary Table S2). Regional APOE expression did not enhance predictions
for either tau presence or tau load (Supplementary Table S2). Similar results were
observed when fitting the model with a different anatomical connectome derived
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from a separate sample of healthy young individuals 8*® (62 cortical regions,

excluding the hippocampus and amygdala) (Extended Data Fig. 4, Supplementary
Table S3).

Overall, these results suggest that Braak-like tau presence, especially in
Braak I-IV regions, is primarily driven by diffusion along anatomical connections,
while regional tau load is best explained by a combination of anatomical
connectivity and regional MAPT expression or AB deposition.
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Fig. 2: AD-related regional factors improve models of tau load more than models of
tau presence. a) The Susceptible-Infectious-Recovered (SIR) model simulates the
synthesis, clearance, and misfolding of normal tau (gray, upper panel) and the spread and
clearance of misfolded tau (red, lower panel). Parameters affecting each process are
shown in grey boxes. Regional biological information is incorporated via key parameters
(red highlights): spread rate, synthesis rate, clearance rate, and misfold rate. b, ¢) Results
of the SIR model simulating tau diffusion through a structural connectome (derived from
healthy young individuals) using an entorhinal cortex epicenter. b) Model performance for
tau presence (TPP); ¢) Model performance for tau load (SUVR). Scatter plots compare
SIR model predictions to observed tau presence/load, while cortical surface projections
show simulated tau patterns and model residuals. Residuals represent the difference
between observed tau values and simulated tau values, with the simulated values
normalized to the range of observed values. d, e) To assess the influence of regional
vulnerability on tau propagation, three regional properties were incorporated into the
model: MAPT expression, APOE expression, and A deposition. The best-fitting regional
property influencing tau presence (SC plus MAPT expression affecting regional synthesis)
is shown in d), and for tau load in e). MSE* was calculated using normalized simulated
values (scaled to the range of observed tau values) to ensure a fair comparison, as the
model lacks constraints on simulated values, which can increase without limit. SUVR:
standardized uptake value ratio; TPP: tau positive-probability; SC: structural connectivity;
R: Pearson correlation coefficient R; MSE: mean squared error; MAPT: microtubule
associated protein tau; APOE: Apolipoprotein E; syn: synthesis rate; clear: clearance rate;
spread: spread rate.
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Connectome alone shapes tau presence, while regional vulnerability
influences tau load

Tau is thought to propagate from cell to cell through synaptic connections and is
likely influenced by conventional AD-related properties, like AB. However, other
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properties that might determine where and how much tau accumulates in one
region and other hypotheses have not been ruled out. Rather than limiting our
focus to a small number of predefined factors of interest, we performed an
exploratory analysis across eight types of normative connectomes # (Fig. 3a) and
49 regional biological factors %% (Extended Data Fig. 5), assessing their
contributions to tau propagation using SIR models and testing multiple hypotheses
of tau propagation. These included various measures of brain connectivity,
encompassing both anatomical connections (structural connectivity) derived from
probabilistic tractography of DWI data, but also inter-regional similarity, which
reflects potential interactions between regions based on shared molecular,
cellular, and functional properties. Inter-regional similarity, derived (separately)
from gene expression, neurotransmission marker density, cellular morphology,
glucose metabolism, haemodynamic activity, and electrophysiology, captures
patterns where regions with similar neurobiological profiles may be similarly
affected by tau pathology. The analysis also included diverse regional intrinsic
properties such as morphometric qualities, neurotransmission marker profiles,
metabolic measures, cell-type distributions, and AD-related genetic profiles.
Overall, we tested 1,576 models, consisting of eight connectome-only models and
1,568 models combining connectomes with regional biological factors (8
connectome x 49 regional factors x 4 tau mechanistic rates). For visualization, we
selected the eight connectome-only models and 392 connectome-regional factor
models, where the latter combined 8 connectomes with the 49 regional factors,
each paired with the best-performing tau mechanistic rate from four options.
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Fig. 3: Distinct connectome and regional properties shape tau presence and load. a)
The SIR model was fit using eight different types of normative connectomes representing
different types of regional relationships in the brain, extracted from &. b) Across 400
selected models, tau load (SUVR) models were more improved by the addition of regional
factors than tau presence (TPP) models were. The boxenplot shows the distribution of fold-
change increase in model performance across all models. ¢, d) Performance of models
across different types of connectomes fitted to group-averaged tau presence c) and load
d) data. Across all connectomes, most connectome-only models (indicated by larger black
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circles) exceeded chance (95% CI of 1000 models scrambling connectomes but preserving
weight and degree distribution). e, f) Performance of individual models fitted to tau
presence e) and load f), respectively. Each dot represents one model. The dot color
indicates what parameter the regional information was influencing. Grayed-out dots did not
exceed null model performance (indicated by dashed grey lines). The regional factor added
to the model is labeled for the top 3 models of each connectome. SUVR: standardized
uptake value ratio; TPP: tau positive-probability; R: Pearson correlation coefficient R; SC:
structural connectivity; FC: functional connectivity; GC: gene coexpression; NS:
neurotransmission marker similarity; LS: laminar similarity; MC: metabolic covariance; EP:
electrophysiological; TS: temporal similarity; CBF: cerebral blood flow; CBV: cerebral blood
volume; thickness: cortical thickness; scaling: allometric scaling.

We first investigated the influence of regional vulnerability on tau presence
and tau load by calculating the fold-change improvement in model performance
when regional biological factors were incorporated compared to the connectome-
only model. Overall, tau load (SUVR) models (mean=0.36, std=0.68, range=[-0.27,
3.15]) benefited more from the inclusion of regional factors compared to tau
presence (TPP) models (mean=0.03, std=0.05, range=[-0.02, 0.27]) (Fig. 3b).
Model performance was evaluated against null distributions generated by
simulating models through scrambled connectomes. We found performance of
connectome-only models to exceed chance levels for all tau presence models, and
all tau load models except those using laminar similarity and temporal similarity
networks. When looking at general tendencies across models, tau presence was
best recapitulated by diffusion through neurotransmission marker similarity and
anatomical networks on average (Fig. 3c), while tau load was best explained by
diffusion through neurotransmission marker similarity and functional connectivity
networks (Fig. 3d). Our findings confirm that anatomical connection is a key factor
in modeling tau presence, though the finding that a neurotransmission marker
similarity network provided the best fit for modeling both tau presence and load
was unexpected, and is further explored below.

Models involving spread through anatomical connections with MAPT
expression influencing regional tau synthesis or misfolding, AB influencing regional
tau spread, or cerebral blood flow influencing regional tau clearance, were among
the top-performing models explaining both tau presence and tau load. These
findings align with widely hypothesized mechanisms, supporting the validity of our
model. Moreover, several less-explored tissue properties emerged as important
for moderating tau load and presence. For tau presence, the top 10 best-fitting
models predominantly involved diffusion through a neurotransmission marker
similarity network (Table 1). Notable tissue properties included allometric scaling
influencing tau synthesis or misfolding rates, as well as different neurotransmission
markers modulating tau clearance or synthesis (Fig. 3e, Extended Data Fig. 6a
left). In contrast, the best-fitting models for tau load featured diverse combinations
of brain connectivity and regional factors (Table 1). Specifically, various forms of
brain connectivity coupled with regional MAPT expression affecting tau misfolding
or spreading provided the most accurate fits (Fig. 3f, Extended Data Fig. 6a right).
Across all models and irrespective of the chosen brain connectome, the regional
biological factors that improved models of tau presence most on average were
serotonin 5-HT1g receptor, MAPT, and allometric scaling, whereas for tau load, the
key factors were nicotinic acetylcholine receptor (asp2), MAPT, and serotonin 5-
HT4 receptor (Extended Data Fig. 5b, 5¢, Supplementary Table S4). Overall, these
findings reaffirm that the spatial pattern of tau propagation is governed primarily
by a connectome-based mechanism, whereas tau accumulation within affected
regions is modulated by both network connectivity and intrinsic regional properties.

Table 1: Top 10 models for tau load and presence

Conn Factor type Factor Rate R MSE EV Time Hyperparam
Tau presence (TPP)
NS AD-related MAPT spread 0.9200 0.0028 0.8366 190 (0.01,1.5,0.7)
NS Neurotransmission Hs clear 0.8986 0.0044 0.8058 64 (0.1,3,1)
NS Cortical expansion  scaling(HCP) mis  0.8966 0.0042 0.7842 101 (0.01,2,0.9)
NS Neurotransmission 5-HT4 syn 0.8965 0.0042 0.7968 412 (0.5,-1,0.1)
Cortical expansion scaling syn 0.8959 0.0043 0.7789 108 (0.01,2.5,0.3)
NS Cortical expansion  scaling(NIH) syn 0.8954 0.0049 0.7665 217 (0.05,2.5,0.1)
NS Cortical expansion  scaling(PNC) syn  0.8913 0.0044 0.7736 68 (0.05,2.5,0.7)
NS Cortical expansion evoexp syn 0.8898 0.0045 0.7858 155 (0.7,10.5)
NS Celltype endo syn 0.8891 0.0034 0.7695 172 (0.5,1,1)
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10 NS Neurotransmission aaB2 clear 0.8878 0.0043 0.7875 108 (0.01,3,0.3)
Tau load (SUVR)
1 SC AD-related MAPT mis  0.8045 0.0358 0.6296 661 (0.7,2,-1)
2 FC Metabolism CBF clear 0.7912 0.0239 0.6089 122 (0.3,2.5,0.5)
3 SC AD-related AB spread 0.7869 0.0245 0.5357 29999 (0.01,0.1,1)
4 NS AD-related MAPT mis  0.7864 0.0135 0.6152 412 (0.7,2.5,1)
5 FC AD-related MAPT mis  0.7554 0.0259 0.5705 1475 (0.9,1.5,0.1)
6 MC AD-related MAPT spread 0.7482 0.0252 0.4924 360 (0.01,1.5,1)
7 GC AD-related MAPT spread 0.7336 0.0289 0.5284 311 (0.3,3,0.1)
8 NS Cortical expansion  scaling(HCP) syn  0.7274 0.0419 0.4278 99 (0.7,3,0.7)
9 FC Neurotransmission D2 syn  0.7237 0.0346 0.4309 100 (0.5,3,0.7)
10 GC Metabolism CBV spread 0.7192 0.0333 0.4911 429 (0.5,2,0.1)

Conn: brain connectomes; Hyperparam: best hyperparameter set (stay probability, transfer rate,
velocity); SC: structural connectivity; FC: functional connectivity; NS: neurotransmission marker
similarity; MC: metabolic covariance; GC: gene coexpression; R: Pearson correlation coefficient R;
MSE: mean squared error; EV: explained variance.

Neurotransmission markers associated with tau patterning

Our results indicated that neurotransmission marker distribution (i.e., the
neurotransmission marker similarity network, see Methods) might play a previously
underappreciated role in explaining tau propagation. To delve deeper, we aimed
to identify the specific neurotransmission marker profile most associated with tau
accumulation patterns.
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Fig. 4: Neurotransmission marker similarity mirrors structural connectivity, while
neurotransmission marker distribution aligns with tau patterns. a) Cortical surface
projections show nodal strength for structural connectivity, neurotransmission marker
similarity, and their differences. A heatmap illustrates the connectivity differences between
neurotransmission marker similarity and structural connectivity. The right panel compares
the similarity (assessed using three metrics: SSIM, cosine similarity, and Pearson
correlation coefficient R) between structural connectivity and seven other tested brain
connectomes (diamond). The similarity between structural connectivity and
neurotransmission marker similarity is highlighted with a black box. Similarity between
structural connectivity and null connectomes (1,000 connectivity matrices per connectome,
scrambled while preserving weight and degree distributions) is shown with light violinplots.
b) Spatial correlation of neurotransmission markers distributions with tau presence (TPP,
green) and tau load (TPP, grey) across 66 brain regions used in previous analyses "°. Text
in blue indicates combinations of neurotransmission markers. c¢) Neurotransmission
markers distributions across regions grouped by Braak stages, with neurotransmission
markers and derived ratios (text in blue) sorted separately by the magnitude of change
from regions assigned to Braak stage | to those assigned to stage VI. NS:
neurotransmission marker similarity; SC: structural connectivity; FC: functional
connectivity; GC: gene coexpression; LS: laminar similarity; MC: metabolic covariance;
EP: electrophysiological; TS: temporal similarity; SSIM: structural similarity index; Cosine:
cosine similarity; R: Pearson correlation coefficient R; TPP: tau-positive probability; SUVR:
standard uptake value ratio; E:l: excitatory-to-inhibitory ratio; Glu: glutamate receptors;
GABA: gamma-aminobutyric acid receptors; ion: ionotropic; NT/NM: neurotransmitter-to-
neuromodulator ratio; R/ReACh: acetylcholine receptor-to-reuptake ratio.
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We first investigated the relationship between the neurotransmission
marker similarity network and the structural network. The neurotransmission
marker network closely resembled the anatomical connections derived from DTI,
but with notable differences (Fig. 4a). Specifically, the neurotransmission marker
similarity network displayed stronger contralateral correlations, whereas the
anatomical network was dominated by stronger ipsilateral connections. Compared
to anatomical connections, the neurotransmission marker similarity network
exhibited stronger connections in the inferior parietal, medial orbital frontal,
superior temporal, and precuneus regions, while showing weaker connections in
the inferior temporal, insular, and entorhinal regions.

To better understand the pattern of neurotransmission markers that explain
the efficacy of neurotransmission marker similarity networks in propagating tau in
our models, we investigated which specific neurotransmission marker distribution
most closely resembles observed tau patterns. We investigated neurotransmission
markers distributions and their combinations, derived both a priori from previous
literature *'~**and a posteriori based on observations from this study. Our findings
showed that tau presence and Braak staging were highly correlated with the ratio
between serotonin receptors 1A and 1B (5-HT1a/5-HTg), dopamine and
norepinephrine transporter densities (DAT/NET), receptor to reuptake ratio of
acetylcholine (R/Reacn), and the ratio of excitatory to inhibitory (E:l) receptors (Fig.
4b, 4c). Interestingly, the E:l ratio exhibited complex relationships: ionotropic
(EZIionotropic, E:IGIu/GABA:ion) and glutamate to GABA (E:IGIu/GABA) receptor ratios
correlated positively with tau presence and Braak stage, whereas the metabotropic
E:l receptor ratio (E:Imetavotropic) Showed a negative correlation. Conversely, tau load
was most strongly associated with the distribution of histamine receptors (Hs),
nicotinic acetylcholine receptors (a4f32), the norepinephrine transporters (NET) and
vesicular acetylcholine transporter (VAChT) (Fig. 4b).

Different factors explaining tau subtypes

As previously noted and demonstrated above, variation in the pattern of tau load
has been described across the population. We aimed to explore whether biological
or connectome-based factors contribute to these differences. Building on our
previous work %, we extracted the mean regional tau load (SUVR) for each tau-
PET subtype (Fig. 5a) and employed SIR models to explore factors contributing to
tau load pattern across the four subtypes, utilizing the same eight brain
connectomes and 49 biological factors from the prior analysis.

Building on earlier findings indicating distinct epicenters across individuals
8 we tested the model by varying the epicenter between the entorhinal cortex and
the precuneus for each of the four subtypes. The entorhinal cortex emerged as the
best fitting epicenter for most models of the limbic and lateral temporal subtypes,
while the precuneus was the best-fitting epicenter for most models of the MTL-
sparing subtype. For the posterior subtype, both the precuneus and entorhinal
cortex were identified at similar rates (Fig. 5b left). Notably, tau patterns in all
subtypes besides the MTL-sparing subtype could be well captured (i.e. among top
10 models) using the entorhinal cortex as the epicenter and diffusion along
anatomical or functional connections (Fig. 5b, Supplementary Table S5). For the
MTL-sparing subtype, however, the models consistently identified the precuneus
as the best-fitting epicenter, with tau propagation more accurately modeled
through brain functional connectivity (Fig. 5b, Supplementary Table S5).
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Fig. 5: Tau load varies across |ndIV|duaIs driven by distinct factors. a) Average tau
SUVR pattern for each subtype, extracted based on our previous work 2 b, c) The SIR
model was fit for each of the four SUVR subtypes using eight different normative
connectomes and 49 different regional biological factors, as in Fig. 3a, Extended Data
Fig.5. Only models better than chance were shown (95% CI of 1,000 models scrambling
connectomes but preserving weight and degree distribution). b) The proportion (/eft) and
performance (middle) of models with best-fitting epicenters in entorhinal (yellow) and
precuneus (brown) regions; and (right) performance of models across different
connectomes. c) Performance of individual models fitted to each of the four SUVR
subtypes. Each dot represents one model, with color indicating what parameter the
regional information was influencing. Grayed-out dots did not exceed null model
performance (95% ClI, indicated by dashed lines). The regional factor added to the model
is labeled for the top 3 models of each connectome. SUVR: standardized uptake value
ratio; TPP: tau positive probability; SC: structural connectivity; FC: functional connectivity;
GC: gene coexpression; NS: neurotransmission marker similarity; LS: laminar similarity;
MC: metabolic covariance; EP: electrophysiological; TS: temporal similarity, R: Pearson
Correlation coefficient R; CBF: cerebral blood flow; CBV: cerebral blood volume; thickness:
cortical thickness; scaling: allometric scalling.

To further elucidate the factors shaping tau load across subtypes, we
identified and summarized the top-contributing factors (Fig. 5c¢, Supplementary
Table S5, S6). Consistent with established disease mechanisms, tau diffusion
along anatomical connections and modulated by regional MAPT or A3 expression,
effectively explained all subtypes (Fig. 5c). The limbic subtype (S1) exhibited
contributory factors that closely resembled those influencing general tau load,
primarily driven by propagation through neurotransmission marker similarity
networks or anatomical connections, and regional intrinsic properties linked to
conventional AD-related factors (Fig. 5c top left). Notably, the distribution of
dopamine receptors (D2) played a potential role in tau accumulation in this subtype.
For the MTL-sparing subtype (S2), tau load appeared to originate from the
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precuneus, spreading through brain functional connections and influenced
predominantly by conventional AD-related factors and distribution of serotonin (5-
HT4), as well as the extent of allometric expansion (Fig. 5c top right). Interestingly,
looking at connectome-only models, only the functional and neurotransmission
marker similarity models exceeded chance levels of performance. In the posterior
subtype (S3), tau load was consistently influenced by the regional distribution of
three neurotransmitter receptors—Hs, VAChT, and asB.—primarily affecting tau
clearance (Fig. 5c bottom left). This underscores the potential role of
neurotransmission markers, particularly those involved in acetylcholine and
histamine signaling, in modulating tau load in the posterior subtype. Lastly, the
lateral temporal subtype (S4) exhibited a mechanism similar to that of the limbic
subtype (S1), though a distinct pattern of models did not clearly emerge for this
subtype (Fig. 5¢ bottom right). Extended Data Fig. 7 shows the regional biological
factors that contributed most across all models, and independent of the
connectome used, for each subtype.

Discussion

Our work suggests tau presence and tau load represent two distinct phenomena
mediated by different underlying mechanisms. Tau presence — i.e., where tau
accumulates in the brain — follows a Braak-like pattern, primarily driven by
diffusion along anatomical connections, and this distribution pattern is consistent
across individuals. In contrast, tau load — i.e., how much tau accumulates in a
given region — deviates from the Braak pattern and depends on a combination of
brain connectivity and regional biological properties, with substantial variability
observed between individuals. In this study, we approximated tau presence
through the reach of tau pathology into a region, measured using a tau positive
probability (TPP). We equate this approach to tau seeding activity, indicative of the
initial presence of misfolded tau capable of inducing further aggregation. Tau
seeding activity has notably been shown to precede the appearance of overt tau
pathology, to serve as a critical driver of its propagation *>°, and to follow synaptic
transmission pathways "% consistent with the idea that tau presence primarily
spreads along neuronal networks. In contrast, tau load appears moreso to be
influenced by local biological factors, especially MAPT expression levels and AS
deposition. These findings together support a model where tau seeds propagate
through anatomical connections in a stereotyped fashion early in the disease
process %, whereafter tau misfolding accelerates in AB-prone regions with
abundant MAPT, and is further modified by person-specific brain properties. This
model provides a mechanistic account supporting previous models of AB-induced
tau spreading and individual variability in tau accumulation. More importantly,
these findings suggest a duality in tau spread mechanisms, where the spatial
pattern of tau propagation is governed by different mechanisms from those that
dictate local tau accumulation within affected regions.

The distinction between these two properties of tau accumulation —
presence and load — holds implications for both the quantification of tau and
investigation into the cellular vulnerability to tau. Braak staging, the classical
method of measuring the progression of tau pathology postmortem, assigns
stages based on whether tau pathology has progressed to a given region 85,
making it a measurement of tau presence rather than tau load. Instead, tau load is
traditionally quantified postmortem using semi-quantitative scales (i.e. sparse,
light, moderate, severe) that are not necessarily standardized across
neuropathologists '°>~'%2, In contrast, most tau-PET studies use SUVR as a fairly
standard continuous measure of tau load >'%'% including in clinical trials %57,
Recent end-of-life comparison studies suggest that tau-PET scans do not become
“positive” until postmortem Braak stage IV-V (of VI) %% though this may
highlight a scenario where the distinction between tau presence and load is
important. Braak stage IV may indicate that there are one or more tau inclusions
present in stage IV regions, but does not necessarily indicate how much tau is in
the brain. Supporting this notion, in the present study, our measure of tau presence
showed a Braak-like distribution while tau load (SUVR) did not. In addition, greater
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agreement between in vivo and postmortem measures of tau has been found when
both use measures of tau load '""''2. These findings highlight that presence and
load are distinct properties of tau accumulation that can both be quantified in vivo
using tau-PET. This notion has recently become more appreciated ">, though
tau presence in these studies is often termed as spatial spread, extent or
progression. While not the main focus of the present study, other recent studies
have done well to indicate how tau presence and load may be displaced in time
and in relation to other disease markers ""*'"" and may therefore be of great
interest as primary or secondary outcomes in upcoming drug trials for tau-targeting
therapies.

The implications of our study findings suggest that tau presence and load
are representative of distinct aspects of cellular or regional vulnerability, and may
be mediated by differing biological properties. Specifically, whether cells in a
population are susceptible to accumulating pathological tau, and how much tau
accumulates in that population, may be dissociable phenomena. In the present
study, tau presence was strongly related to connectivity to the entorhinal cortex,
whereas tau load was best explained by a combination of connectivity and other
tissue properties. We did not find appreciable population variation in regional tau
presence, despite obvious variation in regional tau load. This is consistent with
neuropathology studies, which have noted that, e.g., “hippocampal-sparing” cases
do show tau pathology in the hippocampus, just less than would be expected given
global tau load ''®''°. Based on these data, neurons susceptible to the
accumulation of AD tau are likely consistent across individuals, and alongside a
wealth of literature on the topic *>°7, we speculate this susceptibility is driven by
cell-intrinsic factors. Supporting this idea, neurons in animals that do not natively
accumulate AD tau pathology will still accumulate AD tau when exposed to AD-
like conditions, such as AB deposition and MAPT expression 3440120121 Thjg points
to the idea that certain neurons are capable of expressing pathological tau, and
will do so under pathological conditions. Our simulation model supports this, by
showing that connectivity-driven spread of AD tau with prion-like features into
regions with tau-susceptible neurons can recapitulate the pattern of tau presence
across the population. However, this simulation was not sufficient to explain
population patterns of regional tau load, which we speculate is driven by a
combination of cell-intrinsic and cell-extrinsic phenomena that are person specific
(discussed further below). The distinction is potentially informative toward the
scale of investigation future studies of tau should engage in. Single-cell studies
122124 ‘may be adept at further studying the neuronal susceptibility to tau that
underlies tau presence, whereas spatial omics and neuronal circuit studies may
1b2<2t1t2<=%r capture the vulnerable features of cell populations that may drive tau load

The present study consistently showed that the spread of tau from the
entorhinal cortex through anatomical connections, and moderated by regional
MAPT or AB, best explained tau accumulation patterns. These findings, especially
juxtaposed against the large number of exploratory simulations included in this
study, strongly support the conventional model of AD. AB has long been
hypothesized as the key mediator of the fulminant tauopathy characteristic to AD
4121127128 previous in vivo human studies have leveraged connectome-based
models to support this notion, showing that adding regional AB information
improves models of tau spread °'"""®, However, the mechanism by which AB
potentiates tau pathology is still unclear. Our simulations showed that allowing
regional AB to moderate spread of seed-competent tau, as opposed to production
or misfolding of tau, best explained tau patterns across the AD population. These
models therefore suggest that the presence of AB in a brain region increases the
likelihood and/or velocity that tau spreads to that region. This is supported by in
vivo studies in both animals '®° and indirectly in humans'®, the latter of which
suggests distal AG stimulates activity-dependent release of tau into A-containing
brain areas. Simulations incorporating regional MAPT gene expression were also
consistently high-performing. Previous studies have noted the correspondence
between MAPT gene expression and in vivo tau deposition patterns 131132 and
have noted that it adds complementary information to connectome-based models
of tau spread "8, though not in mice '*3. The present study uniquely incorporates
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MAPT gene expression into a mechanistic simulation of tau spread. The best
results came from models where regions with more MAPT transcripts misfolded
tau at a higher rate. Models allowing MAPT to moderate tau synthesis rate (instead
of misfold rate) also performed well but were slightly worse. This is interesting
given that many MAPT mutations increase tau aggregation '**'3° perhaps
implicating this mechanism as most critical for driving tauopathy. Notably, models
incorporating regional MAPT or AB both performed well independently of one
another. Tau propagation models including A8 were sufficient to explain tau
presence patterns, but were not necessary. This may have implications for
therapeutic development, which may benefit from targeting both AB-lowering and
tau misfolding mechanisms.

While the exhaustive exploratory simulations conducted in the present
study largely support conventional hypotheses of tau spread, there were several
other high performing models that emerged. These particular simulations may
nominate additional mechanisms for further consideration as independent or
interacting features of AD pathogenesis. One model that performed almost as well
as the conventional AD models involved increased tau clearance in regions with
greater regional cerebral blood flow (CBF). The glymphatic system is known to be
critical for the clearance of AD pathology '*¢~'*8. Conversely, later stages of AD are
known to involve decreased cerebral blood flow '%'*? and neurovascular disease
reduces resilience to AD pathology '*'*¢. The high performance of this model is
particularly interesting given that regions with greater cerebral blood flow largely
overlap with regions that experience greater A aggregation, but the effects on tau
are in opposite directions. This may point to a competitive complex of AB-driven
spread and glymphatic clearance of tau in AD-prone regions, the latter of which is
likely overwhelmed in later disease stages. These results point to a continual
development of glymphatic-aiding therapies, perhaps in addition to AB- and tau-
targeting drugs. Simulations incorporating allometric scaling of brain surface area
were also surprisingly frequent among top models. Most of these models involved
a faster rate of tau misfolding in regions that expand disproportionately with
increased brain size. Such regions are under increased metabolic strain and
strongly relate to patterns of phylogenic and ontogenic expansion of the brain '’.
These regions also overlap considerably with regions prone to A aggregation,
which may be a less compelling explanation of such models. However, some
evidence has supported a “last-in first-out” hypothesis where late-maturing or
phylogenetically new areas are more susceptible to aging and AD %2410 gng
our models may provide some hints in support of this idea.

Equally notable were some biological properties previously associated with
tau that did not enhance models of tau spread in our study. Cortical myelination
has long been associated with decreased tau pathology, stemming from the
observation that tau-prone regions in the entorhinal cortex are thinly myelinated
while heavily myelinated regions like the primary somatosensory and motor areas
are resistant to tau pathology '°°-'°2. Recent neuroimaging studies have supported
this idea ®"'%3'%* However, simulations incorporating regional myelination were
mostly absent from top models in our study. One possible explanation is that
cortical myelination patterns are highly related to the brain’s connective topology,
rendering myelination redundant in simulations of tau spread over brain networks.
Alternatively, cortical myelination patterns also bear strong spatial similarity to a
number of other relevant brain properties '*°, including AB deposition patterns,
glucose metabolism and cortical expansion. These spatial associations could
create incidental associations with tau, but which do not necessarily bare out as
relevant in fully simulated mechanistic network models from the present study.
Another surprising finding running counter to previous studies ° was that we did
not find expression of AD-related genes (other than MAPT) or cell-type
distributions to improve models of tau spread. Notably, MAPT expression, which
has a strong a priori association with tau, was sourced from the same dataset,
suggesting this null finding was not a methodological issue. This lack of findings
suggests that genes regulating intrinsic vulnerability to tau are not necessarily the
same as genes affecting AD risk. It is also possible that there are some spatially-
dependent effects on tau, but they cannot be detected at our current scale of
investigation.
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We investigated tau spread over various networks, encompassing both
anatomical connections and inter-regional similarity. This approach allows us to
test different hypotheses of tau spread and different views of the brain’s
communication network beyond direct anatomical connections. Previous studies
have consistently found that spread over anatomical networks better explains tau
than spatial diffusion ®~"!, and often **441% put not always “¢"5'%" spread through
functional networks. In the present study, two of the top three models for tau load
did indeed use anatomical connectivity as the underlying connectome. However,
all of the top-performing models for tau presence surprisingly involved a
neurotransmission marker similarity network as the underlying connectome, where
regions with neurotransmission marker profiles more similar to the entorhinal
cortex were more likely to express tau sooner. One possible explanation is that the
neurotransmission marker similarity and anatomical connectivity networks are
highly similar, but that the neurotransmission marker similarity network may
contain additional molecular information relevant to tau vulnerability. Indeed,
previous studies have shown that neurotransmission marker similarity strongly
correlates with both diffusion-derived structural connectivity and fMRI-derived
functional connectivity . At our scale of investigation, regional anatomical
connectivity is summarized across various tracks, perhaps losing some
information. Brain regions with similar neurotransmission marker profiles are likely
also communicating (suggesting brain connectivity), and the neurotransmission
marker similarity network may therefore act as a functionally-enriched anatomical
connectivity network. There is an alternative possibility, where the
neurotransmission marker similarity network may reflect differential molecular
vulnerability to tau accumulation, and spread of tau represents spontaneous
pathological events occurring over a gradient of vulnerability ®®. Similar concepts
have been proposed for PD '*8. Our data cannot rule this scenario out and, notably,
simulations over molecular and neurotransmission marker similarity networks did
explain tau load better on average than simulations over anatomical networks.

Delving into the neurotransmission marker profile driving these analyses
highlighted a prominent role of the serotonergic system, particularly 5-HT1a and
the ratio of 5-HT1a and 5-HT1s receptors. 5-HT1a is critical for memory processes,
is densely expressed in the medial temporal lobe, and is reduced in AD, which
itself is associated with worse cognition '°. A PET study showed a strong
relationship between 5-HT1a, clinical status, cognition and hippocampus atrophy,
which was enhanced after correcting for brain atrophy, and was corroborated using
autoradiography '®. Tau pathology has been described in the dorsal raphe
nucleus (where 5-HT is synthesized), which is known to innervate the entorhinal
cortex '®" and, interestingly, a recent study has described a reduction in tau
pathology with plasma p-tau181 after administration of selective serotonin
reuptake inhibitors (SSRI) administration '®2. 5-HTa receptors are also well
understood to modulate excitatory-inhibitory (E:I) balance '®*'®. Disrupted E:l
balance has been highlighted as a key feature of AD, perhaps acting as a main
driver of pathology accumulation and/or cognitive impairment '*-'"°. Our post hoc
analysis found confluence between the spatial presence of tau pathology and the
ratio of excitatory and inhibitory receptors, supporting the notion that tau prone
regions are characterized by a greater excitatory tone. However, this finding was
restricted to ionotropic receptors, whereas the distribution ratio of metabotropic E:l
receptors was anti-correlated with tau presence. This distinction is important, since
activation of metabotropic receptors results in slower and more long-lasting
changes than does that of ionotropic receptors. Together, the results suggest that
tau pathology gradually proceeds over a gradient of decreasing ionotropic
excitatory potential, further highlighting the role of E:l imbalance in AD, and
possibly highlighting an under-appreciated role of serotonergic modulation in these
dynamics.

Subtyping analyses revealed that tau presence is highly consistent across
individuals, whereas tau load within those regions shows significant inter-individual
variability. Consistent with previous work 2, four tau load subtypes were identified.
The Limbic and Lateral Temporal subtype patterns could both be explained by
simulating tau spread through white matter fibers with regional MAPT expression
modulating tau misfolding rate. The Posterior subtype tau pattern could also be
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recapitulated through anatomical spread of tau from an entorhinal epicenter,
however our model search consistently nominated a role of acetylcholine (ACh)
receptors and transporters in tau clearance for this subtype specifically. This is
notable given that dysfunction of the ACh system has been thought of as an
essential feature of AD, and given that acetylcholinesterase inhibitors are a
common treatment for cognitive impairment due to AD ""'72_ There is no current
evidence that elevating ACh levels in the brain helps to reduce AD tau pathology,
but there are also a dearth of studies investigating this in living humans. One study
did find slower tau accumulation in patients taking acetylcholinesterase inhibitors
162 though this study warrants replication and spatial patterns have not been
investigated. Future studies should probe the ACh systems of individuals with this
AD subtype, and should investigate the effects of neuromodulating medication on
tau patterning.

Finally, there is the MTL-sparing subtype, which has perhaps the most
singular presentation and disease course. Besides its distinct cortical-predominant
pattern, the MTL-sparing subtype consistently shows an earlier age of onset and
a non-amnestic phenotype, shows less activated microglial/macrophage burden,
lower likelihood of APOE e4 allele carriage, and more basal forebrain pathology
28118173 This has led to speculation that this subtype may have a unique etiology
compared to other subtypes '*. In the present study, two of the top three models
for the MTL-sparing subtype involved regional moderation based on MAPT and
AB, again nominating traditional AD mechanisms. However, the pattern was most
accurately reproduced when simulating tau over functional connectivity, with a
precuneus epicenter (8 of top 10 models), pointing to a fairly unique model needed
to reconstruct this pattern. The rapid accumulation of tau throughout the cerebral
cortex in this subtype is almost reminiscent of AB accumulation, making an
alternative spread mechanism for this subtype an interesting prospect. Spread of
tau over functional networks is of course not compatible with an agent-based
spread hypothesis, but is compatible with cascading network failure hypotheses
4850 However, structural and functional connectivity approaches have known
flaws, and each successfully captures aspects of known synaptic connectivity that
the other cannot '"°. Therefore, agent-based spread over white-matter connections
cannot be ruled out in this case. With regard to a distinct epicenter in MTL-sparing
cases, we did not find evidence for variation in the sequence of tau presence and,
as noted, all MTL-sparing cases also feature some MTL pathology '"®'74. In
addition, well performing models did emerge using an entorhinal epicenter (with
the top model also once again involving the 5-HT1a receptor), though they were
not top performers. In all, these results continue the theme that a distinct etiology
is possible in the MTL sparing subtype, a thesis that should continue to be further
explored with future studies.

This study showcases the power and potential of mechanistic disease
simulation models to both test and generate hypotheses from human data. This is
important for a disease like AD that appears to be unique to humans. This type of
in silico approach can be an important framework to build upon as new
mechanisms are understood and, in turn, can help in directing the focus of future
mechanistic studies. This study does come with several limitations that must be
acknowledged. The SIR model fits the data under the assumption that different
regional factors influence tau synthesis, misfolding, clearance, and spread.
However, it is not a molecular kinetic model and assumes the same clearance rate
for normal and misfolded tau, which may limit its ability to fully capture the
complexity of tau pathology. Future studies should better integrate known tau
kinetics as this information emerges. Additionally, most of the brain properties
measured in this study are macroscale summaries of microscale phenomena.
Some of these summaries are higher fidelity than others, and varying types of
methodological error are likely present in all of our measures. In addition, using
group averages for these factors may obscure individual variability that may be
relevant for understanding tau progression. These factors make it difficult to
conclude whether mechanistic interactions are actually taking place as the model
suggests they are. Similarly, these interactions are based on spatial colocalization.
While our simulations provide many possibilities for mechanistic interaction and
test them against actual outcomes based on human tau-PET data, we cannot
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confirm causality without experimental validation. Some of the multimodal brain
connectivity measurements and regional biological factors we used in the model
do not include data for the hippocampus and amygdala—key regions in
Alzheimer’s disease—and our exclusion of these structures potentially affected
model performance and outcomes. The analyses are conducted on group average
population tau-PET maps, and future work should work toward integrating person-
specific models. Finally, while a great strength of our approach is that tau
mechanisms are simulated dynamically, factors contributing to regional
vulnerability in our model that are known to themselves be dynamic (e.g., AB, E:l
imbalance) are nonetheless integrated in a static manner.

In conclusion, we describe possible mechanisms underlying two distinct
processes of tau progression: Braak-like tau presence measured and tau load.
While tau presence is primarily driven by connectome-based spreading and
remains consistent across individuals, tau load is shaped by regional vulnerability,
resulting in diverse patterns. Subtyping analyses further highlight the
heterogeneity of tau load patterns and their unique drivers. Future studies should
aim to validate these mechanisms in a patient specific and longitudinal context,
while also identifying specific genetic factors that could inform therapeutic
development. Such efforts will deepen our understanding of tau dynamics and
support the advancement of tau-targeted, subtype-specific therapies.

Methods

Participants

Participants of this study represented a selection of individuals from the Swedish
BioFINDER-2 Study (https://biofinder.se) (NCT03174938), which was designed to
accelerate the discovery of biomarkers indicating progression of Alzheimer’s
disease pathology '"°. Participants for the present study were selected based on
the following inclusion criteria: participants must (i) have a ['®FJRO948-PET scan,
(i) be cognitively unimpaired, or classified as having mild cognitive impairment "7,
or Alzheimer’s disease dementia '8, (iii) with biomarker evidence of B-amyloid (AB)
positivity defined by CSF AB42/40 ratio obtained using the Elecsys immunoassays
132 Specifically, a pre-established cutoff of 0.08 for the CSF AB42/40 ratio, based
on Gaussian mixture modeling '"®, was used to define AB positivity. For
participants without Elecsys measurements, clinical routine assays with pre-
established cutoffs were used: Lumipulse G assay (cutoff of 0.072) '° or Meso
Scale Discovery assay (cutoff of 0.077). All participants fitting the inclusion criteria
with ['®FJR0948 scans acquired (BioFINDER-2) in March 2024 were included in
this study. In total, 219 cognitively unimpaired, 212 mild cognitive impairment
(MCI), and 215 suspected Alzheimer's dementia (AD) individuals were included.
Demographic information can be found in Supplementary Table S1. All subjects
provided written informed consent to participate in the study according to the
Declaration of Helsinki; ethical approval was given by the Ethics Committee of
Lund University, Lund, Sweden, and all methods were carried out in accordance
with the approved guidelines. Approval for PET imaging was obtained from the
Swedish Medicines and Products Agency and the local Radiation Safety
Committee at Skane University Hospital, Sweden.

PET acquisition and pre-processing

PET and Magnetic Resonance Imaging (MRI) acquisition procedures for
BioFINDER-2 have been previously reported '®°. All ['"®FJRO948-PET scans were
processed using the pipeline described previously %1%, Briefly, 4x5-min frames
were reconstructed from 80 to 100 min post-injection. These frames were re-
aligned using AFNI’'s 3dvolreg (https://afni.nimh.nih.gov/) and averaged, and the
mean image was coregistered to each subject’s native space T1 image. The
coregistered image was intensity normalized using an inferior cerebellar gray
reference region, creating standard uptake value ratios (SUVR). To obtain the
group-level regional map of AB, ['®F]-flutemetamol-PET images were
preprocessed for AB positive subjects with subjective cognitive decline, MCI and
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AD. SUVRs were calculated using the cerebellar cortex as the reference region
and the group-level regional map was derived by averaging the AB SUVRs across
these participants 8",

Regional tau-PET data preprocessing

Tau Load (SUVR)

Preprocessing of ['®*F]JRO948-PET data yielded mean regional tau-PET SUVR
values, extracted from each participant’'s native space PET image using the
FreeSurfer-derived Desikan-Killiany (DK) atlas "°. Analysis focused exclusively on
cortical regions,hippocampus and amygdala, resulting in 66 regions in total "*. To
accurately represent tau load, regional SUVR values were MinMax normalized
using a reference group of AB-negative, cognitively normal elderly participants,
with adjustments for choroid plexus binding 27!, This normalization helps keep
values in the expected range of the SIR model, and regional normalization to a
reference group helps to mitigate regional perfusion and off-target binding
patterns, the latter of which has been a well-documented issue in ['*F]RO948-PET
studies '® and can lead to erroneous signals in regions not accumulating tau
pathology.

Tau presence (TPP)

Tau-positive probability (TPP) was calculated to represent tau presence. For each
brain region, SUVR values were processed using a two-component Gaussian
mixture model (GMM), based on the assumption that tauopathy-related and
tauopathy unrelated signals across the population form distinct Gaussian
distributions ”". The posterior probability from this GMM was used to determine the
likelihood that a participant's SUVR fell within the tau-positive distribution,
providing a probabilistic measure of tau presence in each region.

To investigate differences between tau load (SUVR) and tau presence (TPP), we
examined their relationships with Braak stages, tau-PET SUVR, and CSF
biomarkers. Brain regions were first grouped into six Braak stages '°, and the two
tau measures (SUVR and TPP) were compared across these stages. For each
participant, regional tau measurements were categorized into three Braak stage
groups: early (1), intermediate (Ill/1V), and late (V/VI). Within each group, tau-PET
SUVR was compared to min-max tau presence and tau load values. Lastly, the
relationships of CSF AB42/40 ratio and CSF p-tau217 with min-max normalized
tau load and presence values were analyzed across the three Braak stage groups.

The Susceptible-Infectious-Recovered Model

To investigate mechanisms of tau propagation, we employed the Susceptible-
Infected Removed (SIR) agent-based model to simulate tau load and presence .
This connectome-based disease spreading model assumes that neuropathology
originates at a predefined epicenter, propagating through the brain along the
connectome, while being modulated by the intrinsic properties of each brain
region. This approach enables exploration of the interplay between connectome-
based spreading and regional vulnerability in mediating tau propagation.

Briefly, the model simulates (Fig. 2a): (i) synthesis, clearance, and
misfolding of normal tau protein; (ii) clearance of misfolded tau protein; (iii) the
spread of both normal and misfolded tau proteins through brain connections; and
(iv) the formation of neurofibrillary tangles as a result of tau accumulation. The
simulated neurofibrillary tangles were compared with observed tau load and
presence. Each simulation process is modulated by a set of global
hyperparameters that apply across all brain regions (Fig. 2a). Specifically, normal
tau synthesis is influenced by region size (ROI;,.), while the spread of both normal
and misfolded tau is regulated by factors including the probability of retention
within the neuron cell body (stay probability), connectivity fiber length
(fiber length), and spreading velocity (velocity). Misfolding of normal tau is
affected by the overall misfolding rate (transform rate) and region size (ROI;;).
All processes—synthesis, clearance, spread, and misfolding—are sequential and
dependent on the protein level from the previous step, and are further influenced
by the time step of each simulation (At). Further details regarding the model’s
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equations and formulation are provided in 7577

For all models, hyperparameter tuning was conducted to optimize fit. The
tested hyperparameters included the probability of tau remaining in the cell body
(stay probability; values: 0.01, 0.05, 0.1, 0.3, 0.5, 0.7, 0.9), overall misfolding rate
(transform rate; values: 0.1,0.5,0.9,1,1.5,1.9, 2, 2.5, 2.9, 3), and tau spreading
velocity (velocity; values: 0.1, 0.3, 0.5, 0.7, 0.9, 1).

The original model integrates regional parameters for the synthesis of
normal tau and clearance of both normal and misfolded tau proteins, allowing the
incorporation of regional intrinsic properties to modulate each of these propagation
processes. To better capture the biological complexity of tau propagation and
achieve our research goals, we extended the original model to include regional
parameters for both the misfolding rate of normal tau and the spread rate of
misfolded tau.

M; = N; - Probpy,isfo1q - misfold_rate;

In the misfolding process, the number of misfolded proteins in region i (M;)
is determined by the remaining quantity of normal proteins following the clearance
process (N;), the overall probability of misfolding at the whole-brain level
(Probmsfoia), @and the regional misfolding rate specific to region i (misfold_rate;).
The extended parameter misfold_rate; allows regional control over the
misfolding rate of normal tau.

N N
M; = Mit_l + 2 Pedge(i,j)—n"egioni ' Spread_ratei At — 2 Pregiom—»edge(i,j)
j=1 j=1

In the spread process, the number of misfolded proteins in region i (M;) is
determined by the misfolded proteins retained from the previous time step (M;,_.)
and the flux of misfolded proteins between the axon (edge) and the cell body
(region). Specifically, Pogge (i j)-region; represents the probability of misfolded tau
moving from the axon of region j into the cell body of region i, while
Pregion;—edge(i,j) denotes the probability of misfolded tau moving from the cell body

of region i into the axon connecting to region j. The extended parameter
spread_rate;, allowing regional control over spread rate of misfolded tau,
modulates the amount of misfolded tau transitioning from all axons to the cell body
for region i, scaled by the time increment (At).

In summary, the revised SIR model incorporates the epicenter, brain
connectome, and regional vulnerability to simulate tau propagation (Fig. 2a).
Specially, regional vulnerability is parameterized as four distinct influencing tau
propagation: i) the spread rate of misfolded tau, ii) the synthesis rate of normal tau,
iif) the misfolding rate of normal tau, and iv) the clearance rate of both normal and
misfolded tau.

Conventional AD-related elements

To investigate the influence of conventional AD-related elements on tau
propagation, we first tested the trans-neuronal spread hypothesis. Based on our
previous work "', we used a low-resolution, 66-region weighted structural
connectivity (SC) network derived from a young, healthy cohort using deterministic
tractography from DWI data ""'®® (see Structural Connectivity section below). Tau
propagation was simulated from a bilateral entorhinal cortex seed region
(epicenter) throughout the anatomical connections (i.e. SC) across the 66 regions,
with all four mechanistic rates (synthesis, clearance, spread, misfolding) set
uniformly across regions. The simulation was done across 30,000 time steps.
Pearson correlations were computed at each time point between simulated and
empirical tau patterns to evaluate model fit, and the simulated pattern showing the
highest correlation with empirical data at a given time point was selected as the
final tau pattern for analysis. Additionally, the model performance was tested using
each brain region as a potential epicenter to determine the optimal initiation site
for tau propagation.

We next tested whether regional vulnerability interacts with brain
connectivity by incorporating three well-established AD-related factors—(AS
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deposition, APOE, and MAPT gene expression)—as input parameters to modulate
the mechanistic rates of tau propagation in the trans-neuronal spread model. Each
regional factor was parameterized to influence one of the four mechanistic rates:
synthesis, clearance, spread, or misfolding. For each regional factor, we selected
the model with the best performance (highest Pearson correlation coefficient R-
value) among the four possible propagation mechanisms, which was then used for
subsequent analyses. The selected mechanism was interpreted as the most likely
pathway by which the regional factor influences tau propagation. All models were
run separately for tau presence (TPP) and tau load (SUVR).

Testing alternative hypotheses of tau propagation

To explore other possible factors influencing tau propagation, we assessed the
influence of various brain connectomes and regional biological factors by
substituting the anatomical connectivity and conventional AD-related factors with
novel brain connectomes and regional factors (see Novel brain connectivity
measurements and Novel biological factors sections below). Different
connectomes allowed us to investigate alternative hypotheses of tau spread, while
the inclusion of diverse regional factors provided insights into intrinsic properties
that might shape tau presence and load patterns. By analyzing potential
interactions between these elements, we aimed to identify whether alternative
combinations of connectivity and regional factors could better explain tau
propagation compared to known or conventional factors.

A total of 1,576 models were evaluated, including eight connectome-only
models, and combinations of eight connectomes with 49 regional factors, each
modulating four tau propagation mechanisms: spread, synthesis, misfolding, and
clearance. Only models meeting the following criteria were selected for further
analysis: (i) connectome only models, with all four mechanistic rates uniformly set
across regions; (ii) the top performing connectome-regional factor models,
determined by identifying the highest performing model among the four possible
propagation mechanisms; and (iii) models that performed better than the 95%
confidence interval of the null distribution (see Statistical analysis section below).
The analyses were restricted to 62 cortical regions, excluding the hippocampus
and amygdala, as these regions were unavailable for certain connectomes.
Separate analyses were conducted for tau load (SUVR), tau presence (TPP), and
the four identified SUVR subtypes (see SuStaln section below).

Brain connectome measurements

Structural connectivity

To test the trans-neuronal spread hypothesis, we constructed SC from 60 young
healthy subjects (18-60 yrs, 33.08 + 12.54) from the CMU-60 DSI Template '®to
represent anatomical brain connections. The data processing pipeline has been
previously described in detail ”'. Briefly, orientation distribution functions were
computed and subsequently used to generate deterministic tractography between
brain regions defined by the DK atlas. The resulting connectomes were averaged
across all participants, yielding a template SC network comprising 66 regions of
interest, representing a healthy population. We also tested an alternative young
SC network derived from 62 cortical regions, excluding the hippocampus and
amygdala, based on data from 326 young participants (ages 22—35) in the Human
Connectome Project (HCP) 8384,

Multimodal brain networks

We utilized eight distinct cortical connectomes #*to test various hypotheses of tau
propagation (Fig. 3a). These connectomes were derived from diverse modalities,
each reflecting different biological and functional properties: SC from diffusion
tractography to model direct anatomical pathways; functional connectivity (FC)
from functional MRI (fMRI)8*'84, electrophysiological signal covariance (EP) from
Magnetoencephalography (MEG) '8'® and temporal profile similarity (TS) across
fMRI-derived timeseries to explore the hypothesis of tau spreading across actively
communicating neurons '8'®%; gene co-expression covariance (GC) across
20,000 genes to investigate cascading vulnerability due to shared gene expression
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82190, neurotransmission marker similarity (NS) from PET to examine a mixed

hypothesis incorporating trans-synaptic propagation and neurotransmission-
driven vulnerability ®%; glucose metabolism covariance (MC) from
Fluorodeoxyglucose-PET to test whether glucose metabolism contributions to tau
spread '°'; laminar similarity (LS) from postmortem brain to assess evolutionary
and developmental influences on tau vulnerability '9%7'%4,

In further detail, SC reflects the probability and the strength of white matter
connections between two brain regions, while FC captures the synchronization of
resting-state BOLD activity. Both SC and FC data were obtained from 326 healthy
participants (ages 22—35) from the HCP . TS, calculated from statistical fMRI
time series features, measures the similarity of temporal dynamics between
cortical regions across over 7,000 local features. RC, based on PET imaging of 18
neurotransmitter receptors and transporters, indexes neurotransmission marker
density similarity between regions, covering dopamine, serotonin, acetylcholine,
norepinephrine, histamin, cannabinoid, opioid, glutamate and GABA systems .
GC reflects transcriptional similarity between cortical regions, derived from six
postmortem brains (ages 24-57 years) from the Allen Human Brain Atlas  (AHBA,;
http://human.brain-map.org/). LS, estimated from BigBrain histological data (65-
year-old male) '3, captures similarity in cellular distributions across cortical layers.
MC, based on ['®F]-fluorodeoxyglucose PET from 26 healthy participants (77%
female, ages 18-23) '*', represents similarity in glucose metabolism between brain
regions. EP, obtained from MEG recordings of 33 participants (ages 22-35) from
HCP 3, assesses connectivity via magnetic fields produced by neural currents.
Further details on data acquisition and preprocessing have been previously
detailed ® and visualized in Fig. 3a.

All connectomes were normalized using the arctanh transformation # and
restricted to positive values. All connectomes were constructed for the 62 cortical
regions, derived by excluding the hippocampus and amygdala from the original set
of 66 regions, using the DK atlas. For FC, the top 40% of positive connections
were retained for each participant to emphasize the strongest associations, and
the connectomes were then averaged across participants. Thresholds of 10%,
20%, 30%, and 40% were tested, with only the 40% threshold resulting in average
connectivity without isolated regions.

Regional biological factors

Conventional AD-related factors - AB, MAPT, APOE

To assess whether regional vulnerability interacts with brain connectivity to
influence tau propagation, we first evaluated three well-established AD-related
factors: regional AB deposition, MAPT and APOE gene expression. Regional AB
deposition was approximated using group-averaged AB SUVR values of 66
regions of interest from the BioFINDER-2 dataset. MAPT and APOE gene
expression data were extracted from the AHBA ®, which provides regional
microarray expression data from six post-mortem brains (one female, ages 24-57
years, 42.5 £+ 13.38 years). AHBA data were preprocessed and mapped to the
brain regions of interest using the abagen toolbox '®°, and the final regional
expression profiles were averaged across donors. In short, gene expression
scores were generated for each of the 33 cortical parcels for both hemispheres,
with data mirrored across hemispheres to increase spatial coverage, resulting in
gene expression profiles for 66 regions. These regional factors were converted to
probabilities by applying the cumulative distribution function to their z-score
normalized values, and incorporated into the SIR model to regulate tau synthesis,
clearance, spread, and misfolding rates. Greater standardized regional factor
probability corresponded to higher rates for these processes.

Novel biological factors

To explore other intrinsic properties that might shape tau patterns, we tested 49
novel regional biological factors (Extended Data Fig. 5): 19 neurotransmitter
receptors and transporters 8, six measures of cortical expansion 8, four metabolic
features ®, seven cell-type profiles ¥, three structural properties 8%, and ten AD-
related factors, including seven gene clusters (Extended Data Fig. 8) identified
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from large GWAS studies #-*° (see below) along with MAPT, APOE, and AB.

The neuromaps toolbox % (https:/github.com/netneurolab/neuromaps)
was used to obtain regional maps for all factors except the AD-related factors.
Further details about the acquisition and processing of these maps are available
in 8% To extract AD-related gene clusters, we identified 90 genes from three
recent large GWAS studies, 79 of which are available in the AHBA dataset
(Supplementary Table S7). Regional expression maps of the available 79 genes
were processed using the abagen toolbox. Given that many genes show fairly
consistent expression patterns, we opted to summarize genes with similar
expression patterns using hierarchical clustering. Seven clusters provided the best
fit (tested from 2 to 10 clusters) and were used in subsequent analyses (Extended
Data Fig. 8). The similarity among 49 regional factors is shown in Extended Data
Fig. 9.

Neurotransmission marker properties

We evaluated the similarity of each of the seven brain connectomes (Fig. 3a) to
the SC network using three metrics: structural similarity index measure (SSIM),
cosine similarity, and Pearson correlation (R). SSIM emphasizes structural
consistency by accounting for spatial organization, cosine similarity measures the
angular relationship between vectors, and R quantifies the linear correlation.

To understand why the neurotransmission marker similarity network best
recapitulates tau presence/load, we assessed correlations between
neurotransmission marker distributions and tau load/presence patterns using
Pearson correlation coefficient (R) and examined neurotransmission marker
density variations across six Braak stages. Each of the 19 individual
neurotransmission markers (15 receptors and 4 transporters) was analyzed,
alongside “a priori” and “a posteriori” neurotransmission marker ratios grouped
based on existing literature and our findings, respectively (Supplementary Table
S8).

The “a priori” neurotransmission marker combinations reflected
established neurotransmission functions. Five excitatory to inhibitory ratios were
calculated: 1) the overall ratio E:l, capturing all neurotransmitters, calculated as
(5-HT;, + 5-HT, + 5-HTs + D; + M; + ay;B. + NMDA + mGluRs) / (5-
HT:» + 5-HT;s + D, + GABA,;; + Hs);2)the E:l ratio specific to metabotropic
neuroreceptors E:lmetabotropic, was defined as (5-HT., + 5-HT, + 5-HTs + D,
+ M; + mGluRs) / (5-HT:» + 5-HT;s + D, + Hj3); 3)the E:l ratio specific to
ionotropic neuroreceptors E:Iiontropic, Was defined as (a,3., + NMDA) / GABAa sz
4) the glutamate-to-GABA ratio E:lc/caBa, calculated as (NMDA + mGluRs) /
GABA, 57 5) the iontropic glutamate-to-GABA ratio E:lciw/caBAion), was defined as
NMDA / GABA,s, Additionally, the ratio of receptor-to-reuptake specific to
acetylcholine R/Reacn was calculated as (M1 + «,8.) / VAChT, and the ratio
of traditional neurotransmitters to neuromodulator NT/NM was calculated as
(GABAs/p; + mGluRs + NMDA) / (5-HT;a + 5-HTiz + 5-HT.,n + 5-HT, +
5-HTs + A4B2 + D; + D, + M, + Hj3).

The “a posteriori” neurotransmission marker combinations were derived
from our observations of top-contributing neurotransmission markers in this study.
These ratios have no known biological meaning or justification, but were rather
“data-driven” combinations stemming from data in this study. They should
therefore be interpreted with caution. These included the serotonin receptor ratio
5-HT14/5-HT;s, representing serotonin receptor functions , and the dopamine-to-
norepinephrine transporter ratio DAT/NET, highlighting the balance between
dopaminergic and noradrenergic activity.

Analysis of tau subtypes

To determine whether tau load and presence result in distinct subtypes, we
performed de novo the Subtype and Stage Inference algorithm (SuStaln) '*° on
1,475 ['®FIRO948-PET images (Including AB- cognitive unimpaired participants)
from BioFINDER2 dataset to identify distinct spatiotemporal trajectories of tau
propagation. As in previous work 28, AB-negative cognitively unimpaired
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participants were specifically included in this analysis. SuStaln combines disease
progression modeling with clustering to infer multiple tau propagation patterns from
cross-sectional data, providing both probabilistic and individualized classification
of tau trajectories. The model uses spatial features (e.g., brain regions) and
pseudo-temporal severity markers (e.g., Z-scores) to describe linear biomarker
changes across disease stages, resulting in distinct subtype trajectories
representing different sequences of tau pathology.

Following the established methodology %, we utilized ten spatial features,
including bilateral parietal, frontal, occipital, temporal, and medial temporal lobe
regions, along with severity cutoffs derived from standardized tau levels. The
number of subtypes (i.e., distinct spatiotemporal progressions) was determined via
cross-validation. For each of k=1-4 subtypes, ten fold cross-validation was
performed by fitting SuStaln to 90% of the data and evaluating sample likelihood
on the remaining 10%. Model fit was assessed using cross-validation-based out-
of-sample log-likelihood '*°. Separate analyses were conducted for tau load and
tau presence. For tau load (SUVR), the log-likelihood increased consistently up to
k = 4, suggesting the presence of at least four distinct subtypes. For tau presence
(TPP), however, the log-likelihood improved only up to k = 2, with no additional
benefit observed beyond this point. As the identification of a second subtype for
tau presence seemed to be influenced by model uncertainty and hemispheric
laterality, we repeated the subtyping analysis using five spatial features by
combining left and right regions. This revised approach indicated that the optimal
number of subtypes for tau presence was k = 1 (Extended Data Fig. 2b).

Next, we sought to examine the connectome and regional features
contributing to distinct tau subtypes. To ensure consistency, we aimed to stay as
close to the original subtypes as possible, using the previously published ones for
this analysis 2. We extracted the average tau load (SUVR) across participants for
each subtype, based on the original participant list from the BioFINDER subset
used in the prior study. This approach was used to leverage the robustness of
previously validated subtypes, which were confirmed across multiple cohorts and
different tau-PET tracers. The four subtypes extracted from the prior work were
consistent with those identified by the SuStaln model in the current analysis
(Extended Data Fig. 2c). Subsequently, we employed SIR models to investigate
individual variability in tau propagation by testing alternative hypotheses of tau
propagation on each of the four subtype patterns separately. Additionally, we
evaluated the influence of different epicenters. Specifically, our previous work
suggested early-stage epicenters of each subtype fell in either the medial temporal
lobe or precuneus 28, so we additionally tested the effect of entorhinal cortex or
precuneus on tau spread within each subtype.

Statistical analysis

The SIR was applied using various brain connectomes and regional factor
combinations (see above). Each model was assessed for fit across the entire
sample of AB-positive individuals, quantified using the Pearson correlation
coefficient (R) between simulated and observed regional tau patterns. Specifically,
Pearson correlations were calculated at each simulated time point to capture
changes in model performance throughout the simulation. Model fit was defined
as the highest R value achieved across the entire simulation period, representing
the best alignment between simulated tau and empirical data under the given
hyperparameters and input data. Each model was independently evaluated with
different sets of hyperparameters, and the configuration yielding the highest model
fit was selected as the optimal configuration for the corresponding input
connectome and regional biological factors.

To determine whether model performance exceeded chance levels, select
models were compared against a null distribution generated from 1,000 surrogate
brain connectome matrices with preserved degree and strength distributions, using
the Brain Connectivity Toolbox (https://sites.google.com/site/bctnet/). Each null
connectome matrix was input into the SIR model to simulate tau progression, with
hyperparameters tuned to obtain the best fit. The Pearson correlation coefficient
(R) values for all 1,000 null matrices were used to create a null distribution, from
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which the mean and 95% confidence intervals were calculated to determine the
likelihood of the observed performance occurring by chance. This analysis was
repeated separately for the eight input brain connectomes and for simulations
involving tau load (SUVR), tau presence (TPP), and each of the four SUVR
subtypes.
In addition to the R-value, we evaluated the performance of the selected
models using mean squared error (MSE) and explained variance (EV). MSE
quantifies the average squared difference between observed and simulated tau
pattern, whereas EV measures the proportion of variance in the observed tau
explained by the model.

variance(y — y
EV =1 0=

variance(y)

Data availability

The structural and functional connectomes used in this study are openly available
from 83 and can be accessed via GitHub
(https://github.com/netneurolab/hansen_many_networks). The neuromaps
software toolbox, utilized for brain mapping analyses, is available at
https://github.com/netneurolab/ neuromaps, with documentation provided on
GitHub Pages (https://netneurolab. github.io/neuromaps). Further details can be
found in the associated publication ®°. Cortical layer thickness data are publicly
available through BigBrainWarp (https: //bigbrainwarp.readthedocs.io/en/latest/).
Gene expression data used in this study were obtained from the Allen Human
Brain Atlas and are openly accessible at https://human.brain-map.org.

The BioFINDER data are not publicly available, but access requests of
anonymized data can be made to the study’s steering group
bf_executive@med.lu.se. Access to the data will be granted in compliance with
European Union legislation on the General Data Protection Regulation (GDPR)
and decisions by the Ethical Review Board of Sweden and Region Skane. Data
transfer will be regulated under a material transfer agreement.

Code availability

Python3.9 was used to run all models and analyses. Scripts for the revised
Susceptible-Infectious-Recovery model can be found at
https://github.com/DeMONLab-BioFINDER/Xiao_Tau_simulation_SIR.
Implementations of the SuStaln algorithm are available on the UCL-POND GitHub
page: https://github.com/ucl-pond.
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Extended Data Fig.1 Relationship of tau presence and tau load with raw SUVR
values. a, b) Relationship between tau presence a) and tau load b) and raw SUVR values
across regions grouped by Braak stages, as defined by '°. Regions corresponding to other
Braak stages are shown in different colors for comparison. ¢ - j) Relationship between tau
presence/load with Braak stage regions derived from 2. ¢, d) mean + SEM values of tau
presence c) and load d) for Braak stage regions. e, f) Relationship of tau presence e) and
tau load f) with raw SUVR values in grouped regions of 2° Braak stages. g, h) Relationship
of tau presence g) and load h) with CSF AB42/40 and CSF p-tau217 levels. i, j)
Relationship between tau presence i) and tau load j) and raw SUVR values across regions
grouped by Braak stages, as defined by ?°. Regions corresponding to other Braak stages
are shown in different colors for comparison. SUVR: standardized uptake value ratio; TPP:
tau-positive probability; CSF: cerebral spinal fluid; AB: beta-amyloid; p-tau: phosporalated

tau.
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Extended Data Fig.2 Tau presence is consistent across individuals, tau load is
heterogeneous. a) Left: Positional variance for two identified tau presence subtypes using
10 brain regions. Each box represents the confidence that a brain region has reached a
certain pathology level at a given SuStaln (disease progression) stage, with darker colors
indicating higher certainty. Right: Tau presence cortical surface projections for the two
subtypes and a difference map. b) Results using five brain regions. Left: For each subtype
model (k=1-4), the distribution of average negative log-likelihood across cross-validation
folds of left-out individuals is shown (higher log-likelihood indicates better model fit).
Middle: Positional variance for two tau presence subtypes. Right: Tau presence cortical
surface projections of the identified tau presence subtype. ¢) Right: Brain map for the
identified four tau load subtypes. Left: Confusion matrix comparing subtypes identified in
the current study (SuStaln subtypes; y-axis) with those from Vogel et al., 2021 (x-axis).
Values represent spatial correlations between average regional tau for each subtype.
Diagonal values indicate subtype similarity across both parameter sets. L: left; R: right;
SuStaln: Subtype and Stage Inference model.
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Extended Data Fig.3 Model performance across time by varying epicenters. The
spreading process was initiated in every brain region and the correlation between the
simulated and empirical patterns of TPP a) and SUVR b) was computed across 30,000
simulation times. The five best seeding regions were highlighted. TPP: tau-positive
probability; SUVR: standardized uptake ratio; R: Pearson correlation coefficient.


https://doi.org/10.1101/2025.04.17.648358
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.04.17.648358; this version posted April 23, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC 4.0 International license.

Tau presence (TPP) Tau load (SUVR)
ad R=079 MSE*= 0.02 b R =0.48, MSE* =006
15 y
c 2 243 s’ o
S € \
& £
? % P1p N
02 04 06 0.1 04 -03 05 1 15 04 1 -03 0.3
Observed Simulated Re3|duals Observed Simulated Residuals
C R=0.88 MSE*=0. 01 d 6R =0.84, MSE* = 0.05
|_
- @‘
< 8 3
S =& s
+ E? g
S »
@ o synMAPT — — _misMAPT_ .
02 04 06 04 -0.3 0.5 1 15 04 1 -0.3 0.3
Observed Slmulated Re5|duals Observed Simulated Residuals
e 1\ 1
= ‘,Xi‘, _SC + clearAPOE fE ’i\ ¥ SC+spreadAp
o | A T SC+synMAPT N _— SC + misMAPT
3] S 8 3 i SC + clearAPOE
© S S
E = SC only
£ $
él_, 0 ‘Best simulation point ~ & 0 ‘Best simulation point
0 15000 30000 0 15000 30000
Simulation time Simulation time
62 brain regions (including hippocampus and amygdala)
g 1 1 '
@ S SC + clearAB 2 Vo
8 SC + clearAPOE 3 4 \ ———SC+synMAPT
S S |\ — + =Je]
© ® —
£ SC + synMAPT £ 'SC + spreadAB
(] (]
50 SC only 5o SC only
a ‘Best simulation point o ‘Bes( simulation point
0 15000 30000 0 15000 30000
Simulation time Simulation time

Extended Data Fig.4 Simulation with 62 brain regions (excluding hippocampus and
amygdala): AD-related regional factors improve models of tau load more than tau
presence. Results of the SIR model simulating tau diffusion through a structural
connectome (derived from healthy young individuals from HCP) using an entorhinal cortex
epicenter. a) Model performance for TPP; b) Model performance for tau SUVR. Scatter
plots compare SIR model predictions to observed tau TPP/SUVR, whileCortical surface
projections show simulated tau presences and model residuals. Residuals represent the
difference between observed tau values and simulated tau values, with the simulated
values normalized to the range of observed values. c-f) To assess the influence of regional
vulnerability on tau propagation, three regional properties were incorporated into the
model: MAPT expression, APOE expression, and A deposition. The best-fitting regional
property influencing TPP (SC plus MAPT expression affecting regional synthesis) is shown
in ¢), and for SUVR in d). e, f) Model performance (SC only vs. SC with three regional
properties) over simulated time for TPP and SUVR, respectively. g, h) Model performance
(SC only vs. SC with three regional properties, simulated with 66 brain regions used in Fig.
2) over simulated time for TPP and SUVR, respectively. MSE* was calculated using
normalized simulated values (scaled to the range of observed tau values) to ensure a fair
comparison, as the model lacks constraints on simulated values, which can increase
without limit. SUVR: standardized uptake value ratio; TPP: tau positive-probability; SC:
structural connectivity; R: Pearson correlation coefficient; MSE: mean squared error;
MAPT: microtubule associated protein tau; APOE: Apolipoprotein E; syn: synthesis; clear:
clearance; mis: misfold.
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Extended Data Fig.5 Cortical surface projections of input regional biological factors.
neuromaps toolbox, the Allen Human Brain Atlas (AHBA) and the abagen toolbox were
used to compile a set of 49 micro-architectural brain maps, including measures of receptors
and transporters, cortical expansion, metabolism, cell type-specific gene expression,
microstructure, and AD-related factors (conventional: MAPT, APOE, AB; and seven
derived AD-related gene clusters) (see Methods for more details). astro = astrocytes; endo
= endothelial cells; micro = microglia; neuron-ex = excitatory neurons; neuron-in =
inhibitory neurons; oligo = oligodendrocytes; and opc = oligodendrocyte precursors.
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Extended Data Fig.6 Model performance and contribution of regional biological
factors over connectome only models for tau presence and load. a) Performance of
individual models fitted to tau TPP (left) and SUVR (right), respectively. This panel provides
a zoomed-in view of Main Text Fig. 3e and 3f, with the y-axis range adjusted to 0.6-1 for
tau presence and 0.4-0.9 for tau load. Each dot represents one model. The dot color
indicates what parameter the regional information was influencing. Grayed-out dots did not
exceed null model performance (indicated by dashed lines). The regional factor added to
the model is labeled for the top 3 models of each connectome. b, ¢) Contribution of regional
biological factors over connectome only models for tau presence b) and load c).
Performance improvement over connectome only models was calculated and summarized
by the biological factors shown on the x-axis, with results color-coded by the six types of
regional biological factors. Regional factors for which models outperformed chance and
the connectome-only model are shown (outperform chance: 95% CI of 1000 models
scrambling connectomes but preserving weight and degree distribution). TPP: tau-positive
probability; SUVR: standardized uptake ratio; SC: structural connectivity; FC: functional
connectivity; GC: gene coexpression; NS: neurotransmission marker similarity; LS: laminar
similarity; MC: metabolic covariance; EP: electrophysiological; TS: temporal similarity, R
Pearson Correlation coefficient R; astro = astrocytes; endo = endothelial cells; micro
microglia; neuron-ex = excitatory neurons; neuron-in = inhibitory neurons; oligo
oligodendrocytes; and opc = oligodendrocyte precursor cells.
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Extended Data Fig.7 Contribution of regional blologlcal factors over connectome
only models for four tau load subtypes. Performance improvement over connectome
only models was calculated and summarized by the biological factors shown on the x-axis,
with results color-coded by the six types of regional biological factors. Regional factors for
which models outperformed chance and the connectome-only model are shown
(outperform chance: 95% CI of 1,000 models scrambling connectomes but preserving
weight and degree distribution). MTL: medial temporal lobe; astro = astrocytes; endo =
endothelial cells; micro = microglia; neuron-ex = excitatory neurons; neuron-in = inhibitory
neurons; oligo = oligodendrocytes; and opc = oligodendrocyte precursor cells.
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Extended Data Fig.8 Clusters of AD-related genes identified from GWAS studies. a)
Four evaluation metrics were used to determine the optimal number of clusters: Silhouette
Score (higher values indicate better cohesion and separation), Calinski-Harabasz Index
(higher values reflect a better ratio of between-cluster to within-cluster dispersion), Davies-
Bouldin Index (lower values indicate less similarity between clusters), and Elbow Score
(measures compactness, used in the Elbow Method). The optimal number of clusters for
each metric is marked with grey arrows. b) Correlation map of the identified genes, with
text color-coded by cluster. The three conventional factors are shown in bold black.
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Extended Data Fig.9 Correlation among 49 regional biological factors. A correlation
heatmap matrix with hierarchical clustering reveals relationships among 49 regional
biological factors. Nine distinct clusters of factor distributions were identified, with
hierarchical trees indicating their groupings. Factors are color-coded by type to highlight
their categorization and relationships within clusters. astro = astrocytes; endo = endothelial
cells; micro = microglia; neuron-ex = excitatory neurons; neuron-in = inhibitory neurons;
oligo = oligodendrocytes; and opc = oligodendrocyte precursor cells.
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