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ABSTRACT

Background

Alzheimer’s disease (AD) is a heterogeneous disorder that may consist of disease subtypes unique in their underlying pathological features and disease
progression. Studies to date have relied on cross-sectional data to investigate potential AD subtypes, yet it is difficult to disentangle disease subtype
from disease stage from cross-sectional data. Consideration of both disease subtype and disease stage in subtype identification from cross-sectional
data may provide increased biological validity of identified AD subtypes.

MODEL SELECTION & PROTEOMIC SUBTYPE PREDICTION

Panels A—-C: Optimal subtype model selection

MCMC traces (A): S1-S5 show stable convergence across 10,000 samples; candidate S6 overlaps S4-S5, indicating redundancy. Log-likelihood histograms

(B): five distinct, non-overlapping peaks for S1-S5 confirm each captures a unique progression pattern. CVIC curve (C): decreases substantially S1->S5
with minimal gain at S6 (red dot = best model: S5). These three diagnostics confirm the 5-subtype model as optimal.
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Fig. 1A-C. MCMC trace (A), log-likelihood histograms (B), CVIC curve (C). Optimal model: S5 (red dot). Cognitive trajectory Cognitive trajectory Cognitive trajectory Cognitive trajectory Cognitive trajectory
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Prior AD subtyping studies Individuals sorted by modal SuStaln subtype (S1-S5, color bars at top) and stage within subtype. Rows: 33 module eigenproteins (z-score: red="1", - 2 J\ 2\ 2 A AN 2

blue=J vs. controls). Clinical metadata tracks: AD status, pTau, AB42, pTau/AB42, APOE4 dose, age, sex, MoCA (Emory)/ADAS13 (ADNI).
Recent omics studies in brain and CSF have used data-driven approaches to characterize molecular alterations, identifying 3—5 subtypes in brain"2? and v ) P B42, pTau/AB & ( v/ ( )

2—-6 subtypes in CSF,3"® differing in molecular phenotype, cognitive impairment, and demographic features but not clustering based on classic AD
biomarkers. However, a key limitation shared by all these approaches is the inability to disentangle disease subtype from disease stage simultaneously.

SUBTYPE PREDICTION CONFIDENCE

Pentagon plot & classification probability

S1 Classic (n=96, pink): progressive T M20 (glycolysis/redox homeostasis), M17 (synaptic vesicle/SNAP-SNARE), M4 (autophagy/ubiquitination) with
stage; highest APOE €4 burden; worst MoCA. S2 Metabolic-sparing (n=82, purple): sparing of M20 (glycolysis/redox homeostasis — key differentiator);
fewest APOE e€4; highest AB42; slowest cognitive decline. S3 Blood-brain barrier (n=75, orange): M2 (complement/coagulation) and M13
(immunoglobulins); pattern consistent with BBB dysfunction and CSF immune activation. S4 ECM/vascular-sparing (n=17, green): sparing of M21
(ECM/vasculature), M31 (actin cytoskeleton); highest tau; most microhemorrhages. S5 Neuronal/synaptic-sparing (n=26, black): sparing of M17
(synaptic vesicle); APOE €4 homozygote-enriched; highest amyloid burden; most Lewy body co-pathology; fastest cognitive decline.

Why SusStain?
Y Pentagon (A): each vertex = one subtype; position reflects posterior probability. Individuals plotted closer to a vertex have higher posterior
probability of belonging to that subtype, indicating greater classification confidence. S3 (orange, u=0.74): tightest clustering, most molecularly

distinct. S4 (green, u=0.48): widest spread given small n=17 and partial overlap with S1. S5 (black, u=0.69): tight, consistent with unique APOE €4-
enriched profile.

SuStaln’ simultaneously infers subtypes AND stages. Each subtype follows a distinct ordered sequence of biomarker changes; Markov Chain Monte
Carlo (MCMC) sampling estimates posterior distributions over subtype-specific event sequences and individual stage assignments, separating disease
type from disease progression.

Key advantages Boxplots (B): maximum posterior probability per subtype. S3 highest confidence (u=0.74); S4 lowest (u=0.48); S1/52/S5 intermediate. These values
reflect the molecular distinctiveness of each subtype. All subtypes show mean confidence well above uniform prior (dashed line, p=0.2), confirming
all assignments are above chance.

ADNI right panel: all five subtype patterns reproduced with harmonized synthetic eigenproteins, confirming cross-cohort replicability of the full
proteomic subtype structure.

Cross-sectional data only — no longitudinal samples required
Joint subtype + stage inference in a single probabilistic model
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