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Abstract
Proteinopathy progression is modeled by coupled manifolds: an activated rugged free-energy landscape[image: image1.png]G(x,y)



and a biomarker–seeding clinical risk surface [image: image2.png]R(p,s)



.An iso-risk boundary [image: image3.png]


with heteroscedastic uncertainty supports interpretable staging and trial enrichment beyond single cutoffs.

1. Introduction

Proteinopathies can be framed as disorders of state conversion: soluble proteins stochastically access misfolded intermediates and enter self-templating aggregated states that drive tissue injury. Clinical pipelines often collapse this multistage physics into one-dimensional thresholds, despite evidence for activated kinetics, pathway heterogeneity, and structural polymorphism of aggregates [1–4]. We summarize a minimal physics-to-clinic mapping consistent with the two figures: a coarse-grained free-energy landscape for molecular conversion (Fig. 1) and a joint biomarker–seeding risk manifold for stratification (Fig. 2).

2. Model

Physics layer (Fig. 1). Using compactness-like [image: image4.png]x € [0,1]



and structural order [image: image5.png]vy € [0,1]



(β-sheet correlated) as order parameters, we represent misfolding/aggregation by a two-basin landscape with a barrier and weak ruggedness:
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Here [image: image7.png]AGH



is the effective saddle height governing conversion timescales.

Clinical layer (Fig. 2). Let [image: image8.png]» € [0,1]



denote a normalized plasma biomarker burden axis (p-tau217-like) and [image: image9.png]s €[0,1]



a normalized seeding competence axis (SAA/RT-QuIC-like). We define a minimal risk surface with synergy and a localized conversion ridge:
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Cohort heterogeneity is represented by a heteroscedastic uncertainty band:
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3. Results and Implications

Fig. 1 explains long preclinical plateaus as metastable trapping near a native-like basin and abrupt conversion when microenvironmental shifts reduce [image: image12.png]AGH



(e.g., concentration/condensate effects) [1–3]. Ruggedness provides a minimal proxy for pathway multiplicity and polymorph selection consistent with patient-derived structural diversity [4]. Fig. 2 shows that combining a burden-like biomarker axis with a functional seeding axis yields a stratification geometry richer than single cutoffs: an iso-risk boundary [image: image13.png]


supports trial enrichment, while confidence surfaces emphasize heightened uncertainty near conversion zones where mixed mechanisms and staging ambiguity concentrate [5,6].

4. Conclusion

Proteinopathy progression can be usefully represented by coupled state manifolds: a rugged molecular landscape controlling activated conversion (Fig. 1) and a joint biomarker–seeding risk surface with an operational threshold and uncertainty geometry (Fig. 2). The framework is minimal yet interpretable, suitable for cohort fitting and mechanism-aware endpoints.
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	Figure 1. Rugged effective free-energy landscape [image: image16.png]G(x,y)



over compactness-like [image: image17.png]


and β-sheet–correlated structural order [image: image18.png]


. Native-like and pathological basins are separated by an activated barrier ([image: image19.png]k ~ kue—AG*/kBT



); mild ruggedness summarizes pathway heterogeneity/polymorph selection.


	Figure 2. Clinical risk manifold [image: image20.png]R(p,s)



over normalized plasma biomarker burden [image: image21.png]


and seeding activity [image: image22.png]


. The gray plane marks the operational threshold [image: image23.png]


(black intersection contour); translucent surfaces indicate a heteroscedastic 95% CI [image: image24.png]R + 1.960(p, s)



, with base-plane iso-risk contours projected below.
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