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Abstract
Amyloid biomarkers sample distinct levels of an open, kinetically coupled biochemical system, yet scalar
summaries may obscure biologically relevant configuration. We asked whether separating shared
soluble-peptide variation from Aβ42-selective depletion preserves information and clarifies the amyloid
context of the soluble tau response. In 380 Alzheimer’s Disease Neuroimaging Initiative participants,
CSF Aβ38, Aβ40 and Aβ42 mass-spectrometry measurements were used to derive two peptide-only
analytical constructs: variation shared by Aβ38 and Aβ40 (T), and Aβ42-selective depletion relative to
their joint profile (D42). BACE activity and sAPPβ preferentially aligned with T (incremental-R² separation
0.463; 95% bootstrap interval 0.361–0.535). D42 was preferentially associated with later fibrillar burden:
among 91 participants with PET a median 4.98 years later, the D42–T contrast was 31.21 Centiloids/SD
(95% CI 11.12–51.30). In 375 participants, p-tau181 was independently associated with both constructs
(standardized coefficients 0.518 and 0.472), mapping across the T–D42 state space and revealing a
supported region of elevated soluble tau. Information-retention analyses showed that tested scalar
compressions discarded readout-relevant information. Together, these findings support a two-coordinate
representation of soluble amyloid state that preserves biologically relevant information obscured by
scalar summaries and locates the soluble tau response within the joint peptide configuration.

Introduction
Amyloid-β (Aβ) measurements interrogate a biochemical system rather than a single quantity. β-site
APP-cleaving enzyme 1 (BACE1) cleavage of amyloid precursor protein (APP) releases soluble APPβ
(sAPPβ) and a membrane-bound substrate for γ-secretase. Processive γ-secretase cleavage generates a
distribution of Aβ peptide lengths rather than a single terminal product. [1, 2] Once released, peptides
undergo transport, binding, assembly and clearance, and human kinetic studies show that CSF
concentrations reflect the balance between synthesis and removal rather than production alone. [3] The
measurable amyloid system is therefore open and kinetically coupled: concentrations describe aspects
of its state but do not establish thermodynamic equilibrium or quantify the underlying molecular fluxes.

Measurements obtained at different levels of this system provide complementary biological reference
points. CSF BACE activity reflects proximal enzymatic APP processing, sAPPβ is a released β-cleavage
product, and same-assay Aβ38, Aβ40 and Aβ42 characterize soluble peptide composition. Amyloid PET
measures tracer-accessible fibrillar burden, providing an independently acquired distal readout rather
than a direct measure of plaque formation or accumulation rate. These measurements are related but
not interchangeable. CSF and PET abnormalities can emerge asynchronously, demographic and genetic
factors modify their relationship, [4, 5] and studies incorporating BACE1, sAPP fragments and multiple
Aβ species identify distinct biomarker groupings and relationships with soluble and fibrillar amyloid. [6,
7] This motivates asking which components of soluble Aβ variation align with proximal processing and
which with fibrillar expression.
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Within the soluble compartment, Aβ42 alone cannot distinguish variation shared with other peptides
from variation relatively selective to Aβ42. The Aβ42/Aβ40 ratio addresses part of this problem and has
established diagnostic value, [8] but compresses numerator and denominator information into one
scalar. Experimental differences between Aβ40 and Aβ42 oligomerization and nucleation provide a
further reason why common soluble abundance and Aβ42-selective change need not vary together. [9,
10] For biological state characterization, we therefore define two complementary analytical coordinates:
T, representing common soluble variation shared by Aβ38 and Aβ40, and D42, representing Aβ42-
selective depletion relative to that shorter-peptide background. They are not intended as new molecular
compartments or diagnostic biomarkers, but as a representation that preserves complementary aspects
of soluble peptide variation. Only the peptide measurements define these coordinates; proximal
processing, tau and PET measurements provide independent biological reference points against which
the representation can be interpreted.

Soluble phosphorylated tau raises a distinct question. CSF p-tau increases in association with Aβ
pathology before overt tau-PET positivity, and individual phosphorylation sites follow different
trajectories during dominantly inherited Alzheimer disease. [11, 12] These observations support
considering p-tau181 as a response-related readout of the amyloid-associated biochemical environment
rather than equating it with mature neurofibrillary tangles. Its position relative to common soluble
variation and Aβ42-selective depletion may therefore characterize the amyloid configuration associated
with the soluble tau response.

Here, we used complementary biomarker measurements to examine the organization of the measured
amyloid system from the partial information carried by each readout. We defined T and D42 to
distinguish common shorter-peptide variation from Aβ42-selective depletion, and used proximal APP-
processing markers and subsequent fibrillar amyloid burden as independently acquired biological
reference points for this representation. We then asked how p-tau181 is positioned within the empirically
anchored T-D42 state space. Finally, we assessed whether compressing the two-coordinate
representation into the tested scalar summaries or projections discarded readout-relevant information.
Our aim was to characterize the organization of measured amyloid state, not to infer the intrinsic
dimensionality or temporal trajectory of Alzheimer disease.

Results

Peptide-only construction defines T and D42 independently
of external readouts
The parent cohort comprised 380 participants with contemporaneous CSF BACE activity, sAPPβ, mass-
spectrometry Aβ38/Aβ40/Aβ42 and complete covariates (Table 1). All 380 contributed to construction
of the soluble coordinates. Elecsys p-tau181 was available in 375 participants, whereas first subsequent
quality-controlled florbetapir PET was available in 91 (47 cognitively normal and 44 mild cognitive
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impairment participants), at a median 4.98 years after CSF. Availability of p-tau181 or PET determined
only the corresponding downstream analyses and did not enter coordinate construction.

Table 1
Cohort characteristics

Characteristic Parent cohort (N = 
380)

Later-PET subset (N = 
91)

Age, years, mean (SD) 74.5 (7.1) 74.1 (6.2)

Female, n (%) 155 (40.8%) 38 (41.8%)

Education, years, mean (SD) 15.6 (3.0) 16.0 (3.1)

APOE ε4 carrier, n (%) 189 (49.7%) 31 (34.1%)

CN, n (%) 106 (27.9%) 47 (51.6%)

MCI, n (%) 182 (47.9%) 44 (48.4%)

AD dementia, n (%) 92 (24.2%) 0 (0.0%)

BACE activity, pM, median [IQR] 43.3 [32.7, 57.5] 44.1 [34.2, 61.5]

sAPPβ, pM, median [IQR] 3938.2 [3107.1, 4916.3] 3995.3 [3113.1, 5330.4]

MS Aβ38, pg/mL, median [IQR] 1748 [1426, 2190] 1780 [1554, 2302]

MS Aβ40, pg/mL, median [IQR] 7356 [6281, 9083] 7489 [6644, 9866]

MS Aβ42, pg/mL, median [IQR] 726 [537, 1156] 995 [686, 1494]

p-tau181, pg/mL, median [IQR] 27.2 [19.0, 37.4] 22.1 [16.9, 32.0]

Time to first subsequent PET, years, median
[IQR]

- 4.98 [4.08, 5.16]

p-tau181 summaries refer to the 375 available participants. The p-tau181 analysis sample comprised
103 CN, 181 MCI and 91 dementia participants. All 380 contributed to eligible proximal analyses, and
the 91-person PET subset was nested without defining eligibility for those analyses. CN, cognitively
normal; MCI, mild cognitive impairment; SD, standard deviation; IQR, interquartile range.

T and D42 were derived exclusively from the three same-assay soluble Aβ peptides; BACE activity,
sAPPβ, p-tau181 and PET were not used at any stage of their construction. T retained common
standardized variation in log-Aβ38 and log-Aβ40. Repeated out-of-fold prediction of log-Aβ42 from the
joint Aβ38/Aβ40 profile explained 26.8% of its variation (R²=0.268). D42 was defined from the sign-
reversed standardized out-of-fold residual, so higher D42 denotes less measurable Aβ42 than expected
for the participant's shorter-peptide profile. The resulting coordinates therefore separate common
shorter-peptide variation from Aβ42-selective departure before any external biological readout is
examined. Despite cross-fitted residualization, T and D42 were empirically near-orthogonal (Pearson r ≈ 
0.00 in the parent cohort, − 0.015 in the p-tau181 sample and − 0.016 in the PET subset; Spearman
correlations were likewise near zero), with essentially unchanged estimates across 101 alternative
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cross-fitting sequences (Supplementary Table S12). D42 remained closely aligned with conventional
Aβ42/Aβ40 depletion (Spearman ρ = 0.992), indicating that the decomposition preserves the established
relative-Aβ42 signal rather than creating a diagnostically unrelated biomarker. The coordinate origin
represents the cohort mean and has no pathological interpretation; higher T alone was not classified as
abnormal. Independently measured proximal, soluble-tau and fibrillar readouts were then used to orient
this peptide-defined state space; subsequent information-retention analyses tested whether the resulting
organization was preserved after scalar compression.

BACE activity and sAPPβ anchor the T direction
In simultaneous covariate-adjusted models, BACE activity and sAPPβ were strongly associated with T:
standardized coefficients 0.516 (95% CI 0.433–0.598; P = 1.67×10⁻³⁴) and 0.313 (0.220–0.406; P = 
3.76×10⁻¹¹), respectively. The proximal block contributed incremental R²=0.468 for T and 0.006 for D42.
The resulting separation was 0.463, with complete-pipeline bootstrap median 0.454 and interval 0.361–
0.535. BACE-only and sAPPβ-only specifications preserved the separation (0.385 and 0.243). Thus the
proximal anchor was supported by both an activity assay and a cleavage-product measurement, rather
than either assay alone.

Later fibrillar burden preferentially maps onto the D42 direction
In the 91-person PET model, D42 was associated with 36.92 Centiloids/SD (95% CI 24.25–49.59; P = 
1.12×10⁻⁸). The direct D42-minus-T contrast was 31.21 Centiloids/SD (95% CI 11.12–51.30; P = 0.0023),
establishing differential association rather than relying on the significance of one coefficient and non-
significance of another (Fig. 2). Complete-pipeline bootstrap intervals supported both the D42 coefficient
and the contrast. Participant-level influence did not account for the contrast: across 101 alternative D42
cross-fitting sequences, all 91 leave-one-out refits retained a positive D42-minus-T contrast in every
sequence (overall range 29.5–39.6 Centiloids/SD; Supplementary Table S12). Adding the relative
Aβ38:Aβ40 balance preserved the D42 association at 37.53 Centiloids/SD (25.51–49.55; P = 9.49×10⁻¹⁰).
The selective fibrillar association therefore extended beyond the common-soluble component and the
relative balance of the two shorter peptides.

The marked proximal separation could not, by itself, establish complementary biological information. A
fitted linear-Gaussian one-factor model passed through the same T/D42 construction pipeline
reproduced the preferential association of BACE and sAPPβ with T, showing that residualization can
generate this asymmetry even when the measured biomarkers share a single latent factor. A further
distinction appeared in the PET ordering: the specified one-factor model predicted preferential
association with T, whereas the observed data showed the opposite ordering, with fibrillar burden
preferentially related to D42. None of 5,000 complete-pipeline simulations reproduced the observed
positive D42-minus-T contrast (corrected directional P = 0.00020). A conditional PET wild-bootstrap
preserving the observed biomarker geometry gave concordant support (P = 0.00035). These checks
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apply to the specified linear measurement models and do not exclude all possible one-dimensional
disease processes (Supplementary Table S2).

p-tau181 maps across both soluble coordinates
On equal-SD coordinates, standardized log-p-tau181 was independently associated with T and D42: βT = 
0.518 (95% CI 0.454–0.581; P = 3.69×10⁻⁵⁷) and βD42 = 0.472 (0.394–0.550; P = 1.35×10⁻³²). Together
the coordinates added R²=0.425 beyond covariates, yielding total R²=0.614. Both relationships remained
supported when BACE and sAPPβ were added; the proximal block contributed a further R²=0.030. The
soluble tau association consequently included common-soluble and Aβ42-selective information while
retaining an additional relationship with proximal processing (Supplementary Table S4).

These joint coefficients define a p-tau181 gradient at 42.4 degrees from + T toward +D42. Proximal BACE
and sAPPβ directions were 4.6 and 6.9 degrees, whereas later PET was oriented at 88.7 degrees. Paired
bootstrap intervals separated p-tau181 from BACE (angular difference 37.8 degrees; 95% CI 28.4–47.1)
and sAPPβ (35.5 degrees; 22.0-48.1). Within the same 91 PET participants, the PET-minus-p-tau181
difference was 45.5 degrees (30.9–58.2). The diagonal p-tau181 response is therefore an observed
feature of its joint associations, not a coordinate used to construct the plane (Supplementary Table S5).

The corresponding covariate-standardized response is displayed over the T-D42 plane in Fig. 3. The
colour field and dashed 27 pg/mL contour are descriptive Gaussian-kernel summaries; the solid
boundary is defined separately by the adjusted linear log-p-tau181 model. The response-region analysis
identified locations where the lower simultaneous 95% bound for the geometric-mean p-tau181
response exceeded the published Elecsys reference level of 27 pg/mL. [13] This region occupied 44.5%
of the adequately supported plotting grid (Supplementary Table S6); this is geometric grid area, not
participant prevalence. The region describes a conditional population response, not individual diagnostic
status, and its boundary is not a biological activation threshold. The main continuous result is the
contribution of both soluble coordinates to the p-tau181 gradient.

When D42 and p-tau181 were considered together as predictors of later PET, both retained independent
associations: 25.90 Centiloids/SD for D42 (95% CI 11.71–40.09; P = 3.47×10⁻⁴) and 23.58 Centiloids/SD
for p-tau181 (9.91–37.25; P = 7.20×10⁻⁴). Their unique incremental R² contributions were 0.116 and
0.061, respectively. Thus the two predictors contributed non-redundant later-PET information, while the
directional analysis remained distinct: fibrillar PET itself was predominantly D42-aligned (Table 2).
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Table 2
Biological associations supporting the amyloid framework

Relationship Estimate (95% interval) P / inference N

BACE activity with T 0.516 (0.433–0.598) 1.67×10⁻³⁴ 380

sAPPβ with T 0.313 (0.220–0.406) 3.76×10⁻¹¹ 380

Proximal-block R² separation 0.463 [0.361–0.535] Bootstrap interval 380

D42 with later PET 36.92 (24.25–49.59) 1.12×10⁻⁸ 91

D42 minus T, later PET 31.21 (11.12–51.30) 0.0023 91

T with p-tau181 0.518 (0.454–0.581) 3.69×10⁻⁵⁷ 375

D42 with p-tau181 0.472 (0.394–0.550) 1.35×10⁻³² 375

Joint PET model: D42 25.90 (11.71–40.09) 3.47×10⁻⁴ 91

Joint PET model: p-tau181 23.58 (9.91–37.25) 7.20×10⁻⁴ 91

Proximal and p-tau181 coefficients are standardized associations; PET coefficients are
Centiloids/SD. The proximal-block entry is an incremental-R² contrast, with its complete-pipeline
bootstrap interval in brackets. Other intervals are HC3 confidence intervals. Surface p-tau181
coefficients use equal-SD coordinates in the 375-person sample. Full counterpart estimates and
sensitivities, including unsupported comparisons, are given in Supplementary Information.

The normalized directions in Fig. 4 integrate these relationships across the measured system: BACE and
sAPPβ are predominantly T-aligned, p-tau181 incorporates both soluble coordinates, and later amyloid
PET is predominantly D42-aligned. This directional summary complements the response surface in
Fig. 3; it does not represent a measured sequence of transitions between biomarkers.

Information-retention analyses support the two-coordinate
representation
Adding T to a conventional ratio-depletion model increased p-tau181 R² from 0.414 to 0.613, closely
matching the T+D42 model (R²=0.614); the T coefficient remained 0.467 (95% CI 0.402–0.532). Thus,
preserving the common-soluble component adds p-tau181-associated information beyond the
established relative Aβ42-depletion signal. A reduced-rank analysis likewise rejected a rank-one model in
which BACE, sAPPβ and p-tau181 were all related to the same linear combination of T and D42
(restricted-null wild-bootstrap P = 0.000050). The corresponding mean joint cross-validated R² gain was
modest (0.372 to 0.394), so this analysis is interpreted as an information-retention check rather than a
major improvement in prediction.

To test whether such compression also discarded fibrillar information, a single linear score was learned
from BACE, sAPPβ and p-tau181 in the 284 participants without PET. In the held-out 91-participant PET
subset, the direction in T-D42 space complementary to that score remained strongly associated with
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later PET (30.8 Centiloids/SD; HC3 95% CI 17.5–44.1; P = 5.67×10⁻⁶). Thus, within ADNI, a common
score optimized for proximal-processing and soluble-tau readouts failed to retain information relevant to
subsequent fibrillar burden. These analyses concern information retained by the measured coordinates
and do not establish two latent biochemical causes. Full linear and nonlinear single-index comparisons,
prediction results, negative controls and sensitivity estimates are reported in Supplementary Tables S7-
S11.

Discussion
The central finding is that common soluble Aβ variation and Aβ42-selective depletion are not
informationally interchangeable. Retaining them as separate peptide-derived coordinates preserves
biologically relevant structure that is obscured by the tested scalar compressions. Because T and D42
were constructed without BACE, sAPPβ, p-tau181 or PET, their biological orientation was supplied by
independently measured readouts: BACE activity and sAPPβ preferentially aligned with T, later fibrillar
PET with D42, and p-tau181 mapped across both, between these orientations. The claim therefore
concerns information retained within a measured amyloid state space, not proof that Alzheimer biology
has two intrinsic dimensions or two molecular mechanisms.

The choice of coordinates follows the measurement problem. Isolated Aβ42 conflates shared peptide
variation with species-selective change, while a ratio retains relative depletion but compresses the
soluble background. T preserves that background; D42 represents Aβ42 departure after accounting for
the joint shorter-peptide profile. These are explicit, biologically motivated analytical constructs rather
than discovered molecular compartments. Their usefulness is established by the external-readout
relationships and by the information lost under the tested scalar reductions, not by the algebraic fact
that two variables can be plotted on a plane. This representation addresses biological state
characterization rather than diagnostic classification, which remains the role of validated biomarker
frameworks. [14]

A one-dimensional disease-progression trajectory and a two-coordinate measurement state space are
not mutually exclusive. Jack and colleagues described nonlinear biomarker trajectories on a common
progression axis and later refined that framework to accommodate variability and more complex
amyloid-tau relationships. [15, 16] Subsequent models estimated latent progression scores and
multivariate trajectories, [17, 18] accommodated subtype-specific sequences, [19] and represented
disease progression geometrically. [20] A scalar trajectory may trace a path through a higher-
dimensional observable space; cross-sectional T-D42 geometry does not determine that path. The
present contribution is therefore to preserve complementary measured information within the amyloid
domain before temporal order is assigned, not to replace progression models.

BACE activity and sAPPβ are especially informative because they provide complementary proximal
reference measurements. An activity assay and a released cleavage product are not interchangeable
with intracellular APP-cleavage flux, and their CSF levels can be influenced by compartmental exchange
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and clearance. Nevertheless, their concordant T alignment anchors the common-soluble coordinate in
proximal-processing-related variation rather than leaving it as an abstract statistical component. Later
PET provides an independent distal reference: the information most closely associated with common
soluble variation is not the information most strongly associated with tracer-accessible fibrillar burden.
This organization is consistent with human studies reporting distinct proximal/soluble biomarker
groupings and asynchronous soluble-fibrillar relationships. [4–7]

The observed organization is biologically plausible in a system with coupled generation, partitioning and
removal. γ-secretase product allocation and the distinct assembly properties of Aβ42 can change
measurable peptide composition without proportionately scaling every species. [1, 2, 9, 10] D42 may
therefore contain information arising from product selection, binding, oligomerization, fibrillization,
compartmental exchange or species-specific clearance, but it cannot be assigned exclusively to any of
these mechanisms. Likewise, sustained synthesis and removal can coexist with nearly stable
concentrations. [3] The state space describes complementary macroscopic measurements compatible
with this kinetic complexity; it does not measure reaction rates, molecular structures or thermodynamic
equilibrium.

p-tau181 reveals a further aspect of this organization. Its response was not captured by common-
soluble variation or Aβ42-selective depletion alone; instead, it mapped across both coordinates, between
the predominantly T-aligned proximal readouts and the predominantly D42-aligned fibrillar readout. This
pattern is compatible with an amyloid-associated change in soluble tau metabolism, as suggested by
observations of rising p-tau before overt tau-PET positivity and by phosphorylation-site-specific disease
trajectories. [11, 12] p-tau181 is treated here as an integrative response-related readout of the measured
amyloid environment, not as evidence that one peptide compartment directly causes tau pathology.
Concentrations cannot separate phosphorylation, release and clearance, and the response surface does
not identify the responsible cellular mechanism. Figures 3 and 4 provide complementary views of this
result.

The distinction also clarifies the role of conventional amyloid biomarkers. A validated Aβ42/Aβ40
measure can be sufficient for detecting AD-related pathology while leaving common-soluble variation
unresolved. Diagnostic criteria appropriately address detection and staging with validated biomarkers;
[14] this study instead asks what configurations of measured amyloid accompany proximal processing,
soluble tau and fibrillar expression. The independent T contribution alongside ratio depletion makes that
distinction quantitative. We do not propose a diagnostic replacement, infer clinical resilience from the
map, or establish treatment-selection utility.

The information-retention analyses provide formal support for keeping both coordinates visible, but their
scope is deliberately limited. Rank two in the conditional linear model means that a common linear
projection of T and D42 loses information across the measured readouts; it does not imply two latent
biochemical causes. The nonlinear single-index comparison broadens that check but does not exhaust
all possible scalar disease models. Likewise, the held-out PET analysis shows that a score learned from
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proximal and soluble-tau readouts can omit PET-relevant information within ADNI, not that every one-
dimensional summary is universally inferior.

Model-compatibility checks provide a complementary guardrail. Residualization alone can reproduce the
large proximal T-D42 separation under a fitted linear one-factor measurement model, so that separation
is not sufficient evidence of distinct biological structure. What that model did not reproduce was the
observed reversal in external PET information, and the conditional PET wild bootstrap gave concordant
support. These diagnostics concern specified linear generating models rather than every nonlinear, time-
dependent or latent one-dimensional process. Internal bootstrap and cross-validation assess stability
within ADNI and do not substitute for independent replication.

Important limitations concern the selected ADNI cohort, the small CN/MCI PET subset, the
approximately five-year CSF-to-PET interval and the absence of contemporaneous PET. The distal
association concerns later-measured burden rather than newly accumulated plaque. BACE technical
reproducibility was limited, and covariate adjustment does not identify causal effects. Directional angles
depend on scaling and adjustment; equal-SD normalization facilitates geometric comparison but does
not equalize analytical reliability of T and D42. Response-region area depends on the specified grid and
reference level and is not participant prevalence. The analyses were iterative and not preregistered, and
independent-cohort replication is required.

In conclusion, retaining common soluble Aβ variation and Aβ42-selective depletion as separate peptide-
derived coordinates preserves biologically relevant information that the tested scalar reductions do not
fully retain. Independently measured readouts orient this state space differently: proximal BACE/sAPPβ
preferentially toward T, subsequent fibrillar PET toward D42, and soluble p-tau181 across both. This
framework characterizes configurations of measured amyloid state without assigning them to separate
mechanisms or a temporal sequence, and provides a basis for longitudinal investigation of how those
configurations and the tau response evolve together.

Methods

Study design, measurements and analytical hierarchy
This secondary observational study used de-identified ADNI data under the ADNI Data Use Agreement.
The ADNI study protocols were approved by the University of Southern California Health Sciences
Campus Institutional Review Board (USC HSC IRB), and written informed consent was obtained from all
participants and/or their legally authorized representatives. Eligibility required contemporaneous BACE
activity, sAPPβ and mass-spectrometry Aβ38/Aβ40/Aβ42 and complete age, sex, education, APOE ε4
dosage and diagnosis. The parent cohort contained 380 unique participants; missing p-tau181 and
missing PET defined their respective 375- and 91-person analysis sets without reducing upstream
eligibility. The analytical framework had three principal stages. First, T and D42 were constructed
exclusively from soluble Aβ peptide measurements. Second, independently measured proximal APP-
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processing readouts, p-tau181 and later fibrillar PET were used to biologically orient the resulting state
space. Third, information-retention analyses tested whether compressing the T-D42 representation into
the evaluated scalar summaries or projections discarded readout-relevant information. Response-
surface, model-compatibility, conditional and selection analyses were treated as supporting or sensitivity
analyses. Analyses were developed iteratively, not preregistered; supplementary estimates retain the
exploratory and sensitivity results.

BACE activity and sAPPβ came from the Biomarkers Consortium CSF project: a two-step
enzyme/substrate assay with immunodetection and a specific product immunoassay, respectively, both
reported in pM. [21, 22] Joint technical replicates were combined on the log scale. Aβ38, Aβ40 and Aβ42
were quantified within the University of Pennsylvania mass-spectrometry assay and reported in pg/mL.
[23, 24] Elecsys p-tau181 provided the soluble-tau measurement. BACE/sAPPβ and mass-spectrometry
measurements were matched by collection date. Subsequent PET used the first quality-controlled
florbetapir scan strictly after CSF, expressed in Centiloids. [25] Duplicate scan-date/tracer records
retained the latest processing record. CSF collection defined time zero; PET was not used to construct
the soluble coordinates.

Peptide-only soluble-coordinate construction
T and D42 were constructed exclusively from same-assay CSF Aβ38, Aβ40 and Aβ42 measurements.
External readouts - including BACE activity, sAPPβ, p-tau181 and amyloid PET - did not enter coordinate
construction and were introduced only in subsequent analyses. Peptide concentrations were log-
transformed to represent proportional differences and then standardized. With z denoting centring and
unit-SD scaling, the common-soluble coordinate was:

Expected log-Aβ42 was estimated from log-Aβ38 and log-Aβ40 using 50 repeated participant-level five-
fold splits. The 50 held-out predictions per participant were averaged; D42 was the sign-reversed
standardized residual:

The conditional expectation uses both shorter peptides rather than T alone, thereby preserving relative
Aβ38:Aβ40 composition when estimating expected Aβ42. Positive D42 therefore denotes less
measurable Aβ42 than expected for the participant's joint shorter-peptide profile. Cross-fitting reduces
self-prediction of the generated coordinate. [26] T represents common soluble Aβ38/Aβ40 variation and
is neither total Aβ nor a measure of production rate; its notation is unrelated to the tau category of
AT(N). For state-space analyses, T and D42 were placed on an equal-SD metric in the 375-participant p-
tau181 sample, and the same scaling was applied to the PET subset. Equal-SD scaling facilitates
directional comparison but does not imply equal analytical reliability of the two coordinates. Complete-
pipeline resampling and predictive analyses re-estimated transformations within the corresponding
resample or training set as specified below. Empirical T–D42 dependence was assessed by Pearson and

T_i = z {[ z(log Aβ 38_i) + z(log Aβ 40_i)]/2}. (1)

D42_i = −z{log Aβ 42_i − predicted log Aβ 42_i,OOF}. (2)
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Spearman correlation in the parent, p-tau181 and PET samples, with stability evaluated across
alternative cross-fitting sequences.

Proximal and later-PET association models
Parallel ordinary least-squares models related T and D42 to standardized log-BACE and log-sAPPβ
simultaneously, adjusting for age, sex, APOE ε4 dosage, education and diagnosis. HC3
heteroskedasticity-consistent covariance provided coefficient uncertainty. [27] Proximal separation was
the difference between block incremental R² values, each calculated as full-model minus covariate-only
R². Stability used 1,000 participant bootstraps rebuilding standardization, T and cross-fitted D42, and 200
repeated five-fold predictive comparisons. [28] A complementary reparameterization separated common
Aβ38/Aβ40 variation from their relative balance, G38:40, to evaluate whether the selective PET
association reflected shorter-peptide composition.

The primary PET model included D42, T, BACE, sAPPβ, CSF-to-PET interval and the clinical/genetic
covariates. The signed βD42-minus-βT contrast directly compared soluble-coordinate associations on
their reference scales. A separate joint model added standardized log-p-tau181. Incremental R² and
partial R² were distinguished: the latter is the reduction in residual sum of squares relative to the reduced
model. The PET outcome was later burden, not a rate of formation or accumulation. Participant-level
influence was assessed by omitting each PET participant in turn, refitting the full model and
recalculating the D42-minus-T contrast. Robustness of this audit to coordinate construction was
evaluated across 101 alternative D42 cross-fitting sequences.

Model-compatibility and operational controls
A maximum-likelihood linear-Gaussian one-factor model was fitted to covariate-residualized, unit-
variance log-BACE, log-sAPPβ and log-Aβ38/40/42. Five thousand datasets generated from its loadings
and independent indicator-specific residuals underwent the complete coordinate and association
pipeline. Covariate means were reintroduced, the PET-observation pattern was retained, and PET was
generated from the same factor with an effect calibrated to the observed biomarker-block PET variance.
A separate reduced PET mean excluding D42 generated 20,000 leverage-adjusted Rademacher wild-
bootstrap outcomes while holding observed biomarker geometry fixed. [29] Corrected empirical
probabilities used (exceedances + 1)/(replicates + 1). [30] These are diagnostics of specified generating
models; fitted factor parameters were treated as plug-in estimates.

Operational sensitivities included alternative T definitions, quadratic Aβ42 mapping, ratio depletion,
Elecsys Aβ42 substitution, a D38 negative-control residual and technical-replicate choice. PET-availability
weighting was restricted to the 288-person CN/MCI target population because no baseline dementia
participant had PET. Stabilized weights were truncated at the 1st and 99th percentiles, with effective
sample size and balance diagnostics reported. [31] These controls address different measurement and
selection vulnerabilities; their complete results appear in the supplement.
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p-tau181 associations, geometry and response-region
inference
Log-p-tau181 was related to T and D42 with the standard covariates; an expanded model also included
BACE and sAPPβ. For directional comparisons, each readout was regressed on both equal-SD
coordinates and covariates. Direction was θ = atan2(βD42,βT). PET directional models additionally
included time to PET; unlike fully adjusted PET-association models, they did not include proximal
markers. Ten thousand participant bootstraps estimated angular uncertainty. Paired p-tau-versus-
proximal contrasts used the same 375 participants; the paired PET-versus-p-tau contrast used the same
91. Angles describe adjusted association orientation, not molecular geometry or disease time.

For visualization, a two-dimensional Gaussian kernel smoother displayed covariate-standardized p-
tau181 over the T-D42 plane, using a bandwidth of 0.38 SD selected by leave-one-out prediction. This
descriptive colour field and its dashed 27 pg/mL contour were not used for statistical inference. The
covariate-adjusted linear log-p-tau181 model supplied the gradient arrow and the response-region
confidence boundary. A quadratic extension was assessed by an HC3 joint test, AIC, BIC and 100
repeated ten-fold cross-validation, with comparison results retained in Supplementary Table S6.
Response-region inference exponentiated predictions at fixed cohort-mean covariates, yielding
geometric rather than arithmetic means. A 150-by-150 grid covered coordinate 1st-99th percentiles;
support required the convex hull and Gaussian-kernel Kish effective N at least 20 with bandwidth 0.38
SD. Five thousand participant coefficient bootstraps gave an approximate simultaneous 95% band by the
maximum standardized excursion over supported points. The region criterion was a lower bound above
the published 27 pg/mL Elecsys reference. [13] Coordinates, support and covariate reference were fixed
for this inference. A confidence region for a conditional mean is not an individual diagnostic
classification.

Information-retention and conditional analyses
Reduced-rank regression compared Y = ZA+XB + E with rank(B) = 1 or rank(B) = 2, where X contained
T/D42, Y contained separately standardized log-BACE, log-sAPPβ and log-p-tau181, and Z contained an
intercept and covariates. [32] A was unrestricted; equal response weighting defined the loss. The
statistic N log(SSE1/SSE2) was calibrated with 20,000 restricted-null wild-bootstrap replicates using the
same random sign for each participant's whole residual vector. A separate 2,000-replicate parent-cohort
bootstrap rebuilt coordinates while keeping bootstrap copies of each participant in the same fold. The
main predictive comparison used 100 repeated five-fold participant splits with training-only scaling and
coordinate construction; fold errors were pooled within repetitions. Repeated-split variation was not
interpreted as sampling confidence intervals. Rank two here refers to information retained by the
measured coordinates and readouts, not to two latent biochemical causes.

A nested sensitivity allowed response-specific polynomials of one common linear score, with degree and
curvature regularization selected by inner cross-validation; 30 repeated five-fold outer evaluations
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compared this family with the two-coordinate model. For PET, the rank-one score was learned exclusively
in 284 non-PET participants; the perpendicular direction in that training-standardized metric was then
tested in the other 91, alongside the retained score, proximal markers, clinical covariates and time to
PET. Five thousand two-stratum bootstraps refitted score learning and PET regression. These PET
checks used inherited parent-cohort coordinates and constitute held-out-participant score validation, not
independent-cohort replication. Orthogonality does not imply statistical independence.

Conditional p-tau analyses examined D42 relationships before and after including p-tau181 and
evaluated the T-aligned portion of proximal-marker information. They characterize changes in the
conditional estimand, not mediation or causal inhibition. Ordinary coefficient tests were two-sided;
directional simulation probabilities were model checks. Exploratory comparisons were not globally
multiplicity-adjusted, and their complete estimates are retained in the supplement. The reference-region
band controls simultaneous uncertainty over its specified plotting domain only. Analyses used Python
with NumPy, pandas, SciPy, statsmodels and scikit-learn.
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Figures

Figure 1

Rationale and structure of the peptide-defined amyloid state space. Upper boxes summarize the
biological measurement levels examined in this study: proximal APP processing (CSF BACE activity and
sAPPβ), soluble amyloid composition measured from same-assay CSF Aβ38, Aβ40, and Aβ42, and
subsequent fibrillar expression indexed by later amyloid PET. The analytical coordinates T and D42 were
derived only from the soluble peptide measurements. T captures variation shared by Aβ38 and Aβ40,

Page 18/22



whereas D42 captures Aβ42-selective depletion relative to its out-of-fold expectation given Aβ38 and
Aβ40. BACE activity, sAPPβ, p-tau181, and amyloid PET were excluded from coordinate construction and
were used only as external readouts to evaluate the biological information retained by the two-
coordinate representation. p-tau181 was then mapped onto the T–D42 state space. The scheme
summarizes measurement levels and analysis structure and does not imply a demonstrated temporal or
causal sequence.

Figure 2

Aβ42-selective depletion carries greater later-fibrillar information. Points and bars are HC3 estimates
and 95% confidence intervals for D42 and for the directly tested D42-minus-T contrast in the same 91-
person PET model. The model includes both coordinates, proximal markers, clinical/genetic covariates
and time to PET. Displaying the contrast avoids inferring a difference solely from the significance of one
coefficient and non-significance of another. Units are Centiloids per coordinate SD.
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Figure 3

p-tau181 over the T-D42 amyloid state space. The colour field is a descriptive Gaussian-kernel surface of
covariate-standardized p-tau181 (leave-one-out-selected bandwidth 0.38 SD); the dashed contour marks
its 27 pg/mL level. Separately, the solid boundary marks where the lower simultaneous 95% bootstrap
confidence bound from the adjusted linear log-p-tau181 model equals the 27 pg/mL reference. On the
higher-response side, the bound exceeds that level. The arrow shows the fitted p-tau181 gradient (42.4
degrees), not a temporal trajectory. The orange marker lies within the displayed region where the lower
simultaneous bound exceeds the 27 pg/mL reference; the orange cross marks T=D42=0. The label
describes this inferential criterion and does not denote a discrete biological state. Points show observed
coordinate locations; shading is restricted to convex-hull support with local effective N at least 20. The
origin is the cohort mean. A location outside the lower-bound region is not thereby p-tau-negative. Kernel
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curvature is descriptive, and the reference contour is not a biological onset threshold or an individual
diagnostic rule (N=375).

Figure 4

Directional synthesis of the proximal, soluble-tau and fibrillar associations. Arrows show covariate-
adjusted regression gradients in the equal-SD T-D42 metric, normalized to equal length. BACE and sAPPβ
are predominantly T-aligned; p-tau181 incorporates both coordinates; later amyloid PET is predominantly
D42-aligned. T and D42 are peptide-derived coordinates, not variables constructed using these external
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readouts. The origin and unit arc display direction vectors, not participant positions or biomarker
thresholds. Equal lengths do not imply equal effect sizes, and angular order is not temporal order. Equal-
SD normalization facilitates comparison of direction but does not equate analytical reliability. BACE,
sAPPβ and p-tau181 models use 375 participants; PET uses 91 and additionally adjusts for the CSF-to-
PET interval. Paired angular contrasts, including PET versus p-tau181 within the same 91 participants,
are reported in Supplementary Table S5. This comparative summary complements the response surface
in Fig. 3.
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