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Abstract

INTRODUCTION: Amyloid beta (AB) deposition, tau accumulation, and brain atrophy
occurr in sequence, but the contribution of Alzheimer’s disease (AD) pathology to
biological and clinical progression remains unclear.

METHODS: We included 290 and 70 participants with longitudinal assessment on
AB-positron emission tomography (PET), tau-PET, magnetic resonance imaging, and
cognitive function from the Harvard Aging Brain Study (HABS) and Alzheimer’s
Disease Neuroimaging Initiative (ADNI) datasets, respectively. Partial least squares
structural equation modeling (PLS-SEM) was used to determine the contribution of AD
pathology to the biological and clinical longitudinal changes.

RESULTS: Imaging biomarkers and cognitive function were significantly associated in
cross-sectional and longitudinal analyses. At the final time point, the percentage of
variance explained by PLS-SEM was 27% for AB, 30% for tau (A accounted for 61%),
29% for brain atrophy (tau accounted for 37%), and 37% for cognitive decline (brain
atrophy accounted for 35%).

DISCUSSION: This study highlights distinctive contributing proportions of AD pathol-
ogy to biological and clinical progression. Treatments targeting AS and tau may
partially block AD progression.

KEYWORDS
Alzheimer’s disease, amyloid beta, cognitive decline, magnetic resonance imaging, positron
emission tomography, quantification, tau protein
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1 | BACKGROUND

Alzheimer’s disease (AD) is a neurodegenerative disorder character-
ized by a triad of neuropathological hallmarks, including amyloid beta
(AB) plaques, tau neurofibrillary tangles, and neurodegeneration.!
The prevailing hypothesis has posited an instigating role of AB, in
which the Ag deposition could incite a cascade for tau propagation
and neuritic alterations that subsequently lead to AD progression.’?
The National Institute on Aging-Alzheimer’s Association (NIA-AA) has
previously proposed a biomarker-based framework which explicitly
defines the mechanistic context of AD that reconciles the hypothesis.®
Accordingly, the NIA-AA framework consists of three biomarkers:
A—multimerized AB (lower AB level in cerebrospinal fluid [CSF] or AB
deposition on positron emission tomography [PET]); T—multimerized
tau (higher phosphorylated tau [p-tau] level in CSF or tau accumulation
on PET); and N—neurodegeneration (e.g., high total tau [t-tau] level
in CSF or brain atrophy on magnetic resonance imaging [MRI]).34
Since its release, the NIA-AA research framework has brought
tremendous advancement to the standardized characterization
of AD.

However, this framework has made no a priori assumptions regard-
ing the relative pathogenicity of different biomarkers, and thus the
extent to which AD pathology accounts for disease progression and
clinical symptoms has remained ambiguous. Unraveling the contribu-
tions of AD pathology, especially the precise pathological sequence
and effects among each biomarker, is critical to improving the diag-
nostic framework and therapeutic approaches. Previous investigations
have provided support to the distinctive contributing proportion of AD
pathology. For instance, an earlier study has suggested the existence
of neuropathologic heterogeneity in AD, where it has shown a sub-
stantial contributing proportion of AD pathology to cognitive loss in
the elderly,” ranging from 22% to 100% at the individual level. More
recently, a multimodal study has identified that Ag, tau, and cortical
atrophy accounted for 16%, 46% to 47%, and 25% to 29%, respec-
tively, of the variance in cognitive decline. Still, these findings have
only captured partial aspects, as they have failed to address the lon-
gitudinal changes of biomarkers and their potential contributions to
each other.

In addition, because AS plaques are the key pathology for AD and
emerge at least a decade before the onset of clinical symptoms, 29 clini-
cal trials were designed to test the efficacy of the treatments targeting
AB in AD patients.” However, these treatments did not significantly
prevent cognitive decline in almost all clinical trials except aducanumab
being reported to be effective previously.®8-1! Several explanations
were proposed for the therapeutic failure: that the intervention was
administered too late in the entire course, that A was not the optimal
target even if A deposition occurred first in the disease progression,
and that not all the biological and clinical progression in AD continuum
resulted from AD pathology.1213 These interpretations emphasized
the complexity of AD pathological progression and cognitive decline,
and indicated that it was necessary to verify the precise temporal
sequence and the accurate effects of pathological markers on disease

progression for developing effective treatments for AD.

RESEARCH IN CONTEXT

1. Systematic Review: The prevailing hypothesis posits that
amyloid beta (AB) deposition incites tau accumulation and
subsequently leads to brain atrophy and cognitive decline
in Alzheimer’s disease (AD) progression. However, the
contribution of prior AD pathology to the subsequent bio-
logical and clinical progression remained undetermined.

2. Interpretation: Imaging biomarkers and cognitive func-
tion were significantly associated in cross-sectional and
longitudinal analyses. At the final time point, the percent-
age of variance explained by integrating AD pathology
and risk factors was 27% for AS deposition, 30% for tau
accumulation, 29% for brain atrophy, and 37% for cog-
nitive decline. Further, AB burden accounted for 61% of
explained variance in tau accumulation, tau accumula-
tion accounted for 37% of explained variance in cortical
thickness, and cortical thickness accounted for 35% of
explained variance in cognitive decline.

3. Future Directions: Investigation of the role of treatments
targeting AB and tau in alleviating the process of neu-
rodegeneration and cognitive decline is needed in clinical
trials.

By leveraging multimodal neuroimaging data derived from the Har-
vard Aging Brain Study (HABS) and Alzheimer’s Disease Neuroimaging
Initiative (ADNI), our objective is to quantify contributing proportions
of AB, tau, and brain atrophy to biological and clinical progression

throughout the disease continuum.

2 | METHODS
2.1 | Primary dataset: the HABS dataset

The HABS is a longitudinal observational study of aging and pre-
clinical stages of AD.* The HABS protocol was approved by the
Partners Institutional Review Board. All participants provided writ-
ten informed consent upon recruitment. HABS 2.0 data release was
used in this investigation, which includes 290 participants with up to 5-
year follow-ups. The data used in this study contained AS-PET, tau-PET,
T1-weighted structural MRI (sMRI), and cognitive measures. Longitu-
dinal data were acquired for AB-PET, sMRI, and cognition from 2010.
The initial tau-PET collected in 2013 was defined as baseline (t = O,
where tindicates the time in years from baseline) because the tau-PET
was collected since 2013, and the term initial tau-PET is equivalent
to baseline tau-PET. The initial time of AB-PET, sMRI, and cogni-
tion was t = —3. The final collections of these data were performed
att=2.
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2.2 | Cross-validation dataset: the ADNI dataset

The ADNI dataset was used for replication and validation.’® The
study was approved by the institutional review boards of all par-
ticipating centers, and written informed consent was obtained
from all participants or authorized representatives. The inclusion
criteria were as follows. All subjects had to complete AS-PET,
tau-PET, T1-weighted sMRI, and cognitive measures at baseline
and 2-year follow-up visit; the collection time of each modality
should not differ by more than 3 months. The selection procedures
resulted in a total of 70 study samples from ADNI. The data were
accessed on May 20, 2022, and the detailed descriptions of the two
datasets can be found in the supplementary materials in supporting

information.

2.3 | Cognitive measures

Participants in HABS are evaluated annually with a battery of cog-
nitive assessments. The Preclinical Alzheimer’s Cognitive Composite
+ Semantic Fluency (PACC5) was used as the measure of cognitive
change over time, and this composite was developed to be sensitive
to early cognitive changes in AD.2¢17 A modified version of PACC5
was used as the cognitive outcome measure in the ADNI dataset.8
Higher PACC5 scores reflect better performance. The detailed descrip-
tion and calculation of cognitive assessments are in the supplementary

materials.

2.4 | Structural MRI data

Structural MRl datain HABS were acquired at years 1 (time = —3), year
4 (time = 0), and year 6 (time = 2). FreeSurfer v6.0 was used to pre-
process the sMRI images.? The Desikan-Killiany atlas corresponding
to 68 regions of interest (ROIs) was used to estimate the mean cor-
tical thickness. The description of acquisition protocols and imaging

preprocessing can be found in the supplementary materials.

2.5 | PET imaging

In HABS, fibrillar A deposition was assessed using C-11 Pittsburgh
compound B (PiB), and tau burden was measured using F-18 flortau-
cipir (AV1451). The ADNI uses the F-18 florbetapir (AV45) as the
AB-PET tracer and the F-18 flortaucipir (AV1451) as the tau-PET
tracer. The details of PET imaging can be found in the supplementary
materials.

PET data were preprocessed using PETSurfer in FreeSurfer.20-21
Taking cerebellar gray matter as the reference region, the mean
standardized uptake value ratio (SUVR) of each brain region was
calculated based on the Desikan-Killiany atlas. Partial volume cor-
rection was applied for PET data using the geometric transfer matrix
method.??
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2.6 | Statistical analysis

Linear mixed models were used to estimate the change rates of A,
tau, and cortical thickness in each brain region over time and were
implemented in MATLAB 2018b using the fitime function. All models
included baseline age, sex, race, years of education, apolipoprotein E
(APOE) &4 status (carrier or non-carrier), and time (entire follow-up) as
fixed effects. Individual intercepts and slopes were modeled as random
effects. Statistical significance was established as two-tailed P < 0.05
after Benjamini-Hochberg false discovery rate (FDR) correction.?® The
brain regions with significant change rates were selected as meta-ROI
for AB, tau, and cortical thickness. For each participant, the summary
value of every imaging modality at different time points was calculated
separately, based on the corresponding meta-ROI. The linear mixed
models with random intercept and time slope were used to estimate
the individual change rates of cognition and the summary value of Ag,
tau, and cortical thickness.

The relationships among AD imaging biomarkers (A3 deposition, tau
burden, and cortical thickness from all ROls), cognition, and AD risk fac-
tors (age, sex, years of education, and APOE ¢4 status) were assessed
using partial least squares structural equation modeling (PLS-SEM,
implemented in “plspm” R package),?* testing an a priori hypothesized
ApB-tau-atrophy-cognition pathway following the sequence of base-
line, slope, final time point (see illustration in Figure 3A). The results
were corrected using FDR (P < 0.05). Details of model fitting and eval-
uation can be found in the supplementary materials. In addition, a fully
connected model was also fitted, which could freely estimate other
possible orders, and the results are presented in the supplementary

materials.

3 | RESULTS
3.1 | Demographics

The sample used in these analyses included 290 participants from
HABS and 70 participants from ADNI (Table 1). There were no sig-
nificant differences between the two cohorts in the proportion of sex
(x? = 0.038, P = 0.845) and APOE ¢4 carrier (y2 = 2.292, P = 0.130).
However, compared to ADNI, participants in HABS were younger
(t = 3.545, P < 0.001) and had fewer years of education (t = —2.541,
P=0.011).

3.2 | The longitudinal changes of AB, tau, and
cortical thickness

Spatiotemporal progression of AS, tau, and cortical thickness are listed
in Figure 1 (FDR corrected, P < 0.05). AB accumulated significantly
in 65 brain regions, in which more rapid accumulations were iden-
tified in the rostral antagonist cingulate, middle frontal gyrus, and
precuneus regions. Unlike Af deposition across the cortex, tau accu-

mulation appeared to be localized, especially in the inferior, middle,
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TABLE 1 Demographics characteristics of the participants in the HABS and ADNI dataset.
Primary dataset: Cross-validation
Characteristics HABS dataset: ADNI P-value
N 290 70 -
Age at inclusion, year 73.7 (6.2) 70.8 (6.5) <0.001
Female, % 59.3% 57.1% 0.845
Education, year 15.8(3.1) 16.8(2.3) 0.011
APOE &4 carriers, % 27.2% (missing = 3) 37.1% (missing = 1) 0.130
PACC slope —0.039(0.101) —0.076(0.082) <0.001

Note: Values are presented as mean (standard deviation).

Abbreviations: ADNI, Alzheimer’s Disease Neuroimaging Initiative; APOE, apolipoprotein E; HABS, Harvard Aging Brain Study; PACC, Preclinical Alzheimer’s

Cognitive Composite.
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FIGURE 1 Study design of HABS and spatiotemporal progression of AS, tau, and cortical thickness. The baseline of HABS was defined as the
time when tau-PET images were initially available (t = 0, where t indicates the time in years from baseline). Spatiotemporal progression of Ag, tau,
and cortical thickness was shown in the first three columns. The mean values of each brain region at three time points were derived across
participants. The brain regions with a significant increase rate of AB and tau and significant decrease rate of cortical thickness calculated by the
linear mixed model after FDR correction (P < 0.05) and controlling covariates of age, sex, race, years of education, and apolipoprotein E ¢4 status
are shown in the last column. A3, amyloid beta; FDR, false discovery rate; HABS, Harvard Aging Brain Study; PET, positron emission tomography;

SUVR, standardized uptake value ratio.

and superior temporal lobe and frontal pole. There were 51 brain
regions that displayed significant cortical thickness reduction, with
the entorhinal cortex, temporal lobe, and parahippocampus having the
fastest reductions.

3.3 | The correlation between the initial, slope, and
final value of imaging biomarkers and cognition

Figure 2 illustrates the partial correlation between the initial value,

slope, and final value of cognition of imaging summary values of AS,

tau, and cortical thickness after controlling for age, sex, race, years
of education, and APOE ¢4 status as covariates. The results were cor-
rected using FDR (P < 0.05). The slope of AB had the highest correlation
with the slope of tau (r = 0.346, P < 0.001), followed by the slope
of cognition (r = —0.320, P < 0.001), but had no correlation with the
slope of cortical thickness (r = —0.138, P = 0.106). The slope of tau
was highly correlated with the slopes of cortical thickness (r = —0.350,
P < 0.001) and cognition (r = —0.381, P < 0.001). The slope of cor-
tical thickness had a marked correlation with the slope of cognition
(r =0.325, P < 0.001). The initial AB, tau, and cortical thickness were

not significantly associated with the initial values of cognition but
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FIGURE 2 The association pattern between the initial, slope, and final value of imaging biomarkers and cognition. The brain regions with
significant change rates in amyloid beta (AB), tau, and cortical thickness were selected as meta-region of interest and the summary value of each
kind of imaging data at different time points was calculated for each participant. The linear mixed model was used to estimate the individual slope
of cognition and the summary value of imaging data. The partial correlations between the initial value, slope, and final value of cognition and
imaging summary values of AB, tau, and cortical thickness are shown in the upper triangle after controlling for age, sex, race, years of education,
and apolipoprotein E ¢4 status as covariates. False discovery rate correction (P < 0.05) for multiple comparisons was used. A series of scatter plots
with fitted lines are shown in the lower triangle, where each point in the scatter plot represents one participant. (* represents 0.01 < P < 0.05, **

represents 0.001 < P <0.01, and *** represents 0 < P < 0.001).

were significantly associated with both slope and final values of cog-
nition (P < 0.01). These suggested that the imaging biomarkers were
associated with the decline rate of cognitive function.

3.4 | Partial least squares structural equation
modeling

PLS-SEM was used to analyze a conceptual A3-tau-atrophy-cognition

pathway following the sequence of baseline, slope, and final value

that takes AD risk factors into account (Figure 3B). The goodness-of-
fit of the model was 0.345. AB at baseline was positively correlated
with the slope of tau (8 = 0.436, P < 0.001), and the slope of tau
was negatively correlated with the cortical thickness (8 = —0.305,
P = 0.016) at the final time point. The slope of A was also positively
correlated with tau (8 = 0.418, P = 0.001) at the final time point.
Tau at baseline was negatively correlated with the slope of cortical
thickness (8 = —0.306, P = 0.004), and the slope of cortical thick-
ness was positively correlated with cognition (8 = 0.288, P = 0.040)

at the final time point. Cortical thickness at baseline was signifi-
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FIGURE 3 Partial least squares structural equation model in Harvard Aging Brain Study. (A) Partial least squares structural equation modeling
PLS-SEM was used to analyze a priori hypothesized amyloid beta (AB)-tau-atrophy-cognition pathway following the sequence of baseline, slope,
final time point, and taking Alzheimer’s disease risk factors (age, sex, years of education, and apolipoprotein E ¢4 status) into account. Ellipses
represent latent variables, and rectangles represent observed variables. (B) Full frame model. Brain maps represent latent variables, and brain
regions with indicator loadings greater than 0.7 were plotted. Only the paths that were statistically significant at P < 0.05 after false discovery rate
correction were represented and the standardized coefficients were shown. Aj at baseline was significantly positively correlated with the slope of
tau (3=10.436, P < 0.001), and the slope of A3 was also significantly positively correlated with tau at the final time point (8 =0.418, P =0.001). Tau
at baseline was significantly negatively correlated with the slope of cortical thickness (3 = —0.306, P= 0.004), and the slope of tau was also
significantly negatively correlated with cortical thickness at the final time point (3= —0.305, P = 0.016). Cortical thickness at baseline was
significantly positively correlated with the slope of cognition (8 = 0.282, P = 0.040), and the slope of cortical thickness was also significantly
positively correlated with cognition at the final time point (8= 0.288, P = 0.040). (* represents 0.01 < P < 0.05, ** represents 0.001 < P < 0.01, and
*** represents 0 < P < 0.001). PACC, Preclinical Alzheimer’s Cognitive Composite.

cantly positively correlated with the slope of cognition (3 = 0.282, 3.5 | Cross-validation in theADNI dataset
P =0.040). Moreover, the results of the fully connected model showed

that AB-tau-atrophy-cognition is the most significant order, which is
consistent with the above conclusion. The results of this model are

presented in the Supplementary materials.

The aforementioned results were cross-validated using the ADNI
dataset. The linear mixed model was used to estimate the slopes of

ApB, tau, and cortical thickness in each brain region after controlling
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Correlation of t values for the slope of each brain region in the Harvard Aging Brain Study (HABS) and ADNI dataset for AB, tau, and cortical
thickness, respectively. (C) Full frame model in the ADNI dataset. Brain maps represent latent variables, and brain regions with indicator loadings
greater than 0.7 were plotted. Only the paths that were statistically significant at P < 0.05 after FDR correction are represented and the
standardized coefficients are shown. (* represents 0.01 < P < 0.05, ** represents 0.001 < P < 0.01 and *** represents 0 < P < 0.001). PACC,

Preclinical Alzheimer’s Cognitive Composite.

for covariates of age, sex, race, years of education, and APOE &4 sta-
tus. Brain regions with P < 0.05 after FDR correction are shown in
Figure 4A. The t statistics of the slopes in each brain region were
highly correlated between the HABS and ADNI data in A8 (r = 0.349,
P =0.004), tau (r=0.414, P < 0.001), and cortical thickness (r = 0.572,
P <0.001; Figure 4B).

PLS-SEM with the same structure was fitted in the ADNI dataset,
and similar results were obtained (Figure 4C). The goodness-of-fit of
the model was 0.336. AS at baseline was positively correlated with the
slope of tau (3 = 0.394, P = 0.038), and the slope of tau was negatively
correlated with the final cortical thickness (8 = —0.309, P = 0.038)
and cognition (8 = —0.353, P = 0.038). Tau at baseline was negatively
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FIGURE 5 Quantifying the proportion of variance explained by imaging biomarkers and AD risk factors. (A) The percentage of variance
explained by the latent and observed variables in PLS-SEM (only variables that explain more than 10% of the variance are shown). (B) Stacked bar
charts of the percentage of variance explained by imaging biomarkers and AD risk factors, respectively, for slope and final time point in PLS-SEM.
AB, amyloid beta; AD, Alzheimer’s disease; APOE, apolipoprotein E; PLS-SEM, partial least squares structural equation modeling.

correlated with the slope of cortical thickness (8 = —0.416, P = 0.038),
and the slope of cortical thickness was positively correlated with the
final cognition (8 =0.315, P =0.038).

3.6 | Quantifying the contribution of imaging
biomarkers and AD risk factors

Figure 5 shows the percentage of variance explained by the latent and
observed variables in PLS-SEM; only variables that explain more than
10% of the variance were plotted. The PLS-SEM explained 23% of the
variance in the cognition slope, with baseline AS, tau, and cortical thick-
ness each independently explaining 30%, 17%, and 41%, respectively,
of the variance. APOE &4 status explained 82% of the variance in the
AB slope. Baseline AB and age explained 64% and 17%, respectively,
of the variance in the tau slope. Age, baseline tau, and Ag explained
43%, 40%, and 11%, respectively, of the variance in cortical thickness
slope. At the final time point, the PLS-SEM explained 37% of the vari-

ance in cognition, with the slope of Aj, tau, and cortical thickness each

independently explaining 13%, 25%, and 35%, respectively, of the vari-
ance and the AD risk factor of education and age explaining 11% and
10%, respectively, of the variance (Figure 5). Meanwhile, APOE &4 sta-
tus explained 81% of the variance in AB. AS slope and age explained
61% and 20%, respectively, of the variance in tau. Age, the slope of
tau, and Ag explained 47%, 37%, and 10% of the variance in cortical
thickness, respectively.

4 | DISCUSSION

This study has provided strong support to the biomarker framework
that is empirically grounded in the AD hypothesis. We have shown that
AB burden at baseline is associated with the slope of tau accumulation
that leads to final cortical thickness reduction, and tau accumulation
at baseline is correlated with the decrease in cortical thickness that
results in final cognitive decline. By assessing the dynamic trajectories
of biomarkers across the AD continuum, we have also quantified the

distinctive contributing proportions of AD pathology for the first time,
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where the percentage of slope variance explained with the incorpora-
tion of risk factors is 26% for AS deposition, 31% for tau accumulation,
30% for brain atrophy, and 23% for cognitive decline. More specifi-
cally, AB burden has accounted for 64% of explained variance in tau
accumulation, tau accumulation for 40% of explained variance in cor-
tical thickness, and cortical thickness for 41% of explained variance in
cognitive decline.

The A-T-N framework has integrated Aj3-proteinopathy, tauopathy,
and neurodegeneration into a common paradigm and is considered an
evidence-based representation of the pathobiology of AD. However,
critical aspects regarding the sequential order of biomarkers are lack-
ing in this model, which is a widely acknowledged issue by researchers
but has rarely been addressed. Our findings have suggested that A3
deposition preceded tau accumulation, brain atrophy, and cognitive
decline, and AB burden at baseline is associated with the change rate
of tau accumulation and final tau level. This shows alignment with
previous studies supporting the amyloid-cascade hypothesis, in which
the initial increase in AB burden is correlated with the tau level, and
tau accumulation has increased rapidly in the subjects with high Ag
burden.2>2¢ We also tested other possible situations, and the new
results supported the hypothesis of the AB-tau-atrophy-cognition
pathway. Interestingly, neither AB burden at baseline nor the change
rate of AB deposition related to the change rate and final value of
cortical thickness, whereas only tau demonstrated direct associations
with cortical thickness. It indicated that AS deposition did not directly
affect the change of downstream neurodegeneration biomarkers, but
tau accumulation did. Recently, it was reported that the contribution
of AB pathology to degeneration (measured by CSF neurofilament light
[NfL]) was mediated by tau pathology (measured by CSF p-tau) and Aj
pathology has a tau-independent role in neurodegeneration.?” Both
of these evidences indicated that AD biological progression may be
driven in an ordinal manner (A—T—N); that is, A3 deposition caused
tau accumulation, and tau accumulation resulted in the subsequent
brain atrophy.?

We have further calculated the contributing proportions of AS
burden, tau accumulation, and brain atrophy at baseline to cognitive
decline. AB burden, tau accumulation, and cortical thickness at base-
line accounted for 30%, 17%, and 41%, respectively, of the variance of
cognitive decline. In addition, the slope of Ag burden, tau accumulation,
and cortical thickness explained 13%, 25%, and 35% of the variance of
the final cognition, respectively. These findings highlighted brain atro-
phy as the most vital contributor to cognitive decline, while the effect
of AB deposition is likely to be indirectly mediated by tau accumula-
tion and brain atrophy in the later stages of AD progression.’328 On
the other hand, the brain regions with faster rates of A deposition, tau
accumulation, and brain atrophy have overlapped with the locations
vulnerable to cognitive performance, such as the inferior, middle, and
superior temporal lobe; anterior cingulate; entorhinal cortex; and the
parahippocampus.

Because the imaging biomarkers may be insufficient to address the
pathogenesis of AD,1213 we have taken into account the effects of AD
risk factors in our models, including age, sex, APOE ¢4, and education.

We have found that advanced age has the strongest association with
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brain atrophy compared to other features, where a great number of
studies have reported its mediating effects. Similar to age, the APOE
¢4 allele has been acknowledged as a critical risk factor for AD, where
its propensity to undergo proteolytic cleavage generating N- and C-
terminal fragments could result in A8 accumulation. We have affirmed
this relationship by detecting 81% explained variance of APOE ¢4 allele
in increasing A burden. As expected, higher education levels also sig-
nificantly prevented cognitive decline. The evidence has indicated that
AD risk factors, along with AD pathology, promote the progression of
AD biological and clinical phenotype.2?:30

This study has presented several strengths. To our knowledge, the
temporal sequence and spatial extent of AD biological and clinical
biomarkers were the main focus in previous studies, whereas our
investigation systematically demonstrated the extent to which the
AD pathological events accounted for the subsequent biological and
clinical progression for the first time. Second, the data consisting of dif-
ferent phenotypes with long-term follow-up has enabled us to assess
the dynamic trajectory of biomarkers during AD progression, which
has significantly augmented the scope of evidence compared to prior
imaging studies. Third, the longitudinal measurements of various imag-
ing biomarkers have allowed us to establish distinct models that serve
as an explicit paradigm for testing the assumptions about the interre-
lationships among A, tau, neurodegeneration, and cognitive decline.
Finally, our results have been validated in two independent cohorts,
and the robustness of the findings could optimize the current research
framework.

However, there are also limitations we must acknowledge. It is
possible that only a restricted proportion of the variance in biologi-
cal and clinical progression was accounted for by the AD pathology
and AD risk factors, suggesting that other pathological conditions
such as white matter lesion burden, a-synuclein, TAR DNA-binding
protein 43, or Lewy body pathologies also contributed to the onset
and development of AD.31-34 Second, because our study sample only
included 360 participants primarily derived from European ances-
try, whether the results are representative of the other population
groups requires further validation. Third, despite that the neuroimag-
ing protocols implemented by different cohorts have minimized the
non-biological variance of biomarker measures, there remains a possi-
bility of residual scanner variability in multisite studies and improper
data harmonization. In addition, as the progression of AD could per-
sist over a decade, the length of follow-up (5 years) in our study might
restrict the generalization of our findings. However, we believe the
effects of this relatively short follow-up period are minimal, given
that a majority of AD imaging studies had shown similarities in terms
of the follow-up period and were able to pinpoint significant patho-
logical changes.®>=37 Finally, although we have attempted to unveil
differential stage-related pathophysiological mechanisms by incorpo-
rating APOE ¢4 into our models, further information regarding other
stage-specific genetic contributions remains limited due to the dataset.

In conclusion, our study has provided vital evidence concurring
with the previously proposed Aj cascade hypothesis, in which Ag bur-
den significantly incites tau accumulation that subsequently leads to

brain atrophy.®® The quantification of AD pathology’s contribution to
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biological and clinical progression across the AD continuum has also
substantiated the accurate effect of AD pathology on the disease pro-
gression and cognitive decline. Thus, treatments targeting A and tau
should be considered, as they can partially alleviate the process of
neurodegeneration and prevent cognitive decline.
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