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4. Rationale:

Disease specific biomarkers, such as plasma phosphorylated tau 181 (p-Taul81) and the
ratio of amyloid 3 (AB) 42 to AB40, provide unique pathological information potentially relevant
to etiology. Those biomarkers also provide information about prognosis, but questions remain
whether these provide unique information above and beyond other more easily measured
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characteristics. Age and cognitive status have a large impact on predicting subsequent decline to
dementia in persons who are initially not demented. Biomarkers relevant to later life dementia
are also strongly related to age and to the degree of cognitive impairment. Indeed, one of the key
characteristics of dementia-related biomarkers is that biomarker levels differ between impaired
and unimpaired persons. The question to be addressed with this proposal is: “To what extent do
plasma biomarkers — AB42/AB40, p-Taul81, glial fibrillary acidic protein (GFAP), and
neurofilament light (NfL) — provide independent prognostic information about risk for future
dementia when cognitive status and age are accounted for?”

In ARIC analyses recently accepted for publication, we found that there is a hierarchy of
cognitive domain profiles (all domain impaired > amnestic multidomain > amnestic single
domain > non-amnestic single domain cognitive impairment) that distinguished in an ordered
way between different levels of risk for incident dementia. The differences in outcomes across
the spectrum of domain-specific cognitive impairment was large. Similarly so was the risk for
progression to dementia according to age. If the empirically-derived high risk cognitive profiles
and age are also related cross-sectionally to plasma biomarkers, it is reasonable to ask whether or
not there is added value from plasma biomarkers for predicting incident dementia when
cognitive profiles and age are accounted for.

The hypothesis to be tested in the proposed analysis is that plasma biomarkers —
specifically AB42/AB40, p-Taul81, GFAP, and NfL — provide additive value about incident
dementia beyond age and cognitive status in non-demented persons. Previously, Lu and
colleagues (In Press) conducted a similar analysis among ARIC participants classified as
cognitively normal (CN) or as having mild cognitive impairment (MCI). Associations were seen
for all plasma biomarkers, but the point estimates were larger in CN than in MCI.

The alternative hypothesis is that the plasma biomarkers provide no or insubstantial
additional prognostic information if age and domain-specific cognitive status are available.
While plasma biomarkers might be additive with categorical MCI or CN diagnoses, it may be
because those with abnormal plasma biomarkers are more likely to be older and to have more
aggressive cognitive domain-specific subtypes.

A secondary aim is to examine differences in plasma biomarker types. In addition to
having practical value, clarification of the added value of plasma biomarkers also sheds light on
whether Alzheimer’s disease (AD)-specific processes (as proxied by AD-specific biomarkers p-
Taul8land AP42/AB40) accelerate decline compared to non-AD processes, and whether the
extent of non-specific neurodegeneration (as proxied by NfL or GFAP, non-specific plasma
biomarkers) predicts more rapid decline. Cognitive impairment implies underlying
neurodegeneration, whether from a degenerative disease or cerebrovascular disease. Biomarkers
that are not specific to a single disease might have a stronger relationship to cognitively-
impactful neurodegeneration compared to a disease-specific biomarkers because many etiologies
separate from AD may contribute to the neurodegeneration (Kawas, et al., 2015; Power, et al.,
2018; Schneider, Arvanitakis, Bang, & Bennett, 2007; White, et al., 2016). An AD specific
biomarker may have lower positive predictive value than a nonspecific biomarker because the
latter better accounts for the totality of neurodegenerative causes. On the other hand, if one
particular disease, such as AD, has a uniquely accelerated likelihood of rapid decline, the disease
specific biomarker might have strong positive predictive value.



5. Main Hypothesis / Study Questions:

Principal Question: What is the additive prognostic value of plasma biomarkers of AD and
neurodegeneration among participants who were diagnosed as dementia-free during a clinic-
based assessment at ARIC Visit 5 (2011-13)?

Primary Hypotheses:

1. Dementia-free participants at ARIC Visit 5 with lower levels of AB42/AB40 and higher
levels of p-Taul81, NfL, and GFAP will exhibit a higher rate of incident dementia, even
after adjusting for age and domain-specific cognitive status.

2. Predictive models that incorporate plasma biomarkers will have greater accuracy than
models that only use age and domain-specific cognitive status.

Secondary Hypothesis:
1. Biomarkers that are more specific for AD (AB42/AB40, p-Taul81) will have a smaller
association with incident dementia than biomarkers of neurodegeneration (NfL, GFAP).

6. Design and analysis (study design, inclusion/exclusion, outcome and other variables of
interest with specific reference to the time of their collection, summary of data analysis,
and any anticipated methodologic limitations or challenges if present):

Study design: Prospective observational study of 1,614 community-living older adults with
dementia surveillance between ARIC Visit 5 (2011-13) and Visit 8 (2020). Data from Visit 9
(2021-2022) will be integrated into the analysis if available before the manuscript is completed.

Exclusion Criteria: The design and selection for this study is based on participants who
previously enrolled in a neuroimaging substudy. A subsample of participants from Visit 5 were
screened for eligibility for the substudy (Knopman, et al., 2015). Participants were eligible if they
had no contraindications and previously participated in an ARIC brain magnetic resonance
imaging (MRI) study (Mosley, et al., 2005), had evidence of cognitive impairment, or were part
of a random sample of participants without cognitive impairment. Among participants who
completed a valid MRI scan at Visit 5 (N=1977), a subset (N=1826) had analyzable plasma
samples. Participants for whom cognitive domain Z scores could not be generated due to missing
information (N=42) will be excluded from this subset. Participants who are not White or Black
and participants in Maryland or Minnesota who are not White will be removed due to small
sample sizes within each subgroup (N=7). Participants whose cognitive status could not be
determined (N=2) or who were diagnosed with dementia at or before Visit 5 (N=161) will also
be excluded.

Outcome:

Incident Dementia (Level 3). The primary outcome will be time until incident dementia.
Dementia was ascertained utilizing an established protocol (Knopman, et al., 2016) based on the
National Institute on Aging-Alzheimer’s Association criteria (Albert, et al., 2011; McKhann, et
al., 2011) and the Diagnostic and Statistical Manual of Mental Disorders (DSM-5) (American
Psychiatric Association, 2013). A diagnosis of CN, MCI, or dementia was rendered based on a



comprehensive, in-person neurocognitive examination administered at Visit 5, prior cognitive
assessments performed at Visit 2 and Visit 4, and an informant interview conducted at Visit 5. A
computer algorithm generated a preliminary determination which was validated by an expert
panel of clinicians and neuropsychologists.

The neurocognitive examination at Visit 5 included the Mini Mental State Exam
(MMSE) (Folstein, Folstein, & McHugh, 1975), Blessed scale (Blessed, Tomlinson, & Roth,
1968; Blessed, Tomlinson, & Roth, 1988), Digit Span Backwards (DSB) (Wechsler, 1987),
Boston Naming Test (BNT) (Williams, Mack, & Henderson, 1989), Word Fluency Test (WFT)
(Benton & Hamsher, 1976), Animal Naming Score (ANS) (Benton & Hamsher, 1976), Digit
Symbol Substitution (DSS) (Wechsler, 1987), Trail Making Tests A (TMTA) and B (TMTB)
(Reitan, 1958), Incidental Learning (ILR) (Ryan & Lopez, 2001), Logical Memory Test (LMT)
(Wechsler, 1987), and the Delayed Word Recall (DWR) (Knopman & Ryberg, 1989). The
examinations at Visit 2 and Visit 4 were limited to the WFT, DSS, and DWR. The informant
interview at Visit 5 comprised the Clinical Dementia Rating (CDR) (Hughes, Berg, Danziger,
Coben, & Martin, 1982), Functional Activities Questionnaire (FAQ) (Pfeffer, Kurosaki, Harrah,
Chance, & Filos, 1982), and the Neuropsychiatric Inventory (NPI1-Q) (Cummings, et al., 1994;
Kaufer, et al., 2000). When an informant could not be identified and interviewed, the CDR and
FAQ was administered directly to the participant.

The in-person neurocognitive examination protocol and informant interview was repeated
at Visit 6 and Visit 7. The same protocol was initiated in January 2020 for Visit 8 but stopped in
March 2020 due to the coronavirus pandemic. A modified phone-based protocol was
implemented between July and December 2020. The phone-based battery administered to the
participant included the 10-item orientation subscale from the MMSE, the Blessed scale, the
DSB, the ANS, an adaptation of the WFT limited to the letters F and A, and two newly adopted
tests—the oral version of the TMTA and TMTB (Ricker & Axelrod, 1994) and the Consortium
to Establish a Registry for Alzheimer’s Disease Word List (CERAD) (Morris, Mohs, Rogers,
Fillenbaum, & Heyman, 1988). The informant interview procedures were unchanged.

Among participants who did not complete the in-person or phone-based neurocognitive
examination after Visit 5, a classification of dementia or dementia-free was assigned based on
the Telephone Interview for Cognitive Status-Modified (TICSm) (Brandt, Spencer, & Folstein,
1988; Knopman, et al., 2010; Welsh, Breitner, & Magruder-Habib, 1993) administered to the
participant and adjusted for education, an informant interview comprising the CDR and FAQ, an
Ascertain Dementia Eight-Item Informant Questionnaire (AD8) (Galvin, et al., 2005), or a
phone-based Six-ltem Cognitive Screener (SIS) (Callahan, Unverzagt, Hui, Perkins, & Hendrie,
2002) administered to the participant. If the participant was lost to follow-up or deceased, prior
hospitalization discharge codes as well as diagnostic codes from death certificates were used to
identify incident dementia (Alonso, et al., 2009; Schneider, et al., 2013). When dementia was
identified through an informant interview, hospitalization record, or death certificate, the date of
onset was estimated to occur 180 days before the documented incident or interview. Participants
without a dementia diagnosis from any source were censored at the latest available assessment,
interview, or hospitalization record. Deceased participants without dementia were censored 180
days prior to the date of death. In the absence of information from these sources, censoring
occurred on December 31st, 2020.



Primary Predictors:

Plasma Biomarkers. At Visit 5, ethylenediaminetetraacetic acid whole-blood samples were
collected and placed in an ice bath until plasma was separated by centrifugation. Plasma was
divided into aliquots in 1.5-mL tubes, frozen, and stored in -80°C freezers. Plasma samples were
analyzed by the Advanced Research and Diagnostic Laboratory at the University of Minnesota.
Plasma was thawed immediately before being aliquoted, plated, and analyzed by HD-X
instruments that measured multiple biomarkers simultaneously using the single molecule array
technology (Simoa) Neurology 4-Plex E (N4PE) from Quanterix (Billerica, MA). Simoa is an
ultrasensitive, digital immunoassay platform that can detect proteins in plasma at sub-
femtomolar concentrations. (Rissin, et al., 2010; Wilson, et al., 2016) The N4PE assay included
measures of AB40 and AB42 which quantified the accumulation of extracellular amyloid plaques,
NfL which quantified axonal injury, and GFAP which quantified inflammation and astrocytic
activation. A singleplex assay for p-Taul81 measured intracellular neurofibrillary tangles.
Precision, detection limits, and test-retest reliability of the Quanterix Simoa platform in the
ARIC cohort have been previously reported (Lu, et al., In Press).

Before examining the prognostic value of plasma biomarkers, the ratio of Ap42 to AB40
will be calculated and measures of p-Taul81, NfL, and GFAP will be base 2 log transformed.
Thresholds for high versus low levels of each plasma biomarker will be identified based on the
Youden index (Pierce, 1884; Youden, 1950) from an analysis of participants at Visit 5 who were
classified as unimpaired (CN) or impaired (MCI or dementia). Predictors of incident dementia
that will be tested include the following.

1. Continuous measures of AB42/AB40, log2 p-Taul81, log2 NfL, and log2 GFAP.

2. Binary classifications (high versus low) of each plasma biomarker created by
dichotomizing continuous measures at biomarker-specific thresholds defined based on
the Youden index.

Cognitive Domain Z Scores. A confirmatory factor analysis (CFA) (Gross, et al., 2015)
identified three cognitive domains at Visit 5—(1) a language domain measured by the BNT,
WEFT, and ANS, (2) an executive function domain comprising the DSS, TMTA, and TMTB, and
(3) a memory domain derived from the ILR, LMT, and DWR. Factor scores for each domain
were generated for each participant who completed one or more cognitive tests included in the
domain. A subsample (N=2609) of participants were selected for developing regression models
to define a normative range who did not have any of the following exclusion criteria.

1. Self-reported race other than white or black

Unknown level of education

Apolipoprotein €4 alleles detected from blood samples analyzed (Hsu, et al., 2005) using
the TagMan assay (Applied Biosystems, Foster City, CA)

Adjudicated diagnosis of MCI or dementia at Visit 5

Neurological disease detected by the NPI-Q at Visit 5

Use of cholinomimetics at Visit 5

A score below 22 on the MMSE at Visit 5

Possible clinical depression as determined by the Center for Epidemiological Studies
Depression scale (Radloff, 1977) at Visit 5
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9. Wide Range Achievement Test 3 (WRAT3) (Wilkinson, 1993) less than 10 or missing at
Visit 5

10. Prior hospitalization for stroke at or before Visit 5

11. Significant decline in the WFT, DSS, and DWR measured at Visits 2, 4, and 5

12. Impairment detected by the TICSm, CDR, FAQ, SIS, or AD8 at or before Visit 6

13. Self-reported memory problems at or before Visit 6

14. Hospitalization discharge code for dementia at or before Visit 6

Using this subsample, race-stratified linear regression models were fit to the data and
used to calculate estimated factor scores for each participant for the cognitive domains of
language, executive function, and memory based on each individuals education, age, and
WRATS3 score. Cognitive domain Z scores were calculated for each participant as the difference
between the CFA generated factor score and the regression-based estimated factor score divided
by the root-mean-squared error from the race-specific linear regression model. The resulting Z
score will be used to test the following predictors of incident dementia.

1. Continuous Z scores for the cognitive domains of language, executive function, or
memory.

2. Binary classifications (normal versus abnormal) of each cognitive domain created by
dichotomizing the Z score at -1.5.

3. A nominal predictor denoting (a) no abnormal domains, (b) abnormal memory domain
only, (c) abnormal language domain only, (d) abnormal executive function domain only,
(e) abnormal language and executive function domains (multidomain non-amnestic
impairment), (f) abnormal memory domain plus abnormal language or executive function
domains (multidomain amnestic impairment), or (g) abnormal memory, language, and
executive function domains.

Covariates:

Multiple time-invariant confounders will be incorporated into the analysis. Date of birth,
race, sex, and education (less than high school, high school or equivalent, or greater than high
school) were obtained via self-report. Date of birth will be used to calculate age at Visit 5. Race
will be adapted into a categorical classification of field center and race (Minnesota-White,
Maryland-White, North Carolina-White, North Carolina-Black, and Mississippi-Black).

During clinic-based examinations, body weight was measured to the nearest 0.1 kilogram
and height was recorded to the nearest centimeter. Body mass index (BMI) was calculated as
weight in kilograms divided by height in meters squared. Creatinine was measured using a
modified kinetic Jaffé method (Coresh, et al., 2002; Levey, et al., 2006). Cystatin C was
measured using a particle-enhanced immunonephelometric assay (Siemens Healthcare
Diagnostics, Tarrytown, NY) (Parrinello, et al., 2015). A creatinine-cystatin C estimated
glomerular filtration rate (eGFR) was generated using 2021 Chronic Kidney Disease
Epidemiology Collaboration equations (Inker, et al., 2021). The presence of APOE &4 alleles was
ascertained by the TagMan assay (Applied Biosystems, Foster City, CA) (Blair, et al., 2005).



Statistical Analysis:

All analyses will be conducted in SAS (version 9.4). To mitigate bias introduced by
selecting ARIC participants who previously enrolled in a neuroimaging substudy, sampling
weights were computed as the product of inverse sampling fractions and the inverse probability
of enrollment (Knopman, et al., 2015). These weights will be applied in most analyses.

Unweighted descriptive statistics of participant characteristics stratified by subsequent
dementia or high versus low levels of each plasma biomarker will be examined utilizing y2 tests,
t tests, and Cochran-Armitage trend tests. A weighted matrix will depict Pearson correlation
coefficients between (1) age, (2) cognitive domain z-scores, and (3) plasma biomarkers. A
second weighted matrix will depict Spearman correlation coefficients between (1) median age,
(2) baseline cognitive diagnosis of CN or MCI, (3) single domain cognitive impairment, (4)
multidomain cognitive impairment, and (5) high levels of a single plasma biomarker. Weighted
cumulative incidence curves that account for the competing risk of death will be generated for
each plasma biomarker in the full sample and subsamples defined by (1) median age, (2) race,
(3) sex, (4) education, (5) the presence of APOE &4 alleles, (6) cognitive diagnosis, (7) single
domain cognitive impairment, and (8) multidomain cognitive impairment.

Weighted Poisson regression models with robust error variance will be used to estimate
crude, unadjusted incidence rates of dementia with 95% confidence intervals (CI) per 1000
person-years for (1) median age, (2) cognitive diagnosis, (3) single domain cognitive
impairment, (4) multidomain cognitive impairment, and (5) high levels of a single plasma
biomarker. Incidence rates will also be estimated from a model that integrates sex, education,
race-center, the presence of APOE &4 alleles, BMI, and eGFR as time-invariant covariates. A
final model will estimate incidence rates associated with high levels of each plasma biomarker
after additionally adjusting for age and domain-specific cognitive status. Weighted unadjusted
and covariate-adjusted hazard ratios will be generated from Fine-Gray models (1999) that
account for the competing risk of death. Supremum tests will be performed and Schoenfeld
residuals will be inspected to verify the proportional hazards assumption prior to model fitting.
The assumption of linearity will be evaluated by examining Martingale residuals.

In exploratory analyses, the covariate-adjusted Fine-Gray model will be expanded to test
for multiplicative and additive interactions (Knol & VanderWeele, 2012; VanderWeele & Knol,
2014) between each biomarker and (1) median age, (2) race, (3) sex, (4) education, (5) the
presence of APOE ¢4 alleles, (6) cognitive diagnosis, (7) single domain cognitive impairment,
and (8) multidomain cognitive impairment. Statistical significance for interaction will be defined
as P < .05. Subsequent stratified analyses will examine effect modification by (1) median age, (2)
race, (3) sex, (4) education, (5) the presence of APOE &4 alleles, (6) cognitive diagnosis, (7)
single domain cognitive impairment, and (8) multidomain cognitive impairment.

Weighted time-dependent receiver operator characteristic (ROC) curves and the
corresponding area under the curve (AUC) will be generated from a Fine-Gray competing risk
model. Curves will be visualized at 2, 4, 6, and 8 years after the baseline for the following
models.

Model 1: Age

Model 2: Cognitive domain z-scores
Model 3: AB42/AB40

Model 4: p-Taul81

Model 5: NfL



Model 6: GFAP

Model 7: All four biomarkers

Model 8: Age and cognitive domain z-scores

Model 9: Age and AB42/AB40

Model 10: Age and p-Taul81

Model 11: Age and NfL

Model 12: Age and GFAP

Model 13: Age and all four biomarkers

Model 14: Cognitive domain z-scores and Ap42/AB40

Model 15: Cognitive domain z-scores and p-Taul81

Model 16: Cognitive domain z-scores and NfL

Model 17: Cognitive domain z-scores and GFAP

Model 18: Cognitive domain z-scores and all four biomarkers
Model 19: Age, cognitive domain z-scores, and Ap42/AB40
Model 20: Age, cognitive domain z-scores, and p-Taul81
Model 21: Age, cognitive domain z-scores, and NfL

Model 22: Age, cognitive domain z-scores, and GFAP

Model 23: Age, cognitive domain z-scores, and all four biomarkers

An accompanying matrix will depict the difference in AUCs between each model along
with 95% Cls generated via bootstrapping. A separate matrix will be prepared for 2, 4, 6, and 8
years after the baseline. In supplemental analyses, time-dependent AUC and ROC curves will be
generated for each biomarker separately and collectively in subsamples defined by (1) median
age, (2) race, (3) sex, (4) education, (5) the presence of APOE &4 alleles, (6) cognitive diagnosis,
(7) single domain cognitive impairment, and (8) multidomain cognitive impairment.

Methodologic Limitations:

This investigation has several limitations. Although plasma biomarkers of AD and
neurodegeneration have the potential to be cost-effective, non-invasive measurements with
prognostic value to patients and clinicians, they are less precise than cerebrospinal fluid
biomarkers due to extra-cerebral production and levels (Hansson, et al., 2022; Jack, et al., 2018;
Tsiknia, et al., 2022). Moreover, among the existing platforms for analyzing plasma, Quanterix
Simoa is known to be less accurate for certain biomarkers such as p-Taul81 (Ashton, et al.,
2023; Bayoumy, et al., 2021). Consequently, improvements in predictive accuracy may be
underestimated in the proposed analysis. It is also important to acknowledge that the analytic
sample is restricted to a subset of participants from the ARIC study who survived to late-life and
were eligible for a MRI substudy. Although selection bias will be mitigated through the use of
sampling weights, generalization to a community-dwelling population may be limited.
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