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Abstract

Introduction: Blood biomarkers for Alzheimer’s disease (AD) are the future of AD risk

assessment. The aim of this study was to determine the association between plasma-

measuredphosphorylated tau (p-tau181), glial fibrillary acidic protein (GFAP), andneu-

rofilament light (NfL) levels and risk of clinical AD incidence with consideration to the

impact of cardiovascular health.

Methods:Within a community-based cohort, biomarker levelsweremeasured at base-

line using single molecule array technology in 768 participants (aged 50–75) followed

over 17 years. Associations among biomarkers and AD, vascular dementia, and mixed

dementia incidence were assessed.

Results: GFAP was associated with clinical AD incidence even more than a decade

before diagnosis (9–17 years), while p-tau181 and NfL were associated with more

intermediate AD risk (within 9 years). Significant interaction was detected between

cardiovascular health and p-tau181/NfL.

Discussion: GFAP may be an early AD biomarker increasing before p-tau181 and

NfL and the effect modifying role of cardiovascular health should be considered in

biomarker risk stratification.
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1 BACKGROUND

Alzheimer’s disease (AD) is an irreversible neurodegenerative dis-

ease characterized by amyloid plaques and tau tangles in the

brain, with pathological changes present decade(s) before clinical

symptoms.1 Blood biomarkers for AD are the future of AD prescreen-

ing and risk assessment in older adults.2–5 Recent evidence indi-

cates that phosphorylated tau (p-tau181) in blood can predict amy-

loid beta (Aβ) and tau pathologies6 and neurofilament light (NfL)

chain reflects neurodegeneration.7–9 Single molecule array (Simoa)–

measured p-tau181 in plasma has exhibited very promising results

with strong ability to discern AD pathology and identify AD across

the continuum.3,6,10,11 NfL and glial fibrillary acidic protein (GFAP) in

blood have also shown a strong ability to determine AD/dementia and

cognitive decline.10,12–17 With the US Food and Drug Administration

(FDA) approval of the first disease-modifying therapy, risk assessment

through blood biomarkers could become crucial to identifying individ-

uals whomay benefit most from treatment.

Previous studies of p-tau181 measured in blood have had limited

follow-up,3,18 but it has been theorized that p-tau181 levels may rise

more than a decade before diagnosis.19 Additionally, GFAP has also

been suggested to be an early marker of AD but long-term associa-

tion evidence is scarce. Epidemiological studies with extensive follow-

up investigating the ability of these biomarkers to detect AD/dementia

risk more than a decade before diagnosis are lacking. Furthermore,

the effect-modifying role of important risk factors such as apolipopro-

tein E (APOE) status, the greatest genetic risk factor for AD,20 and car-

diovascular health, which plays a paramount role in dementia and its

progression,21 should be assessed to better inform risk stratification

based upon these biomarkers.

Therefore, the aim of this study was to determine the association

between plasma measured p-tau181, GFAP, and NfL levels at base-

line and risk of clinical AD incidence in a community-based cohort

study prospectively followed over 17 years. Secondarily, disease speci-

ficity was assessed through comparison to vascular dementia (VD)

and mixed dementia (MD) incidence, and the impact of cardiovascu-

lar health at baseline and APOE genotype on the association between

plasma biomarkers and dementia risk was explored.

2 METHODS

2.1 Study participants and data collection

The analyses are based on a nested case-control (NCC) study within

the ESTHER study, a population-based prospective cohort study of

community-dwelling older adults in Germany. Briefly, ESTHER consists

of 9940 participants (50–75 years old at baseline) recruited by gen-

eral practitioners (GPs) in a statewide study in Saarland, Germany from

2000 to 2002.22,23 Participants completed standardized health ques-

tionnaires, providedblood samples, andGPsprovidedmedical informa-

tion. Comprehensive monitoring of major disease incidence and mor-

tality was conducted through participant and GP follow-up 2, 5, 8, 11,

HIGHLIGHTS

∙ Glial fibrillary acidic protein (GFAP) was associated with

clinical Alzheimer’s disease (AD) incidence 9–17 years

before diagnosis.

∙ Phosphorylated tau (p-tau181)/neurofilament light (NfL)

were only associated with AD incidence within 9 years of

diagnosis.

∙ GFAP had the highest AD diagnosis prediction accuracy of

all biomarkers.

∙ Cardiovascular health significantly modified the

biomarker–AD risk association.

RESEARCH INCONTEXT

1. Systematic Review: Extensive research regarding phos-

phorylated tau (p-tau181), glial fibrillary acidic protein

(GFAP), and neurofilament light (NfL) measured in blood

has exemplified the ability of these biomarkers to identify

Alzheimer’s disease (AD) and/or dementia across the con-

tinuum, mostly in clinical studies with limited follow-up.

2. Interpretation: In our study, GFAP was associated with

clinical AD incidence even more than a decade before

diagnosis (9–17 years), while p-tau181 and NfL were

associated with more intermediate AD risk (within 9

years). Significant interaction was detected between car-

diovascular health and p-tau181/NfL. Our findings sug-

gest that GFAP may be a very early AD biomarker

increasing before p-tau181 and NfL and that the effect-

modifying role of cardiovascular health should be consid-

ered biomarker risk stratification.

3. Future Directions: Future research is necessary to con-

firm our findings and to determine the timepoint at which

these biomarkers become clinically useful tools as well as

confirm the interaction with cardiovascular health.

14, and 17 years after recruitment for all participants. Furthermore,

data were linked to the Saarland cancer registry and death certificates

were obtained from local health authorities. The ESTHER study was

approved by the Ethics Committee of the Medical Faculty at Heidel-

berg University and the Physicians’ Board of Saarland.

AD, VD, and MD diagnoses were collected from participants’ GPs

during the 14- and 17-year follow-ups as previously reported.23,24

Briefly, GPs of all ESTHER participants were contacted at the 14-year

and 17-year follow-ups and asked to provide dementia diagnosis infor-

mation as well as all available medical records of other specialized

providers (Figure S1 in supporting information). The current guidelines

in Germany for AD diagnosis follow the National Institute on Aging
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and the Alzheimer’s Association25 or the International Working group

(IWG)-2 criteria, for VD diagnosis the National Institute of Neurolog-

ical Disorders and Stroke (NINDS)-Association Internationale pour la

Recherche et l’Enseignement enNeurosciences (AIREN) criteria,28 and

forMD diagnosis the IWG-criteria for mixed dementia.26,27

Due to resource restrictions, biomarker measurements were not

completed for the entire ESTHER cohort. Therefore, a NCC approach

was used and biomarker levels were measured only at baseline. The

sample included controls (participants confirmed by own GP to be

without dementia diagnosis throughout 17 years of follow-up) chosen

at random (n = 507) from the ESTHER study and all participants with

an exclusive diagnosis of AD between baseline and the 17-year follow-

up (n = 145; Figure S1). To investigate disease specificity, several VD

and MD cases occurring between baseline and 17 years of follow-up

included in a previous study29 were additionally included (n = 116).

Briefly, these were VD and MD cases that were identified in the first

round of dementia diagnoses collection and not all VD,MD, or unspeci-

fied dementia cases from theESTHER studyweremeasured due to lim-

ited funds. Blood used for the biomarker measurements was drawn at

baselinewhen all included participantswerewithout dementia diagno-

sis (confirmed by ownGP).

2.2 Simoa measurements

Simoa technology was used to measure p-tau181, GFAP, and NfL in a

singlebatch inplasmadrawnatbaseline. Lithium-heparin sampleswere

stored upon arrival at –80 ◦C. Prior to analysis on the SimoaHD-XAna-

lyzer by Quanterix, samples were thawed at room temperature and

mixed thoroughly. After a centrifugation step at 10000 x g for 5 min-

utes, samples were applied to a conical 96-well plate (Quanterix) and

measurementswere carriedout immediately. For the calculationof lev-

els, lot-specific calibrators included in the kits were measured as well

as one low and one high concentrated lot-specific control. In this study

the commercially available Simoa Neurology 4-Plex E Advantage Kit

and Simoa pTau-181 Advantage V2 Kit (Quanterix) were used accord-

ing to manufacturert’s instructions and with on-board automated 4x

sample dilution. Ethylenediaminetetraacetic acid plasma samples are

recommended for the Simoa measurement of Aβ40 and Aβ42 and the

levels measured in our sample using heparin samples were extremely

low or not detected. Therefore, Aβ40 and Aβ42 measurements were

excluded.

2.3 APOE genotype

APOE genotype was determined based on allelic combinations of the

single nucleotide polymorphisms (SNPs) rs7412 and rs429358 using

predesigned TaqMan SNP genotyping assays (Applied Biosystems).

Genotypes were analyzed in an endpoint allelic discrimination read

using the Bio-RAD CFX Connect System (Bio-Rad Laboratories). In

the case of missing APOE data (n = 64), available quality controlled,

imputed genetic data was used (n = 37; imputation conducted using

the Michigan Imputation Server, where SHAPEIT2 was used to phase

the data andMinimac 4was used to impute to theHRCVersion r1.1 24

reference panel23).

2.4 Ten-year risk of fatal cardiovascular disease
assessment

The 10-year risk of fatal cardiovascular disease (CVD) was determined

frombaseline data through theEuropeanSociety ofCardiology SCORE

(Systematic Coronary Risk Evaluation), which is a validated risk score

based upon age, sex, smoking status, systolic blood pressure, and the

total cholesterol to high-density lipoprotein ratio.30 The SCORE risk

estimates were calculated only in participants without diabetes. Indi-

viduals with > 5% SCORE risk estimates or diabetes were considered

to have moderate to high (mod–high) 10-year risk of fatal CVD, while

participants without diabetes and ≤5% SCORE risk estimates were

considered to have low to moderate (low–mod) 10-year risk of fatal

CVD. Multiple imputation (n = 20) for data missing at random was

carried out following the Markov chain Monte Carlo method, and the

imputed dataset was used to calculate the SCORE.31

2.5 Statistical methods

Descriptive statistics were used to provide information regarding par-

ticipant characteristics in the entire sample as well as in age-stratified

groups (aged 50–64 and 65–75 years at baseline), while Chi-square, t-

tests, andMann-WhitneyU testswere used to compare bothAD cases,

VDcases, andMDcases to controls (individualswithoutdementia diag-

nosis) as appropriate. Cox proportional hazards regression analyses

adjusted for age at baseline and sex were used to calculate hazard

ratios (HRs) and 95% confidence intervals (CIs) for the outcomes: inci-

dent AD, MD, and VD diagnoses occurring between baseline and 17

years. AD diagnoses were split into two time periods in themain analy-

ses, within the first 9 years and between 9 and 17 years after baseline.

In a sensitivity analysis, an additional time period (AD within 6 years)

was used.

Independent variables included: APOE ε4 status (≥1 ε4 allele vs.

no ε4 allele), age at baseline, sex, 10-year risk of fatal CVD, p-tau181

levels, GFAP levels, and NfL levels. The biomarker levels were right-

skewed and therefore were natural log-transformed. The z-score of

the log-transformed biomarker levels were tested individually in the

Coxmodels. Additionally, the biomarkerswereused as categorical vari-

ables, inwhich participants in the highest (Q5) and second-highest (Q4)

quintile were compared to the lowest three quintiles (Q1–Q3) as the

reference group. End of observation included date of dementia diag-

nosis, date of death, and date of 14-year or 17-year follow-up (date

of response from the GP regarding dementia diagnosis status). The

14-year follow-up was used if 17-year follow-up information was not

available.

Multiple imputation for data missing at random (GFAP [n = 4], NfL

[n = 3]) was carried out following the Markov chain Monte Carlo
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method.31 In analyses including APOE, individuals with missing APOE

status were excluded (n= 27).

Area under the receiver operating characteristic (ROC) curves

(AUCs) were calculated for AD diagnosis (0–9 years, 0–6 years, 9–

17 years, 0–17 years) based upon natural log-transformed p-tau181,

GFAP, and Nfl baseline levels. ROC contrast analysis using the DeLong

test was conducted to compare for significant differences between

curves.32 The dose–response relationships between biomarker levels

and ADwas assessed using restricted cubic spline (RCS) functions with

four knots at the 5th, 35th, 65th, and 95th percentiles of biomarker

plasma levels. Additionally, stratified and interaction analyses (Cox

regression and RCS) by 10-year fatal CVD risk status (low–moderate

vs.moderate–high) andAPOE ε4statuswas completed for all outcomes.

Finally, Pearson correlation and linear regression were used to explore

the relationship between biomarker levels and age.

All analyses were conducted using SAS software, version 9.4 (SAS

Institute). Statistical tests were two sided and conducted at an α-level
of 0.05.

3 RESULTS

Of a total of 768 participants, 145, 66, and 50 participants were diag-

nosed with AD, VD, and MD, respectively, between baseline and 17

years of follow-up, and 507 remained without dementia diagnosis

throughout follow-up. The mean length of follow-up was 9.9 and 15.2

years in dementia cases and controls, respectively. The Pearson corre-

lation coefficients for age andp-tau181,GFAP, andNfLwere0.26, 0.50,

and 0.57, respectively (Figure S2 in supporting information).

3.1 AD

The characteristics of study participants according to AD status are

shown in Table 1. Themean age at baseline 67 and 61 years in AD cases

and controls, respectively. There were more females (61%), a higher

proportion of APOE ε4 positivity (51%), and higher proportion of mod-

erate to high 10-year risk of fatal CVD (55%) among AD cases com-

pared to controls.

The highest average baseline levels of p-tau181 and NfL were

found in participants diagnosed within the first 5 years of follow-up,

with somewhat lower levels in participants diagnosed later (Figure 1A

and 1C). Baseline GFAP levels were, however, significantly elevated

compared to controls regardless of the length of time to diagnosis,

even in those diagnosed 13–17 years after baseline (Figure 1B). In the

age stratified groups (50–64 and 65–75 years at baseline), GFAP lev-

els in participants diagnosed with AD during follow-up were signifi-

cantly higher than controls regardless of age group or diagnosis time

period (Table S1 in supporting information). P-tau181 and NfL levels

were largely only significantly higher in participants diagnosed in the

first 9 years, but not between 9 and 17 years of follow-up.

P-tau181 (per standard deviation [SD] increase of log-transformed

levels) was associated with increased risk of incident AD diagnosis

between baseline and 9 years and baseline and 17 years (Table 2: HR,

95% CI: AD 0–9years, 1.39, 1.05–1.85; AD 0–17 years, 1.19, 1.002–

1.41), but not between 9 and 17 years (HR, 95% CI: 1.08, 0.87–1.34).

Conversely, baseline GFAP (per SD increase of log-transformed lev-

els) was associated to an increased risk of incident clinical AD diagno-

sis occurring between 9 and 17 years after baseline (HR, 95% CI: AD

0–9years, 1.40, 1.06-1.84; AD 9–17 years, 1.75, 1.36–2.26; AD 0–17

years, 1.58, 1.30–1.91).

The disease prediction accuracy as measured by the AUC value of

p-tau181, GFAP, NfL, and all predictors combined after 17 years of

follow-up was 0.610, 0.729, 0.676, and 0.735, respectively (Figure 2).

The disease prediction accuracy based upon p-tau181 and GFAP at

baseline was much higher for AD diagnoses occurring within the first

6 (Figure S3 in supporting information) and 9 years than between 9

and 17 years of follow-up, while the accuracy of GFAP remained more

consistent, even in predicting diagnoses between 9 and 17 years of

follow-up. The resulting AUCs based upon varying combinations of

biomarkers is presented in Table S2 in supporting information. When

adding p-tau181 and NfL to models already including GFAP, only mod-

est increases in disease prediction accuracy were evident. The dose–

response relationship between biomarker levels and AD is shown in

Figure 3. Increasing levels above themedian of all biomarkerswere sig-

nificantly associated with increasing risk of AD.

There was significant interaction between p-tau181 (P = .04) and

NfL (P< .01) levels and 10-year risk of fatal CVD (Figure 4 and Table S3

in supporting information). The dose–response relationship between

p-tau181, GFAP, and NfL levels and AD diagnosis (0–17 years) accord-

ing to fatal CVD risk is shown in Figure 4.No significant interactionwas

seenbetweenbiomarker levels andAPOE status (Table S4 in supporting

information).

3.2 Vascular and mixed dementia

The characteristics of study participants according to VD andMD sta-

tus are shown in Table S5 in supporting information. VD andMD cases

had higher baseline levels of plasma biomarkers, p-tau181, GFAP, and

NfL than controls. However, higher plasma levels of p-tau181 were

not significantly associated to higher VD or MD risk after adjust-

ment of covariates, asserting AD specificity of p-tau181 (Table S6 in

supporting information). There was a 36% and 94% increase in risk

of clinical VD incidence per SD increase of log-transformed GFAP

and NfL levels, respectively (HR, 95% CI: GFAP, 1.36, 1.01–1.84; NfL,

1.94, 1.48–2.55). GFAP and NfL levels were also significantly associ-

ated with higher risk of MD incidence during follow-up (HR, 95% CI:

GFAP per SD increase, 1.74, 1.23–2.46; NfL per SD increase, 1.54,

1.09–2.16).

There was no interaction detected between the plasma biomarkers

and 10-year risk of fatal CVD or APOE status (Tables S3 and S4).

Participant characteristics and the results of the Cox regression

analyses for the biomarkers excluding outliers, which yielded very

minimal differences, can be found in Tables S7 and S8 in supporting

information.
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TABLE 1 Participant characteristics: AD cases by diagnosis time period and controls

AD (0–9 years) AD (9–17 years) AD (0–17 years) Controls

n 51 94 145 507 P value1 P value2 P value3

Baseline biomarker plasma levels pg/ml, mean± SD;median (min-max)

2.4± 1.5; 1.9± 1.2; 2.1± 1.3; 1.7± 1.2;

p-tau181 2.0 (0.8–7.5) 1.6 (0.2–7.7) 1.7 (0.2–7.7) 1.5 (0.1–17.9) <.0001 .04 <.0001

n= 504

151.4± 122.1; 123.6± 56.2; 133.3± 86.0; 87.0± 46.7;

GFAP 125.0 (6.0–875.0) 116.5 (31.7–335.0) 118.0 (6.0–875.0) 78.2 (13.3–529.0) <.0001 <.0001 <.0001

n= 504

23.0± 10.2; 18.9± 9.5; 20.3± 9.9; 15.8± 8.4;

NfL 21.0 (0.7–60.6) 16.6 (7.8–80.0) 17.8 (0.7–80.0) 14.1 (3.9–79.3) <.0001 <.0001 <.0001

Additional predictors

APOE ε4 – 29 (60.4) 38 (43.2) 67 (49.3) 364 (73.5)

APOE ε4+ 19 (39.6) 50 (56.8) 69 (50.7) 131 (26.5) .05 <.0001 <.0001

Male 24 (47.1) 32 (34.0) 56 (38.6) 229 (45.2)

Female 27 (52.9) 62 (66.0) 89 (61.4) 278 (54.8) .80 <.05 .16

Age at baseline 68.8± 4.4 65.6± 5.2 66.7± 5.2 61.2± 6.5 <.0001 <.0001 <.0001

Education,

< 9 years 39 (76.5) 77 (81.9) 116 (80.0) 394 (77.7)

≥10 years 12 (23.5) 17 (18.1) 29 (20.0) 113 (22.3) .84 .36 .56

CVD risk,a

low-mod 15 (29.4) 50 (53.2) 65 (44.8) 294 (58.0)

mod-high 36 (70.6) 44 (46.8) 80 (55.2) 213 (42.0) <.0001 .39 <.01

Notes: Non-imputed data presented as frequency (%) for categorical values and mean ± SD for continuous variables. Imputed data are presented only for

CVD risk. APOE ε4+:≥ 1 ε4 allele, APOE ε4 -: no ε4 allele
Abbreviations: AD, Alzheimer’s disease; APOE, apolipoprotein E; CVD, cardiovascular disease; GFAP, glial fibrillary acidic protein; NfL, neurofilament light; n,

number of participants; p-tau181, phosphorylated tau; SD, standard deviation.
aCVD risk based upon European Society of Cardiology SCORE, low–moderate (mod): 0%–5% 10-year risk of fatal cardiovascular disease, mod–high: > 5%

10-year risk of fatal cardiovascular disease+ participants with diabetes.
1P value for comparison between incident AD cases (0–9 years) and controls.
2P value for comparison between incident AD cases (9–17 years) and controls.
3P value for comparison between incident AD cases (0–17 years) and controls.

4 DISCUSSION

GFAP levels were associated with greater risk of clinical AD incidence

evenmore than a decade (9–17 years) before diagnosis, while higher p-

tau181 andNfL levelswere only associatedwith risk of clinical AD inci-

dence within 9 years of diagnosis in a community-based cohort study

prospectively followed over 17 years. Additionally, higher p-tau181

andNfL levelswereonly associatedwithahigher riskof clinicalAD inci-

dence in participants with low to moderate risk of 10-year fatal CVD

with significant interaction evident between the biomarkers and risk of

10-year fatal CVD. Finally, APOE status did not modify the association

between the biomarkers and risk of dementia.

GFAP, a marker of astrogliosis, has previously shown the ability

to predict dementia with several studies indicating an AD-specific

relationship.17,33,34 Elevated GFAP levels are indicative of abnormal

activation of astrocytes that often surround amyloid plaques. In one

other previous longitudinal study, higher GFAP levels were associated

with AD 4 to 8 years prior to diagnosis.35 In our study, GFAP levels

at baseline were robustly associated with risk of AD incidence even

many years before diagnosis and the disease prediction accuracy of

GFAP was highest among the included biomarkers with only mod-

est improvements apparent when adding p-tau181 or NfL to a model

already includingGFAP. These results suggest that GFAPmay be a very

early marker for AD and could be a critical early risk identifier.

P-tau181 has been suggested to have the highest level of matu-

rity for clinical utility due to its high diagnostic accuracy, ability to dif-

ferentiate AD from other neurodegenerative disorders, and ability to

track progression of AD-specific neurodegeneration.3,4,18,36,37 Longi-

tudinal studies investigating p-tau181 have included limited follow-up

times.3,10,18 In a study of dominantly inherited AD, it was shown that

some patients saw an initial increase in p-tau181 levels as early as

two decades before symptoms at around the time of amyloid aggre-

gation, suggesting that levels of p-tau181 specifically rise in response

to amyloid.19 Currently, our study is the only to investigate the
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F IGURE 1 Baseline plasma biomarker levels by incident AD diagnosis time period (years after baseline) and in controls. A, Baseline p-tau181
levels, B, Baseline GFAP levels. C, Baseline NfL levels. AD, Incident AD diagnosis within 17 years by diagnosis time period. All, n= 768; Controls
(participants without dementia diagnosis throughout 17 years), n= 507; AD 0–5 yrs, n= 19; AD 5–9 years, n= 32; AD 9–13 years, n= 56; AD
13–17 years, n= 38.Mann-Whitney U tests were used to test for statistically significant differences between cases and controls as indicated by: *
P< .01; ** P< .001; *** P< .0001. AD, Alzheimer’s disease; GFAP, glial fibrillary acidic protein; NfL, neurofilament light; p-tau181,
phosphorylated tau

association between p-tau181 and sporadic AD diagnosis with a

follow-up longer than 9 years. The discrepancy between the theoret-

ical idea that p-tau181 levels rise in sporadic AD decades before symp-

tomsandour results,which lacked significancebetween9and17years,

warrant further longitudinal cohort studies with longer follow-up.

NfL in plasma is a marker of neurodegeneration that has

shown strong associations to and discriminatory ability of AD and

dementia.10,12,13,15,16 We have shown in our analyses an association

between higher baseline plasma levels of NfL and higher risk of clinical

AD only within the first 9 years of follow-up in line with previous

studies and similar to the pattern seenwith p-tau181 levels.

A significant interaction between plasma levels and 10-year risk

of fatal CVD was evident, with participants at lower CVD risk hav-

ing higher AD risk per SD increase in p-tau181 and NfL levels.
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TABLE 2 Cox regression results: HRs for risk of incident clinical AD diagnosis (0–9 years, 9–17 years, 0–17 years)

N
AD (0—9 years)

HR (95%CI) P-value n
AD (9–17 years)

HR (95%CI) P-value n
AD (0–17 years)

HR (95%CI) P-value

N 51 94 145

p-tau181 (cont.) 51 1.39 (1.05–1.85) .02 94 1.08 (0.87–1.34) .50 145 1.19 (1.002–1.41) <.05

Q1–Q3 (< 1.74 pg/ml) 18 Ref. 54 Ref. 72 Ref.

Q4 (1.74-2.24pg/ml) 14 1.47 (0.71–3.06) .30 18 1.01 (0.58–1.73) .98 32 1.20 (0.78–1.84) .41

Q5 (> 2.25 pg/ml) 19 1.94 (0.99–3.82) .05 22 1.15 (0.69–1.92) .59 41 1.42 (0.95–2.11) .09

GFAP (cont.) 51 1.40 (1.06–1.84) .02 94 1.75 (1.36–2.26) <.0001 145 1.58 (1.30–1.91) <.0001

Q1–Q3 (< 102.00pg/ml) 16 Ref. 41 Ref. 57 Ref.

Q4 (102.00-136.99pg/ml) 14 1.35 (0.64–2.85) .43 20 0.86 (0.49–1.53) .61 34 1.01 (0.64–1.59) .96

Q5 (> 136.99pg/ml) 21 2.91 (1.43–5.93) <.01 33 2.84 (1.72–4.67) <.0001 54 2.65 (1.76–3.98) < .0001

NfL (cont.) 51 1.19 (0.86-1.63) .29 94 1.26 (0.95–1.68) .11 145 1.22 (0.98-1.51) .07

Q1–Q3 (< 17.60 pg/ml) 16 Ref. 52 Ref. 68 Ref.

Q4 (17.60-23.14pg/ml) 12 1.32 (0.61–2.84) .48 22 0.94 (0.56–1.57) .80 34 1.03 (0.68-1.58) .88

Q5 (> 23.14pg/ml) 23 2.47 (1.23–4.97) .01 20 1.40 (0.80–2.46) .24 43 1.73 (1.13–2.65) .01

APOE ε4 – 29 Ref. 38 Ref. 67 Ref. <.0001

APOE ε4+ 19 1.58 (0.89–2.83) .12 50 3.09 (2.02–4.73) <.0001 69 2.32 (1.66–3.25)

Male 24 Ref. 32 Ref. 56 Ref. .31

Female 27 1.11 (0.64–1.92) .72 62 1.38 (0.90–2.11) .14 89 1.18 (0.85–1.66)

Age at baseline per year

increase

51 1.23 (1.17–1.31) <.0001 94 1.14 (1.10–1.18) <.0001 145 1.16 (1.13–1.20) <.0001

CVD risk, low–mod 15 Ref. 50 Ref. 65 Ref. .87

mod–high 36 1.29 (0.56–2.99) .54 44 0.84 (0.46–1.51) .55 80 0.96 (0.60–1.54)

Notes: All analyses adjusted for age and sex. All continuous biomarker predictors are per standard deviation increase in natural log-transformed biomarker

levelmeasured at baseline. CVDrisk baseduponEuropeanSociety ofCardiology SCORE, low–mod (mod): 0%–5%10-year risk of fatal cardiovascular disease,

mod–high:> 5% 10-year risk of fatal cardiovascular disease+ participants with diabetes. APOE ε4+:≥ 1 ε4 allele, APOE ε4 -: no ε4 allele
Abbreviations: AD, Alzheimer’s disease; APOE, apolipoprotein E; CVD, cardiovascular disease; GFAP, glial fibrillary acidic protein; NfL, neurofilament light; n,

number of participants; p-tau181, phosphorylated tau; SD, standard deviation.

Cardiovascular health plays an influential role at all stages of ADdevel-

opment and can affect the rate in which the disease progresses.21

Often AD co-occurs with vascular pathology or individuals with

mostly vascular pathology additionally exhibit amyloid and tau

accumulation.38 It is more likely that those individuals with low risk of

fatal CVD develop a more pure form of AD, which could explain the

greater association between p-tau181 levels and AD risk. There is a

known discrepancy between clinical and neuropathological data and

the possibility of misdiagnosis must be considered.39 Another possi-

ble explanation could be that those individuals at higher risk for CVD

maydiebeforedevelopingADsymptoms.Cardiovascular health should

be taken into account when considering the use of plasma biomarkers

as AD risk assessment tools due to its paramount role in AD and its

progression.

4.1 Clinical implications

This study provides unique and innovative information critical for

future research and translation of plasma biomarkers as risk stratifi-

cation tools in a disease in which pathological changes precede diagno-

sis by decade(s).With themonumental decision by the FDA to approve

adunamucab and likely in the future additional disease-modifying ther-

apies, it is critical that a feasible and cost-effective method for screen-

ing older adults in the community is established. Previous studies have

suggested that p-tau181 is an earlymarker ofADpathological changes.

Baseduponour results, further studies need to confirmwhenp-tau181

levels rise to better inform clinical risk assessment. GFAP levels how-

ever exhibited potential for longer-term risk assessment and should be

considered in clinical risk assessment. In amulti-step symptompreven-

tion strategy, GFAP could be used as a first step indicating the need for

more frequent monitoring, while p-tau181 could indicate more immi-

nent risk of future clinical AD. A multi-step approach could be critical

for detecting disease pathology when modifying treatments provide

most benefit.

4.2 Strengths and weaknesses

The greatest strengths of this study include the exceptional length of

follow-up (17 years) and baseline biomarker measurements in demen-

tia diagnosis–free participants. Additionally, this is the first study to
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F IGURE 2 ROC curves and contrast for incident AD diagnosis within 17 years based upon baseline biomarker levels. Biomarker levels are
natural log-transformed levels from baseline. AUC including 95%CIs are reported below ROC curves. ROC contrast analysis using the DeLong test
was conducted to compare for significant differences between curves as indicated by: *P< .05, **P< .01, ***P< .001, ****P< .0001. AD,
Alzheimer’s disease; AUC, area under the ROC curve; CI, confidence intervals; GFAP, glial fibrillary acidic protein; NfL, neurofilament light;
p-tau181, phosphorylated tau; ROC, receiver operating characteristic

F IGURE 3 Dose–response relationship between plasma biomarker levels at baseline and incident AD diagnosis within 17 years ([A] p-tau181,
[B] GFAP, [C] NfL). Restricted cubic spline function of biomarker levels with four knots at the 5th, 35th, 65th, and 95th percentiles of biomarker
levels and themedian as the reference. AD, Alzheimer’s disease; GFAP, glial fibrillary acidic protein; Nfl, neurofilament light; p-tau181,
phosphorylated tau

measure p-tau181with such length of follow-up, exhibit the long-term

association between GFAP and clinical AD risk, as well as explore the

effect modification of cardiovascular health in biomarker risk stratifi-

cation.

This study also has several weaknesses. First, the possibility of

dementia misdiagnosis/underdiagnosis or delayed diagnosis as the

dementia diagnoses in the ESTHER study were clinical diagnoses

reported by numerous practitioners using heterogeneous diagnostic

procedures, which may be inferior to diagnostic standards that can

be achieved in highly specialized academic settings. This is, however,

the nature of community-based cohort studies, which portray com-

mon practice in such a setting. One advantage of a population-based

study set in the community (ESTHER) is the inclusion of a more rep-

resentative sample that may not be possible in a specialized aca-

demic setting. Additionally, dementia neuropathologies are complex

where AD pathology seldom occurs in isolation,38 further complicat-

ing diagnoses. Additionally, the lack of Aβ concentration measure-

ments limits comparability and amyloid classification; however, Aβ
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F IGURE 4 Dose–response relationship between p-tau181, GFAP, andNfL baseline levels and incident AD diagnosis by 10-year risk of fatal
CVD. Restricted cubic spline function of p-tau181 (A and B), GFAP (C andD), and NfL (E and F) levels with four knots at the 5th, 35th, 65th, and
95th percentiles of biomarkers levels and themedian as the reference. CVD risk low-moderate (mod):≤ 5% 10-year risk of fatal cardiovascular
disease, CVD riskmod–high:> 5% 10-year risk of fatal cardiovascular disease+ participants with diabetes. There was significant interaction
between p-tau181 (P= .04) andNfL (P< .01) levels and 10-year risk of fatal CVD. AD, Alzheimer’s disease; CVD, cardiovascular disease; GFAP, glial
fibrillary acidic protein; NfL, neurofilament light; p-tau181, phosphorylated tau
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concentration in blood is notoriously difficult to measure and it has

been shown that p-tau181 accurately predicts Aβ pathology.6 We have

previouslymeasured the secondary structure ofAβ in ESTHERusing an

immuno-infrared-sensor, which is not dependent on the concentration

of Aβ, and saw an extremely high association to AD diagnosis within

14 years (odds ratio, 23).29 This type of structural marker might offer

a solution to this important issue.

4.3 Conclusion

In this prospective longitudinal cohort study followedover17years,we

have shown that higher GFAP levels were associated with greater risk

of clinical AD incidence even more than a decade (9–17 years) before

diagnosis, while higher p-tau181 and NfL levels were only associated

with risk of clinical AD incidencewithin 9 years of diagnosis. Significant

interaction between biomarker plasma levels and 10-year risk of fatal

CVD asserts the need to consider cardiovascular health when assess-

ing clinical AD risk. Further longitudinal studies are needed to confirm

the long-term risk associations to better inform clinical applicability

pivotal to the initiation of disease-modifying therapies at themost ben-

eficial stage in AD progression.
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