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Abstract

Introduction: This study examined plasma glial fibrillary acidic protein (GFAP) as a

biomarker of cognitive impairment due to Alzheimer’s disease (AD) with and against

plasma neurofilament light chain (NfL), and phosphorylated tau (p-tau)181+231.

Methods: Plasma samples were analyzed using Simoa platform for 567 participants

spanning the AD continuum. Cognitive diagnosis, neuropsychological testing, and

dementia severity were examined for cross-sectional and longitudinal outcomes.

Results: Plasma GFAP discriminated AD dementia from normal cognition (adjusted

mean difference = 0.90 standard deviation [SD]) and mild cognitive impairment

(adjustedmean difference= 0.72 SD), and demonstrated superior discrimination com-

pared to alternative plasma biomarkers. Higher GFAP was associated with worse

dementia severity and worse performance on 11 of 12 neuropsychological tests. Lon-

gitudinally, GFAP predicted decline in memory, but did not predict conversion to mild

cognitive impairment or dementia.

Discussion: Plasma GFAP was associated with clinical outcomes related to suspected

AD and could be of assistance in a plasma biomarker panel to detect in vivo AD.
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1 BACKGROUND

While amyloid beta (Aβ) and tau biomarkers have been the focus in the

detection of Alzheimer’s disease (AD), recent research highlights addi-

tionalmechanismsof neurodegeneration, namelyneuroinflammation.1

Reactive astrocytosis is an inflammatory response of astrocytes to

injury and disease and can be identified by glial fibrillary acidic pro-

tein (GFAP).2 These astrocytes might contribute to the formation of

Aβ plaques as neuropathological investigations have revealed GFAP-

positive astrocytes associate with underpinnings of AD.3 Therefore,

assessing GFAP levels could provide an alternative proxy of in vivo AD

neuropathology.

Using traditional means of measurement, namely cerebrospinal

fluid (CSF), GFAP was increased in those with AD dementia com-

pared to cognitively unimpaired individuals4 and reflects correlates

of AD/AD-related dementias pathology,5,6 including Aβ positivity

on positron emission tomography (PET) using the 18F-AZD4694A

tracer,7,8 decreased cortical thickness, and cerebral vascular insult.9

Recent efforts have focusedonmore scalable approaches. Blood-based

GFAP has accurately discriminated individuals with normal cognition

(NC) from AD dementia and is correlated with CSF measurements of

Aβ.10–15 Plasma GFAP detected AD dementia more accurately than

CSF GFAP suggesting that brain release of GFAP into the bloodstream

is an early event in AD and posits an opportunity for timelier in vivo

detection.13,16,17 Longitudinal studies support plasma GFAP to mon-

itor the progression of AD dementia.18 GFAP accurately predicted

conversion from mild cognitive impairment (MCI) to AD dementia19

and has been found to increase in Aβ-positive individuals with NC.20

However it is important to note that both CSF and blood-based GFAP

are not specific to AD processes.4,5,21,22

There have been mixed results comparing the diagnostic per-

formance of plasma GFAP to other plasma biomarkers, such as

neurofilament light chain (NfL), phosphorylated tau (p-tau)181, and

total tau (t-tau). Plasma GFAP has been shown to perform compa-

rably or better than other measures of neurodegeneration, namely

NfL and t-tau,20,23–26 while performing comparably or less optimally

than measures of p-tau181.
20,22,25 In each study, a combination of

these biomarkers showed greatest predictive ability in detecting AD

neurodegeneration.

Research on plasmaGFAP is nascent and few studies have examined

a cohort along the clinical continuum (i.e., NC,MCI, and dementia) both

cross-sectionally and longitudinally.16 There is limited research exam-

ining the utility of plasma GFAP compared to a panel of other plasma

biomarkers. The objective of this study was to investigate the associ-

ation between plasma GFAP and cognitive status (i.e., NC, MCI, and

AD dementia) as a single biomarker and in conjunction with plasma

biomarkers of p-tau181, p-tau231, and NfL within a large, longitudinal

sample. We have reported on plasma p-tau181 and NfL in this sam-

ple in past publications27,28 and the focus of the present study is

GFAP. The relationship between these plasma biomarkers and neu-

ropsychological test performance was assessed cross-sectionally and

longitudinally. We hypothesized that plasma GFAP would accurately

discriminate NC participants from those with MCI and AD dementia,

RESEARCH INCONTEXT

1. Systematic Review: We reviewed literature on

Alzheimer’s disease (AD) plasma biomarkers using tradi-

tional sources (e.g., PubMed). While AD-specific markers

have been the focus of extant research, fewer studies

have examined neuroinflammation in AD. Examinations

of plasma glial fibrillary acidic protein (GFAP) have been

promising; however, minimal research has compared it

to more established plasma markers of AD, including

neurofilament light chain (NfL) and phosphorylated tau

(p-tau).

2. Interpretation: Plasma GFAP was associated with cogni-

tive diagnosis, dementia severity, and neuropsychological

outcomes in a large cohort spanning the clinical contin-

uum (i.e., normal cognition, mild cognitive impairment,

and AD dementia). It performed comparably or better

than other plasma biomarkers including NfL, p-tau181,

and p-tau231, both in isolation and in conjunction.

3. FutureDirections: Replication and further determination

of the clinical viability of the biomarker for diagnosis and

diseasemonitoring is indicated, alongwith examinationof

GFAP in conjunction with other AD neuropathic changes

at autopsy.

and a panel of plasma biomarkers would have optimal discriminatory

accuracy. Further, we hypothesized that plasma GFAP levels would

predict diagnostic conversion to MCI and AD dementia and higher

baseline plasma GFAP would correspond to worse cross-sectional and

longitudinal neuropsychological test performance.

2 METHODS

2.1 Participants and design

The sample included 567 participants from the Boston University (BU)

Alzheimer’s Disease Research Center (ADRC) Clinical Core, one of ≈

33 Centers funded by the National Institute on Aging (NIA). The BU

ADRC provides standardized data to the National Alzheimer’s Coor-

dinating Center (NACC) to promote research onAD.29–32 Recruitment

of individuals for the BU ADRC Clinical Core is accomplished through

partnerships with local organizations, advertisements, and community

events. Additional information regarding recruitment and eligibility

criteria can be found in other publications.27,28,33,34 The BU ADRC

Clinical Core longitudinally follows older adults (age50+) that span the

diagnostic continuum (i.e., NC,MCI, dementia) from the greaterBoston

community. Participants are fluent in English with adequate hear-

ing and visual acuity. Exclusion criteria include severe mental illness
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(e.g., psychotic spectrum conditions), non-neurodegenerative neuro-

logical conditions (e.g., tumor, multiple sclerosis), or unstable medical

conditions that would interfere with study participation and/or limit

accurate diagnoses.

Each year, participants are administered a neurological exami-

nation, neuropsychological testing, neuropsychiatric questionnaires,

measures of functional independence, and other procedures.30 A

voluntary blood draw was added in 2008 for all existing and new par-

ticipants. This started as a single blood draw for each participant and

became annual beginning in 2015. The study visits in the current analy-

ses occurred between 2008 and 2018. Only≈ one third of participants

in the sample had repeated biomarker measurements. “Baseline” visit

was designated as the first study visit where a plasma sample was

available, with subsequent visits being designated as follow-ups. This

sample has been examined in other publications from our research

group.28,35 We included the new biomarkers of GFAP and p-tau231.

Inclusion criteria for these analyses included participants with at

least one blood draw and a diagnosis of NC, MCI due to AD, or AD

dementia at the respective study visit. All data collection procedures

were approved by the BU Medical Center Institutional Review Board,

with written informed consent from the participant or their legally

authorized representative.

2.2 Plasma biomarker analyses

Non-fasting blood samples were collected into plastic dipotassium

ethylenediaminetetraacetic acid tubes, processed according to stan-

dard procedures, and the plasma was aliquoted and frozen at −80◦C.

The frozen aliquots were shipped on dry ice to the University of

Gothenburg (Sweden) for batch analysis. Plasma GFAP, p-tau181, p-

tau231, and NfL concentrations were measured using Single molecule

array (Simoa) methods on an HD-X analyzer (Quanterix), as previ-

ously described in detail.36 For each biomarker, measurements were

performed in one round of experiments, using one batch of reagents.

Intra-assay coefficients of variation were<10% for all.

2.3 Neuropsychological testing

Neuropsychological tests administered at each study visit were con-

sistent with NACC Uniform Data Set (UDS) protocol versions 1.0

and 2.0.29,32 These tests include the Mini-Mental State Examination

(MMSE); 30-item short form Boston Naming Test (BNT); Trail Mak-

ing Test Parts A and B; Animals and Vegetables Fluency; Digit Span

(DS); and Wechsler Memory Scale, Revised Logical Memory Immedi-

ate Recall (LM-IA) andDelayedRecall (LM-IIA). TheNeuropsychologist

Assessment Battery (NAB) List Learning Test is also included.

2.4 Cognitive diagnostic procedures

A cognitive diagnosis (NC, MCI, dementia) was determined for each

study visit via multidisciplinary diagnostic consensus conference.

Information presented included relevant history and all examina-

tion and test findings, if available. MCI and AD dementia diagnoses

were determined following the NACC UDS diagnostic criteria for

cognitive syndromes and suspected etiologies.37–40 Diagnostic crite-

ria have changed over time with different versions of the UDS. This

criterion included the National Institute of Neurological and Commu-

nicative Disorders and Stroke (NINCDS) and the Alzheimer’s Disease

and Related Disorders Association (ADRDA),38 as well as the 2011

NIA-Alzheimer’s Association criteria.37,40 Plasma biomarkerswere not

used to inform diagnostic status. Fifty-nine participants with MCI

or dementia at the baseline blood draw with a suspected etiology

other than AD were excluded from analyses to restrict the sample to

the examination of AD-related biomarkers. This included 14 partici-

pants with missing diagnoses in the registry, 17 with impairment due

to non-AD disorders (including frontotemporal lobar degeneration,

possible chronic traumatic encephalopathy, cerebrovascular disease,

progressive supranuclear palsy, and Lewy body disease), and 28 with

a diagnosis of “cognitively impaired, not MCI.”29 Participants were

classified as NC if they performed within the normal range on all neu-

ropsychological tests (i.e., no scores lower than 1.5 standard deviation

[SD] below age-normativemeans).

2.5 Dementia severity

Dementia severity was evaluated at each visit using the Clinical

Dementia Rating (CDR) Dementia Staging Instrument©.41,42 A global

severity rating was determined and used in analyses.

2.6 Statistical analyses

Descriptive analyses compared the three diagnostic groups (NC, MCI,

and AD dementia) at the baseline study visit on demographic variables

and biomarker levels. Additional analyses determined cross-sectional

and longitudinal relationships between the biomarkers of interest

(i.e., GFAP, NfL, p-tau181, p-tau231) and relevant outcomes including

baseline diagnostic status, diagnostic conversion (NC to MCI or AD

dementia, MCI to AD dementia), CDR global score, and neuropsycho-

logical test performance. Analyses included each biomarker separately

along with models containing all biomarkers to determine the incre-

mental validity of the combination compared to each biomarker alone.

Specific models conducted included: diagnostic status and conversion,

global CDR score, neuropsychological test scores, and covariates.

For diagnostic status and conversion, analysis of covariance

(ANCOVA) compared the four biomarkers across diagnostic groups at

baseline, accounting for relevant covariates known to be associated

with diagnostic status (see discussion of covariates below). Discrimina-

tion between diagnostic groupswas examined using receiver operating

characteristic (ROC) curves and logistic regression using the area

under the curve (AUC) statistic. ROC models were conducted using a

two-stepprocess: (1) creating abaselinemodel using only demographic

covariates to determine the level of discrimination that could occur

using clinical variables and (2) adding the biomarkers of interest to the
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baseline model. This approach isolates the additional predictive power

of the novel biomarker.

Cox proportional-hazards regression models examined whether

baseline biomarker levels predicted increased odds for diagnostic con-

version at a subsequent study visit (either fromNC toMCI/AD or from

MCI to AD). For these analyses, the outcome was dichotomized into

participants who changed diagnoses versus remaining diagnostically

stable, accounting for the time to conversion based on the study visit

at which the diagnosis changed. For the subset of participants with

multiple blood draws and plasma biomarker measurements, binary

logistic regression examined whether changes in biomarker measure-

ments across study visits (i.e., the difference in value between the

twomeasurements) correspondedwith an associated change in clinical

diagnosis.

To measure global CDR score, ordinal logistic regression models

examined to what extent the plasma biomarkers could distinguish

between dementia severity levels, using the global CDR score. These

analyses were restricted to participants with dementia at baseline. For

individuals with AD dementia at baseline who had follow-up study

visits, ordinal logistic regression models examined whether baseline

plasma biomarker levels could predict the CDR rating at their final

study visit. Likewise, models examined whether changes in biomarker

measurements (for participants with multiple blood draws) were asso-

ciated with corresponding changes in CDR rating.

For neuropsychological test scores, the relationship between per-

formanceonneuropsychological test rawscores at baseline andplasma

biomarker levels was evaluated using partial Pearson correlations

across the entire sample, accounting for relevant covariates described

below. For longitudinal analyses, generalized linear models estimated

via generalized estimating equations (GEEs) tested whether GFAP and

other biomarker levels at baseline could predict subsequent changes

in neuropsychological test performance. This was determined by the

interaction effect between the biomarker level and time since baseline.

TheGEEmodels included thebaseline visit andall available subsequent

study visits and used an autoregressive (AR1) correlation structure.

Only individuals with NC or MCI at baseline were included in these

analyses to avoid restricted range (i.e., floor effects) among individuals

with AD dementia.

Age, education (in years), race (White versus non-White), sex,

and apolipoprotein E (APOE) ε4 allele status (carriers versus non-

carriers) were included as covariates in all models. These variables

were selected a priori based on known associations with AD demen-

tia. The inclusion of these variables allows for the effects of the

biomarker in statistical models to be isolated without the confound

of other variables associated with diagnostic status. For longitudinal

models, additional covariates included the follow-up interval (i.e., years

between the baseline and final study visit) and the baseline value of

the outcome variable. P values, Wald Z, and 95% confidence intervals

were all adjusted for false discovery rate (FDR) using the Benjamini–

Hochberg procedure43 to reduce the risk of Type I error and maintain

the overall false positive rate at 5%. This procedure accounted for the

number of comparisons for each type of analysis (specified in the table

legends).

3 RESULTS

3.1 Participants

Table 1 displays demographic and clinical characteristics of the sample

(N = 567). The sample size represents participants who had complete

data on all primary study variables at baseline. Of the 567 partici-

pants, 234 had NC at the baseline, 180 were diagnosed with MCI, and

153 were diagnosed with AD dementia. The groups did not differ on

diabetes, hypertension, and hypercholesterolemia. Follow-up clinical

data were available for 458 participants (80.8% of the sample), with a

mean follow-up interval of 4.69 years (SD = 2.60). Forty-nine partici-

pants with NC at baseline experienced a change in cognitive diagnosis

by their most recent study visit (39 with MCI, 10 with AD dementia).

Twenty-four participants with MCI at baseline later progressed to AD

dementia.

Repeat blood draws from multiple study visits were available for

194 participants with amean follow-up of 5.10 years (SD= 2.65); diag-

noses at baseline were NC = 114, MCI = 55, AD dementia = 25. Of

the 114 participants with NC at baseline, 19 had MCI at a follow-up

biomarker measurement and only 4 were diagnosed with AD demen-

tia. For participants with MCI at baseline, eight had AD dementia at a

follow-up blood draw.

The range of values fell within the dynamic range for the

assays (GFAP: 40-3096pg/mL; NfL: 1.0–179.2pg/mL; p-tau181: 0.2–

124.1pg/mL; p-tau231: 2.1–235.5pg/mL). A highly positive skew was

observed for all four biomarkers and they were log-transformed (nat-

ural log). These log values were standardized into z scores to facilitate

interpretation of coefficients from regressionmodels.

3.2 Diagnostic status and conversion

Therewasnot a significant difference inmeansbetweenNCandMCIat

baseline for GFAP or the other three biomarkers (Table 2). All biomark-

ers were higher in those with AD dementia compared to NC. The

largest effect size was observed for GFAP (mean adjusted difference

[meandiff.]=0.90).Moderate effect sizeswereobserved forNfL (mean

diff. = 0.65) and p-tau181 (mean diff. = 0.52), with a smaller but still

significant effect size for p-tau231 (mean diff. = 0.29). All biomarkers

except for p-tau231 were higher in AD dementia compared to MCI.

GFAP had the largest effect size (mean diff.= 0.72), with smaller effect

sizes for NfL (mean diff.= 0.50) and p-tau181 (mean diff.= 0.35). Given

the inferiority of p-tau231 compared to the other three biomarkers

and the minimal validity in discriminating between different severi-

ties of cognitive impairment, this biomarker was excluded from further

analyses.

ROC modeling examined the ability of the biomarkers to discrimi-

nate between diagnostic groups at baseline based on logistic regres-

sion models (see Figure 1). This included a baseline model including

only covariates and then additionalmodels including the biomarkers to

determine the incremental validity in discriminating between groups.

GFAP did not significantly improve upon prediction in the comparison
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TABLE 1 Baseline demographic and biomarker characteristics by diagnostic group.

NC(n= 234) MCI (n= 180)

AD dementia

(n= 153)

Between-group

differences

Age (SD) 72.4 (7.7) 74.8 (7.2) 76.8 (8.1) NC<MCI<AD

Sex (female) 62.8% 57.8% 44.4% (NC=MCI)>AD

Race (NC=AD)>MCI*

White 90.2% 75.0% 91.5%

Black 9.0% 23.9% 7.2%

Asian 0.9% 1.1% 1.3%

Education (SD) 16.6 (2.6) 15.5 (2.8) 14.9 (3.0) NC> (MCI=AD)

APOE ε4 carrier status 32.4% 32.8% 57.5% (NC=MCI)<AD

Diabetes 11.5% 11.7% 12.4% ns

Hypertension 50.0% 55.6% 49.7% ns

Hypercholesterolemia 58.5% 62.2% 57.5% ns

MMSE (SD) 29.4 (0.9) 28.2 (1.7) 21.1 (6.2) NC>MCI>AD

GFAP (pg/mL) 198 (119) 236 (245) 355 (207) (NC=MCI)<AD

NfL (pg/mL) 15.4 (10.5) 17.6 (9.9) 26.6 (17.4) (NC=MCI)<AD

p-tau181 (pg/mL) 16.1 (11.1) 18.1 (10.0) 25.9 (15.6) (NC=MCI)<AD

p-tau231 (pg/mL) 22.1 (14.6) 24.6 (15.9) 28.5 (16.5) NC<AD#

#with clinical follow-up 198 (84.6%) 145 (80.6%) 115 (75.2%) NC>AD#

Years follow-up (SD) 5.35 (2.49) 4.95 (2.64) 3.22 (2.14) (NC=MCI)>AD

#with repeat biomarkers 114 (48.7%) 55 (30.6%) 25 (16.3%) NC>MCI>AD

Follow-up interval (SD) 5.50 (2.56) 5.10 (2.78) 3.25 (2.07) (NC=MCI)>AD

Abbreviations: AD, Alzheimer’s disease; APOE, apolipoprotein E; GFAP, glial fibrillary acidic protein; MCI, mild cognitive impairment; MMSE, Mini-Mental

State Examination; NC, normal cognition; NfL, neurofilament light chain; p-tau, phosphorylated tau; SD, standard deviation.

F IGURE 1 Receiver operating characteristic (ROC) curve comparisons between diagnostic groups. ROC curves for plasmaGFAP, NfL, and
p-tau181 comparing the area under the curve (AUC) for diagnostic comparisons at baseline, includingmodels for plasmaGFAP, NfL, p-tau181, and
all three biomarkers combined. Each graph displays a baselinemodel including only demographic covariates (age, sex, APOE ε4 carrier status,
education, and race) andmodels adding plasmaGFAP, NfL, and p-tau181 simultaneously including all three biomarkers. AD, Alzheimer’s disease
dementia; APOE, apolipoprotein E; GFAP, glial fibrillary acidic protein; MCI, mild cognitive impairment; NC, normal cognition; NfL, neurofilament
light chain; p-tau181, phosphorylated tau (181)
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TABLE 2 Baseline biomarker comparisons between diagnostic
groups.

Adjusted

mean

difference 95%CI FDR P

NC (n= 234) vs. MCI (n= 180)

Baseline GFAP 0.17 [−0.01, 0.33] 0.066

Baseline NfL 0.14 [−0.02, 0.30] 0.093

Baseline p-tau181 0.17 [−0.02, 0.36] 0.080

Baseline p-tau231 0.07 [−0.12, 0.26] 0.467

NC (n= 234) vs. AD (n= 153)

Baseline GFAP 0.90 [0.70, 1.10] <0.001*

Baseline NfL 0.65 [0.46, 0.84] <0.001*

Baseline p-tau181 0.52 [0.30, 0.74] <0.001*

Baseline p-tau231 0.29 [0.05, 0.53] 0.017*

MCI (n= 180) vs. AD (n= 153)

Baseline GFAP 0.72 [0.52, 0.92] <0.001*

Baseline NfL 0.50 [0.31, 0.69] <0.001*

Baseline p-tau181 0.35 [0.11, 0.59] 0.004*

Baseline p-tau231 0.21 [−0.02, 0.44] 0.079

Note: Post hoc comparisons between participant groups at baseline based

on log transformed GFAP, NfL, p-tau181, and p-tau231 levels (converted to

z scores to facilitate interpretation). All analyses are based on ANCOVA

models controlling for age, sex, education, race, and APOE ε4 carrier status.
Omnibus group effects were significant for all three biomarkers. *P < 0.05

after correction for false discovery rate based on 12 analyses.

Abbreviations: AD, Alzheimer’s disease dementia; ANCOVA, analysis of

covariance; APOE, apolipoprotein E; CI, confidence interval; FDR, false

discovery rate; GFAP, glial fibrillary acidic protein; MCI, mild cognitive

impairment; NC, normal cognition; NfL, neurofilament light chain; p-tau181,

phosphorylated tau (181), p-tau231, phosphorylated tau (231).

between NC andMCI (P= 0.090), but neither did NfL (P= 0.193) or p-

tau181 (P=0.102). TheAUC remained similar for each biomarker (0.69)

compared to a baseline model only containing demographic and APOE

covariates. The AUC for a combined model with all three biomarkers

was essentially unchanged at 0.70, with a maximum Youden J statistic

of 0.31.

For the comparison between NC and AD dementia, all three

biomarkers improved upon the baseline model in separate logis-

tic regression models. GFAP demonstrated the best discrimination

between diagnostic groups, with an AUC of 0.87 falling in the range of

“excellent discrimination,” according to interpretation guidelines from

Hosmer and Lemeshow.44 GFAP also improved predictive accuracy in

the corresponding logistic regression model (P < 0.001). AUC values

for NfL (0.84) and p-tau181 (0.82) were lower than GFAP, but still in the

range of excellent discrimination (Ps < 0.001). A model combining all

three biomarkers had only minimally better AUC (0.88) compared to

GFAP alone, and only GFAP (P < 0.001) and NfL (P = 0.003) were sig-

nificant predictors in the corresponding logistic regression model. The

maximumYouden J statistic was 0.64 for the combinedmodel.

ComparingMCI andADdementia, all three biomarkers significantly

(Ps ≤ 0.002) improved prediction beyond the baseline demographic

TABLE 3 Cox proportional hazards models predicting cognitive
change.

OR 95%CI Wald Z P

3.1 Conversion fromNC toMCI/AD (n= 193)

Baseline GFAP 1.56 [0.91, 2.68] 1.61 0.108

Baseline NfL 1.37 [0.93, 2.02] 1.58 0.114

Baseline p-tau181 1.10 [0.71, 1.72] 0.42 0.673

3.2 Progression fromMCI to AD (n= 95)

Baseline GFAP 1.61 [0.88, 2.95] 1.54 0.123

Baseline NfL 0.71 [0.31, 1.61] 0.82 0.413

Baseline p-tau181 1.01 [0.57, 1.79] 0.03 0.977

Note: Cox proportional hazards models demonstrating the effect of log-

transformed plasma GFAP, NfL, and p-tau181 in predicting risk for subse-

quent cognitive change.Odds ratios are basedon the standardized values of

thebiomarkers at baseline and represent theoddsof changingdiagnosis at a

subsequent study visit. Age, sex, education, race,APOE ε4 carrier status, and
the time frombaseline todiagnostic conversion are includedas covariates in

eachmodel. For participants whowere diagnostically stable, the total dura-

tion of study participation is included in place of time to conversion.P values
are adjusted based on a false discovery rate correction for six comparisons.

Sample sizes indicate the total number of participants in eachmodel.

Abbreviations: AD, Alzheimer’s disease dementia; APOE, apolipoprotein E;

CI, confidence interval; GFAP, glial fibrillary acidic protein; MCI, mild cogni-

tive impairment; NC, normal cognition; NfL, neurofilament light chain; OR,

odds ratio; p-tau181, phosphorylated tau (181).

model, withGFAPagain having the highestAUC (0.81). TheAUCvalues

for NfL (0.77) and p-tau181 (0.74) were both in the range of “acceptable

discrimination.” The combined model with all three biomarkers had a

minimally better AUC (0.82) compared to GFAP alone, and again only

GFAP (P < 0.001) and NfL (P = 0.006) were significant predictors in

the corresponding logistic regression model. The maximum Youden J

statistic was 0.55 for the combinedmodel.

Table 3 displays the results of longitudinal models examining the

relationship between plasma biomarkers and diagnostic change using

Cox proportional-hazards regression modeling. The effect for GFAP in

predicting conversion from NC to MCI/AD dementia was initially sig-

nificant at P = 0.018 and an odds ratio (OR) of 1.56, but this became

non-significant (P = 0.108) after applying the Benjamini–Hochberg

false discovery error correction. Likewise, GFAP was also initially a

significant predictor of progression from MCI to AD dementia (P =

0.041; OR = 1.61) but this also became non-significant after a cor-

rection for multiple comparisons (P = 0.123). Neither of the other

biomarkers were significant in either analysis. There were no signifi-

cant relationships between changes in biomarker levels over time and

corresponding changes in cognitive diagnoses for GFAP or the other

two biomarkers (Ps≥ 0.755).

3.3 Global CDR

The relationships between the three plasma biomarkers and global

CDR were examined both at baseline and longitudinally (Table 4).
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TABLE 4 Regressionmodel of discrimination and predictive
ability.

OR 95%CI Wald Z FDR P

4.1 AD dementia: baseline CDR (n= 153)

Baseline GFAP 1.59 [1.04, 2.44] 2.13 0.033*

Baseline NfL 1.94 [1.27, 2.95] 3.09 0.002*

Baseline p-tau181 1.23 [0.81, 1.88] 0.96 0.338

4.2 CDR rating at final visit (n= 110)

Baseline GFAP 1.50 [0.85, 2.64] 1.41 0.158

Baseline NfL 1.43 [0.79, 2.59] 1.18 0.239

Baseline p-tau181 2.55 [1.44, 4.50] 3.23 0.001*

4.3 Biomarker change: CDR ratings (n= 23)

GFAP change score 0.60 [0.04, 8.98] 0.37 0.712

NfL change score 1.48 [0.14, 15.19] 0.33 0.740

p-tau181 change score 0.68 [0.13, 3.65] 0.45 0.651

Note: Ordinal logistic regressionmodels demonstrating the effect of plasma

GFAP, NfL, and p-tau181 in discrimination between dementia severity levels

at baseline (as measured by global CDR rating; 4.1), predicting subsequent

changes inCDRamong individualswith dementia basedonbaselineNfL and

t-tau (4.2), and examining the correspondence between biomarker change

scores and CDR level over time (4.3). Odds ratios are based on the stan-

dardizedvaluesof log-transformedbiomarkers at baseline (i.e., z scores) and
represent the odds of having a more severe cognitive diagnosis rating for

each SD increase in the biomarker at baseline (4.1 and 4.2) or increase in

biomarker levels between visits (4.3). Age, sex, education, race, and APOE
ε4 carrier status are included as covariates in models 4.1 and 4.2. Only age,

time since baseline, and baseline CDR values were used as covariates in

4.3 due to limited sample size. P values are adjusted based on a false dis-

covery rate correction for nine comparisons. Sample sizes indicate the total

number of participants in eachmodel.

Abbreviations: AD, Alzheimer’s disease dementia; APOE, apolipoprotein E;

CDR, Clinical Dementia Rating; CI, confidence interval; FDR, false discov-

ery rate;GFAP, glial fibrillary acidic protein;MCI,mild cognitive impairment;

NC, normal cognition; OR, odds ratio; NfL, neurofilament light chain;

p-tau181, phosphorylated tau (181); SD, standard deviation.

Among the 153 individuals diagnosed with AD dementia at baseline,

42 had a CDR score of 0.5, 73 had a CDR of 1, 26 had a CDR of 2, and

12 had a CDR score of 3. Higher plasmaGFAP andNfLwere associated

with increased odds for a more severe CDR score at baseline. Longi-

tudinally, only higher p-tau181 at baseline predicted increased odds for

worsening in CDR over time.

3.4 Neuropsychological test performance

Higher concentrations of GFAP were correlated with raw score per-

formance on all tests (other than Forward Digit Span; Table 5),

indicating worse performance with higher levels of the biomarker

(inverse correlations on all tests except Trail Making Test, for

which higher scores indicate slower completion time). P-tau181 and

NfL significantly correlated with most neuropsychological tests as

well.

TABLE 5 Partial correlationmatrix of neuropsychological
measures by plasma biomarker.

Test GFAP NfL p-tau181

MMSE −0.31* −0.27* −0.18*

Animal Fluency −0.32* −0.30* −0.14*

Vegetable Fluency −0.28* −0.25* −0.14*

Digit Span Forward −0.08 −0.06 −0.07

Digit Span Backward −0.18* −0.19* −0.06

Trail Making Test A 0.20* 0.25* 0.03

Trail Making Test B 0.27* 0.19* 0.09*

BostonNaming Test −0.28* −0.24* −0.12*

LogicalMemory II −0.29* −0.23* −0.13*

NAB Trials 1-3 −0.24* −0.19* −0.12*

NAB Short Delay −0.24* −0.21* −0.12*

NAB LongDelay −0.24* −0.20* −0.12*

Note: Matrix displaying partial correlations between plasma log-

transformedGFAP, NfL, p-tau181, and neuropsychological test performance

at baseline across the entire sample (N= 567). Raw scores were used for all

tests. Age, sex, education, race, and APOE ε4 carrier status are included as

covariates. *P < 0.05 based on false discovery rate for 12 comparisons for

each biomarker.

Abbreviations: APOE, apolipoprotein E; GFAP, glial fibrillary acidic protein;

MMSE, Mini-Mental State Examination; NAB, Neuropsychological Assess-

ment Battery; NfL, neurofilament light chain; p-tau181, phosphorylated tau

(181).

Table 6 displays the results for baseline levels of GFAP and the other

biomarkers in predicting longitudinal changes in neuropsychological

test performance over time among participants with NC or MCI at

baseline, using GEE. Baseline GFAP selectively predicted declines in

performance onmeasures of delayedmemory recall (i.e., Logical Mem-

ory II andNABList Learning LongDelay) but did not predict declines on

the other tests evaluated.

3.5 Post hoc neuropathological analysis

We leveraged neuropathological data from a subset of the sample,

described previously,35 to provide confidence in diagnostic accuracy.

Ninety-one participants with a clinical diagnosis of cognitive impair-

ment had autopsy data. Based on NIA-Reagan criteria, 51 (56%) had

high likelihood, 6 (6.6%) had intermediate likelihood, and 16 had

low likelihood (19.8%). Accuracy improved when the clinical diag-

nosis was dementia as opposed to MCI (Table S1 in supporting

information).

4 DISCUSSION

The present study assessed the validity of plasma GFAP to cor-

relate with and predict cognitive impairment associated with AD
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TABLE 6 General estimating equations predicting change in neuropsychological performance by plasma biomarker.

GFAP NfL p-tau181

β SE P β SE P β SE P

MMSE −0.05 0.03 0.168 −0.04 0.02 0.024* −0.03 0.03 0.487

Animal fluency −0.11 0.05 0.116 −0.07 0.05 0.199 −0.08 0.06 0.581

Vegetable fluency −0.09 0.05 0.163 −0.14 0.04 0.002* −0.06 0.06 0.502

DSF −0.02 0.01 0.324 −0.02 0.01 0.094 −0.01 0.01 0.714

DSB −0.01 0.02 0.383 −0.00 0.01 0.817 0.00 0.01 0.926

Trails A 0.20 0.22 0.401 0.42 0.16 0.021* −0.13 0.41 0.901

Trails B 1.08 0.66 0.149 1.67 0.55 0.013* 0.63 0.96 0.679

BNT −0.09 0.05 0.158 −0.08 0.03 0.026* −0.07 0.03 0.480

LM-II −0.20 0.07 0.018* −0.15 0.05 0.010* −0.08 0.05 0.480

NAB Trials 1-3 −0.08 0.08 0.373 −0.07 0.06 0.307 0.01 0.06 0.955

NAB SD −0.07 0.04 0.164 −0.02 0.03 0.631 −0.05 0.03 0.402

NAB LD −0.14 0.04 0.005* −0.08 0.03 0.025* −0.04 0.03 0.381

Note: Results from generalized estimating equations predicting the relationship between baseline log-transformed plasma GFAP, NfL, and p-tau181 and sub-

sequent change on neuropsychological testing in individuals diagnosed with NC or MCI at baseline who had longitudinal data available (n = 343). Negative

coefficients represent declining raw scores with higher levels of the biomarker at baseline. Age at baseline, time since baseline, and the baseline score on the

neuropsychological measure were included as covariates in all models in addition to demographic covariates. All study visits were included in these models.

*P< 0.05 after correction for false discovery rate based on 12 analyses for each biomarker.

Abbreviations: BNT, Boston Naming Test; DSF and DSB, Digit Span Forward and Backward; GFAP, glial fibrillary acidic protein; LM-II, Logical Mem-

ory II; MMSE, Mini-Mental State Examination; NAB SD and LD, Neuropsychological Assessment Battery List Learning Test, Short and Long Delay; NfL,

neurofilament light chain; p-tau181, phosphorylated tau (181).

against plasma biomarkers of NfL, p-tau181, and p-tau231. All analyses

controlled for age, sex, race, APOE ε4 status, and education. At base-

line, GFAP did not differentiate participants with NC from those with

MCI, but did discriminate participants with NC and MCI from those

with AD dementia with superior effect sizes compared to the other

biomarkers. Higher GFAP was associated with higher global CDR

ratings and demonstrated consistently stronger relationships with

neuropsychological test scores at baseline compared to NfL, p-tau181,

and p-tau231. Finally, both plasma GFAP and NfL predicted decline on

neuropsychological measures of verbal episodicmemory, withNfL also

predicting decline on additional measures. The biomarkers assessed in

the current study represent two thirds of the AT(N) framework for in

vivo biomarker detection,45,46 namely tau pathology and neurodegen-

eration, with the absence of plasma Aβ exhibiting a limitation. While

GFAP is correlated with AD pathology,1 it has been proposed as a

marker for several neurodegenerative disorders.21,22 Therefore, GFAP

represents an opportunity for successive hurdles to narrow initial

prospective biomarker panels, with subsequent assessment containing

AD-specific biomarkers.

Our findings are consistentwith a recentmeta-analysis byGonzales

et al.18 in which four longitudinal cohorts assessed blood-based GFAP

with various cognitive and diagnostic outcomes in non-demented,

community-based populations. While only one cohort (Cardiovascular

Health Study [CHS]) found that higher GFAP associated with worse

cognition, the remaining cohorts found the same direction of effect.

Further analysis of the CHS cohort revealed a significant association

between serum GFAP and conversion from NC to AD dementia. The

present study expands upon these findings by including participants

spanning the clinical continuum and using multiple plasma biomarkers.

Our lack of association between plasma GFAP levels and longitudinal

conversion to dementia could be explained by low conversion rate and

subsequent small sample size compared to the CHS sample. However,

our ability to detect cognitive changes in neuropsychological measures

characteristic of AD dementia47 is promising.

WhileGFAPdifferentiatedNCandMCI from thosewith ADdemen-

tia, it did not differentiate NC from MCI. Parvizi et al.12 assessed the

diagnostic discrimination of plasmaGFAP and likewise did not observe

significant findings when separating cognitively impaired individuals

into MCI and AD dementia. There is growing evidence supporting

plasma GFAP as one of the first pre-clinical markers,6,14,19 observ-

able 8 to 16 years before dementia onset.15,25 Therefore, there might

be less of a stark contrast in GFAP levels that separate NC and MCI

within a similarly aged population as the pathological load of GFAP

could be comparable, with dementia representing the tipping point for

further accumulation. Regardless, these remain somewhat arbitrary

diagnostic bins and the strong associations between GFAP and con-

tinuousmeasures of function (e.g., neuropsychological test raw scores)

are informative.

We have several limitations. Although validated support for plasma

biomarkers is strengthening, we lacked alternative biomarkers and

neuropathology for all participants. Amyloid has been associated with

GFAP;3 therefore, our lack of amyloid biomarkers limits our under-

standing of the relationship between GFAP and AD. Amyloid status

has been shown to drive the relationship between measures of plasma
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p-tau and AD disease status;20 thus, not separating our sample by

amyloid status may be influencing our analysis of p-tau isotopes.

We recognize that there are alternative immunoassays and our

results should be confirmed against high-performing versions for

verification. While we did include a longitudinal component, our

follow-up sample was smaller than our baseline sample. Thus, the

negative findings between cognitive decline and corresponding

changes in biomarker levels could reflect Type II error. A larger lon-

gitudinal sample and longer duration period could allow for better

comparison and strength in making predictive assertions. Our sample

is representative of a clinic setting and our findings may have limited

generalizability to the general population. Our sample is predomi-

nantly White (non-Hispanic), college educated participants, further

limiting the external validity of our results. However, studies with

more diverse samples parallel our findings.10,15 Further, we excluded

all other suspected etiologies other than AD due to small sample sizes

of alternative etiologies.While allowing us to examine the relationship

between the plasma biomarkers and AD diagnostic status, we recog-

nize that this could present a potential bias and limits our analysis to

evaluating the specificity solely for AD syndromes. As we now know

that cognitive decline is likely to be a result of mixed pathologies48

inclusion of alternative etiologies could provide stronger ecological

validity.

5 CONCLUSIONS

While alternative plasma markers of NfL and p-tau181 contribute to

diagnostic ability, plasma GFAP performed superiorly even in models

using a combined biomarker panel. Further, plasma GFAP predicted

performance on neuropsychological measures that are indicative of

underlying AD. Blood-based GFAP could offer a more feasible assess-

ment and screening tool forADand resulting clinical syndromes inboth

research and clinical settings.
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