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Summary
Background The diagnosis of symptomatic Alzheimer’s disease is a clinical challenge in adults with Down syndrome.
Blood biomarkers would be of particular clinical importance in this population. The astrocytic Glial Fibrillary Acidic
Protein (GFAP) is a marker of astrogliosis associated with amyloid pathology, but its longitudinal changes, association
with other biomarkers and cognitive performance have not been studied in individuals with Down syndrome.

Methods We performed a three-centre study of adults with Down syndrome, autosomal dominant Alzheimer’s
disease and euploid individuals enrolled in Hospital Sant Pau, Barcelona (Spain), Hospital Clinic, Barcelona
(Spain) and Ludwig-Maximilians-Universität, Munich (Germany). Cerebrospinal fluid (CSF) and plasma GFAP
concentrations were quantified using Simoa. A subset of participants had PET 18F-fluorodeoxyglucose, amyloid
tracers and MRI measurements.

Findings This study included 997 individuals, 585 participants with Down syndrome, 61 Familial Alzheimer’s disease
mutation carriers and 351 euploid individuals along the Alzheimer’s disease continuum, recruited between
November 2008 and May 2022. Participants with Down syndrome were clinically classified at baseline as asymp-
tomatic, prodromal Alzheimer’s disease and Alzheimer’s disease dementia. Plasma GFAP levels were significantly
increased in prodromal and Alzheimer’s disease dementia compared to asymptomatic individuals and increased in
parallel to CSF Aβ changes, ten years prior to amyloid PET positivity. Plasma GFAP presented the highest diagnostic
*Corresponding author. Hospital de la Santa Creu i Sant Pau, Neurology Department, Sant Antoni Mª Claret 167, Barcelona 08025, Spain.
E-mail address: JFortea@santpau.cat (J. Fortea).

rCo-first authors.
sCo-last authors.

www.thelancet.com Vol 90 April, 2023 1

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:JFortea@santpau.cat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ebiom.2023.104547&domain=pdf
https://doi.org/10.1016/j.ebiom.2023.104547
https://doi.org/10.1016/j.ebiom.2023.104547
https://doi.org/10.1016/j.ebiom.2023.104547
www.thelancet.com/digital-health


Articles

2

performance to discriminate symptomatic from asymptomatic groups (AUC = 0.93, 95% CI 0.9−0.95) and its con-
centrations were significantly higher in progressors vs non-progressors (p < 0.001), showing an increase of 19.8%
(11.8–33.0) per year in participants with dementia. Finally, plasma GFAP levels were highly correlated with
cortical thinning and brain amyloid pathology.

Interpretation Our findings support the utility of plasma GFAP as a biomarker of Alzheimer’s disease in adults with
Down syndrome, with possible applications in clinical practice and clinical trials.

Funding AC Immune, La Caixa Foundation, Instituto de Salud Carlos III, National Institute on Aging, Wellcome
Trust, Jérôme Lejeune Foundation, Medical Research Council, Alzheimer’s Association, National Institute for Health
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Copyright © 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study
We searched previous literature using PubMed, meeting
abstracts and presentations. We searched PubMed on January
18th, 2023, for published studies with the terms “glial
fibrillary acidic protein” OR “GFAP” AND “Down syndrome”
AND “plasma” AND “CSF” and the search retrieved zero
results. When CSF was deleted from the search code, two
publications were retrieved. The first study measured the
levels of plasma biomarkers in 90 participants with Down
syndrome. The reported data are the baseline measurements
of a longitudinal study that started in 2019 (paused by the
COVID pandemic) and aims to follow the participants for 32
months. The second publication is a cross-sectional,
multicentre study with 300 Down syndrome participants and
a control group of 37 non-DS siblings, in which they
investigate plasma biomarker combinations to detect tau
pathological changes in Downs syndrome. Plasma GFAP and
p-tau217—but no other plasma biomarkers—were
consistently associated with abnormal tau-PET and Aβ-PET
status in models covaried for age.

Added value of this study
This longitudinal study assesses the potential of plasma and
CSF GFAP as a diagnostic and prognostic biomarker for
Alzheimer’s disease in Down syndrome and compares the
dynamics of this biomarker with both autosomal dominant
and sporadic Alzheimer’s disease. First, we show that plasma
GFAP is the biomarker that changes most along the
Alzheimer’s disease continuum, with increases from very early

preclinical Alzheimer’s disease and continues to raise in the
dementia stage. Second, we compare the evolution in Down
syndrome and autosomal dominant Alzheimer’s disease. The
two genetically determined forms of the disease present the
same temporality, with changes that start in parallel to the
decreases in CSF Aβ levels more than 25 years before
symptom onset and 10 years prior to increases in amyloid PET
uptake. Third, we show that the diagnostic performance of
plasma GFAP was the highest among the studied biomarkers
to discriminate symptomatic from asymptomatic Alzheimer’s
disease individuals. Fourth, we determine that plasma GFAP
levels can be used to predict disease progression and cognitive
decline and show that longitudinal trajectories of plasma
GFAP increase during the dementia stage. Finally, we establish
that plasma GFAP levels are associated with amyloid brain
pathology as measured by Aβ PET.

Implications of all the available evidence
Clinical diagnosis of symptomatic Alzheimer’s disease is
complex in adults with Down syndrome, due to pre-existing
and varying intellectual disability, which may overshadow the
Alzheimer’s disease-related cognitive decline. Cost-effective
and easily accessible biomarkers would greatly assist in
diagnosing and monitoring Alzheimer’s disease in this
population. The high diagnostic and prognostics performance
of plasma GFAP to diagnose Alzheimer’s disease in people
with Down syndrome indicates that this biomarker could be
of great utility in clinical practice and as a screening tool in
clinical trials.
Introduction
The lifetime risk of Alzheimer’s disease in people with
Down syndrome is higher than 95% by the seventh
decade of life, and is the leading cause of death in this
population.1 The strong association between Down
syndrome and Alzheimer’s disease is attributed to the
triplication of the amyloid precursor protein (APP)
encoded on chromosome 21.2 Overexpression of APP
leads to overproduction of amyloid-β (Aβ) peptide and
increased deposition in the brain, similarly to autosomal
www.thelancet.com Vol 90 April, 2023
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dominant forms of the disease.3 Therefore, Down syn-
drome is considered as a form of genetically determined
Alzheimer’s disease.4

Clinical diagnosis of prodromal and Alzheimer’s dis-
ease dementia in people with Down syndrome is a
diagnostic challenge. The change in cognitive func-
tioning4 can be difficult to determine given the variable
levels of intellectual disability associated with the syn-
drome,5 and to the lack of recorded baseline cognitive
performance prior to symptom onset. Reliable biological
markers would be of clinical importance in this popula-
tion. Cerebrospinal fluid (CSF) biomarkers Aβ42/Aβ40,
phosphorylated tau (p-tau) and neurofilament light chain
(NfL), which reflect Aβ deposition, neurofibrillary tangle
pathology and neurodegeneration, have excellent diag-
nostic performances.6,7 However, the need of a lumbar
puncture limits their use in routine clinical practice.

Validated blood-based biomarkers have clear advan-
tages due to their accessibility and cost-effectiveness.
Recent advances in ultra-sensitive detection methods
have allowed for the quantification of low abundant
proteins reflecting brain pathological changes in blood:
p-tau,8–10 NfL11,12 and Glial Fibrillary Acidic Protein
(GFAP).13–18 In Alzheimer’s disease in Down syndrome,
plasma p-tau181 differentiates asymptomatic in-
dividuals from those with dementia,19,20 and plasma p-
tau217 accurately identifies both tau and Aβ pathologies
determined by PET imaging.21 Plasma NfL levels
correlate with age and cognitive decline and have
excellent diagnostic and prognostic performances.3,12,22

Finally, plasma GFAP has been shown to be increased
in very early stages of the disease, when individuals are
still Aβ-PET negative, and consistently associate with
abnormal tau- and Aβ-PET.23 However, longitudinal
studies assessing CSF and plasma GFAP levels in in-
dividuals with Down syndrome are missing.

In this work, we measured plasma and CSF GFAP
concentrations in adults with Down syndrome, in
comparison to sporadic and autosomal dominant and
sporadic Alzheimer’s disease. We aimed to i) describe
the changes of plasma and CSF GFAP levels along the
Alzheimer’s disease continuum and with age; ii) deter-
mine the diagnostic and prognostic performance of
GFAP; iii) describe longitudinal trajectories of GFAP
levels in the different stages of the Alzheimer’s disease
continuum; and iv) establish associations with fluid
(plasma and CSF Aβ, p-tau181 and NfL) and neuro-
imaging biomarkers (cortical thinning, glucose hypo-
metabolism and Aβ PET).
Methods
Study design and participants
We performed a three-centre longitudinal cohort study
of adults with Down syndrome, autosomal dominant
Alzheimer disease and euploid individuals along the
Alzheimer’s disease continuum in Hospital of Sant Pau,
www.thelancet.com Vol 90 April, 2023
Barcelona (Spain), Hospital Clínic, Barcelona (Spain),
and Munich (Germany). Adults with Down syndrome in
Barcelona were recruited from a population-based
health plan designed to screen for Alzheimer’s disease
dementia, which includes yearly neurological and neu-
ropsychological assessments. Those subjects interested
in research studies are included in the Down Alzheimer
Barcelona Neuroimaging Initiative (DABNI) cohort,3,7

and the Alzheimer-21 cohort in Munich. We also
recruited euploid controls and sporadic Alzheimer’s
disease patients from the Sant Pau Initiative on Neu-
rodegeneration (SPIN cohort). Finally, we included a
third cohort of autosomal dominant Alzheimer’s disease
mutation carriers that were evaluated at Hospital Clinic
(Barcelona, Spain). The period of recruitment was
November 2008–May 2022.

Ethics
All procedures in this study were approved by the Sant
Pau Ethics Committee (IIBSP-NGF-2018-36 and IIBSP-
DOW-2014-30), the ethics committee of Ludwig-
Maximilians-University Munich and the Hospital
Clinic Ethics Committee, following the standards for
medical research in humans recommended by the
Declaration of Helsinki. All participants or their legally
authorized representative gave written informed con-
sent before enrollment. We included all adults with
Down syndrome that had plasma or CSF samples
available.

Procedures
We administered a semi-structured adapted health
questionnaire to the caregivers, the Cambridge Exami-
nation for Mental Disorders of Older People with Down
syndrome and others with intellectual disabilities
(CAMDEX-DS) developed in Cambridge, and also
adapted to the Spanish24 and German25 population. The
information was obtained through family interview and
review of medical or educational record for past
assessment results. We classified Down syndrome par-
ticipants into asymptomatic, prodromal Alzheimer’s
disease or Alzheimer’s disease dementia in a consensus
meeting between the neurologist/psychiatrist and the
neuropsychologists who assessed them, blind to the
biomarker data, as previously described.3,7 Participants
classified as uncertain (n = 41) were excluded from the
study. Euploid participants underwent a structured
neurological assessment and a comprehensive neuro-
psychological battery. For the prognostic evaluation,
participants were subsequently classified as “pro-
gressors” when there was a change in the clinical
diagnosis along the Alzheimer’s disease continuum
(from asymptomatic to prodromal or dementia and
from prodromal to dementia). Participants that
remained in the same Alzheimer’s disease diagnostic
category at the end of follow-up and for at least 2 years
after the initial evaluation were classified as “non-
3
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progressors” (Supplementary Methods). Genetic
screening of trisomy 21 was assessed in adults with
Down syndrome and APOEε4 carrier status was ob-
tained following previously published protocols.3,7

CSF and blood samples were acquired concurrently
following established procedures. Plasma and CSF
GFAP, NfL and p-tau181 concentrations were measured
using Single Molecule Array (Simoa) and CSF YLK-40
by ELISA (Supplementary Methods). A subset of par-
ticipants underwent a basal 3T-MRI (n = 194), 18F-Flu-
orodeoxyglucose (FDG) PET (n = 92) and either
18F-Florbetapir or 18F-Flutemetamol PET acquisitions
(n = 75) as previously described3 (Supplementary
Methods).

Statistical analysis
All the statistical analyses were performed using R sta-
tistical software version 3.6.3. Baseline characteristics
were summarized using standard descriptive statistics.
Continuous variables were described as median [IQR]
and categorical data were summarized as absolute fre-
quencies and percentages. Data were log transformed to
normalize distribution when needed. All significance
tests were two-sided with the statistical significance set
at 5%.

For each biomarker, we calculated fold-change rela-
tive to median levels of their respective asymptomatic
groups. Fold-changes were compared through age-
adjusted ANCOVA. To determine the temporality of
plasma biomarkers changes we fitted a first degree
locally estimated scatterplot smoothing curve in con-
trols, adults with Down syndrome and mutation carriers
independently.

The diagnostic performance of the different bio-
markers was assessed with receiver operating charac-
teristic (ROC) curve analyses. To compare the different
areas under the curve (AUC) the DeLong’s test was
used. Bonferroni correction was applied for multiple
comparisons. Longitudinal changes in plasma GFAP
levels in the Down syndrome population and their as-
sociation with clinical progression status were assessed
through linear mixed models.

Check Supplementary Material for additional infor-
mation on the specific statistical test used for each
analysis.

Role of the funders
The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.
Results
This study included 997 individuals, 585 participants
with Down syndrome, 61 autosomal dominant Alz-
heimer’s disease mutation carriers and 351 euploid
participants, recruited between November 2008 and
May 2022. Table 1 shows the demographics, cognitive
and plasma biomarkers across groups of all participants
included in the analyses, and Supplementary Table S1
includes the information of participants with CSF
samples available. Plasma and CSF biomarkers mean
concentrations are represented in Supplementary
Figure S1. Demographics, cognitive scores, and
plasma concentrations did not differ between the sub-
group of participants with CSF and the overall sample.
As expected, participants with Down syndrome asymp-
tomatic for Alzheimer’s disease were significantly
younger than those in the prodromal Alzheimer’s dis-
ease (estimated difference of 13.2 years; 95% CI
10.8–15.7; p < 0.001) and Alzheimer’s disease dementia
groups (estimated difference of 14.9 years; 95% CI
13.0–16.8; p < 0.001). Likewise, asymptomatic mutation
carriers were younger than symptomatic (estimated
difference of 13.6 years; 95% CI 8.7–18.4; p < 0.001);
and in the euploid group, cognitively normal individuals
were significantly younger than prodromal (estimated
difference of 21.1 years; 95% CI 18.8–23.5; p < 0.001)
and Alzheimer’s disease dementia patients (estimated
difference of 19.9 years; 95% CI 17.2–22.7; p < 0.001).

GFAP was the plasma biomarker with the highest
fold-change in dementia participants compared with the
asymptomatic group (3.4-fold-change in Down syn-
drome and euploid controls, and 3 times in symptom-
atic mutation carriers compared to asymptomatic
carriers) (Supplementary Figure S2, Supplementary
Table S2). Contrarily to plasma, CSF GFAP was the
biomarker with the lowest fold-change between asymp-
tomatic and dementia groups, 2.2-fold change in Down
syndrome and 2-fold change in euploid controls. Fig. 1a
represents the changes in plasma GFAP levels along life
span and related to amyloid biomarker changes in the
three populations. In Down syndrome, plasma GFAP
starts to increase in the mid-late 20s, close to CSF Aβ
decreases, and approximately 10 years before the in-
creases in amyloid PET uptake. In contrast, plasma p-
tau181 starts to increase in the mid-30s more closely
related with the start in the elevations of amyloid PET
(Fig. 1b). Importantly, the same temporality was
observed in autosomal dominant Alzheimer’s disease.

We used ROC analyses to evaluate the diagnostic
performance of the different plasma and CSF bio-
markers in asymptomatic vs symptomatic Down syn-
drome, autosomal dominant and sporadic Alzheimer’s
disease (Supplementary Figure S3). In all three pop-
ulations, plasma GFAP, NfL and p-tau181 showed very
high accuracy, and in the case of Down syndrome,
plasma GFAP had an AUC = 0.93, 95% CI 0.9−0.95.
This value was not significantly superior to that of
plasma NfL or p-tau181 (DeLong test adjusted
p-value = 0.53 and p = 0.49, respectively). However, the
combination of plasma GFAP with age, sex and the
APOE4 haplotype resulted in a more accurate model
(AUC = 0.95, 95% CI 0.93−0.97), and this value was
www.thelancet.com Vol 90 April, 2023
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aDS pDS dDS CN MCI-AD AD aMC sMC

Participant samples (N) 387 69 129 198 92 61 26 35

Age (years)—mean (SD) 37.8 (10.2) 51 (5.3) 52.7 (5.64) 50.4 (12.6) 71.5 (6.66) 70.3 (7.74) 35.2 (8.78) 48.8 (10)

Sex

Female/male (N) 171/216 32/37 62/67 136/62 53/39 35/26 21/5 22/13

Female/male (%) 44.2/55.8 46.4/53.6 48.1/51.9 68.7/31.3 57.6/42.4 57.4/42.6 80.8/19.2 62.9/37.1

APOE4 status

APOE4−/APOE4+ (N) 283/69 45/20 90/26 150/48 33/57 28/33 20/3 30/4

APOE4−/APOE4+ (%) 80.4/19.6 69.2/30.8 77.6/22.4 75.8/24.2 36.7/63.3 45.9/54.1 87/13 88.2/11.8

Follow-up time (years)—mean (SD) 3.33 (2.52) 2.72 (2.36) 2.07 (1.85) 2.28 (2.29) 2.56 (2.43) 2.61 (2.37) NA NA

Number of visits—mean (SD) 5.96 (3.45) 7.57 (5.06) 6.24 (4.51) 2.49 (1.56) 4.03 (3.05) 4.39 (3.69) NA NA

Plasma GFAP (pg/ml)—mean (SD) 111 (72.8) 280 (151) 358 (217) 82.7 (43.3) 232 (94.9) 285 (128) 111 (72.8) 280 (151)

Plasma NFL (pg/ml)—mean (SD) 11.7 (8.07) 23.7 (15.2) 31.3 (18) 7.47 (4.35) 16.2 (7.46) 17.4 (7.33) 7.32 (3.9) 19 (12.3)

Plasma pTau181 (pg/ml)—mean (SD) 13.1 (9.94) 25.5 (10.9) 29.9 (14.1) 13.3 (13.7) 22.2 (10.2) 22 (9.7) 14.1 (9.53) 28.4 (17.2)

Asymptomatic Down syndrome (aDS), prodromal Alzheimer’s disease (pDS) and Alzheimer’s disease dementia (dDS); Cognitively Normal (CN), Mild Cognitively Impaired Alzheimer’s disease (MCI-AD) and
Alzheimer’s disease dementia (AD); Familial Alzheimer’s disease mutation carriers were grouped into asymptomatic (aMC) and symptomatic (sMC).

Table 1: Demographics, cognitive and plasma biomarkers across groups of all participants included in the analyses.

Articles
significantly higher than that of age, sex and APOE4
(AUC = 0.91; deLong test adjusted p-value = 0.00046),
indicating that plasma GFAP provides additional value
to the model. This was also the case when age was
restricted to participants older than 40 years (from
AUC = 0.80 to 0.89, DeLong’s test adjusted p-
value = 0.00026) (data not shown). In addition, sensi-
tivity analysis of the accuracy of plasma biomarkers
along the age-span of participants with Down syndrome
showed that plasma GFAP had acceptable accuracy
(AUC > 0.80) to discriminate symptomatic from
asymptomatic participants until later ages compared to
NfL, pTau181 or age (Supplementary Figure S4). In
contrast, CSF GFAP had the lowest performance in
discriminating asymptomatic from symptomatic in-
dividuals (AUC = 0.84, 95% CI 0.78−0.89). When ROC
analyses were performed, comparing asymptomatic vs
prodromal and asymptomatic vs dementia participants
(Supplementary Figures S5 and S6) we obtained quali-
tatively similar results. Cut-off values that yielded
maximum Youden indices to discriminate between
asymptomatic and symptomatic participants were
similar in all three populations but were closer between
Down syndrome and autosomal dominant Alzheimer’s
disease, underscoring the similarities between both
conditions (Supplementary Figure S7).

To study the prognostic value of plasma GFAP,
asymptomatic Down syndrome individuals and prodro-
mal Alzheimer’s disease patients were subclassified into
“progressors” and “non-progressors” (Supplementary
Table S3 and Supplementary Figure S8). In the
asymptomatic group, progressors had significantly
higher levels of plasma GFAP than non-progressors
(1.8-fold change, age-adjusted ANCOVA post-hoc
p < 0.001, Fig. 2a). We analysed the association of
baseline plasma GFAP concentrations with future
www.thelancet.com Vol 90 April, 2023
cognitive decline (Fig. 2b). Down syndrome participants
were divided into tertiles according to their baseline
plasma GFAP levels and using the cognitively normal
group tertile cutoffs: low (<60.5 pg/ml), medium
(60.5–85.9 pg/ml) and high (>85.9 pg/ml). High plasma
GFAP concentrations were associated with a greater risk
of cognitive status change compared with low GFAP
(also when analysis was restricted by age, data not
shown). Separated Kaplan-Meyer curves for asymptom-
atic and prodromal participants are plotted in
Supplementary Figure S9. The hazard ratio (HR) of
plasma GFAP (HR = 2.99; 95% CI, 1.61–5.56) was
higher than that of NfL (HR = 2.02; 95% CI, 1.05–3.89)
and p-tau181 (HR = 2.63; 95% CI, 1.55–4.48)
(Supplementary Figure S10).

We next studied the longitudinal changes of
plasma GFAP. A subset of 420 participants with Down
syndrome (288 asymptomatic, 48 prodromal and 84
Alzheimer’s disease dementia) had two or more
plasma samples available for analysis. Supplementary
Table S4 includes the information of participants with
longitudinal samples available. Using linear-mixed
models, we found that plasma GFAP concentrations
showed a non-significant longitudinal increase of
3.7% per year (−2.3 to 10.3%) in asymptomatic non-
progressors, 7.1% (−3.4 to 24%) in asymptomatic
progressors, 9.8% (−16.8 to 46.3%) in prodromal
Alzheimer’s disease non-progressors and 8.4% per
year (−4.0 to 23.3%) in prodromal progressors; and a
significant increase of 19.8% per year (11.8–33.0) in
Alzheimer’s disease dementia patients (Fig. 3a).
However, when comparing the increase of the
asymptomatic non-progressors with the other groups,
we only found significant differences in the compari-
sons with Alzheimer’s disease dementia patients
(Fig. 3b). Similar results were found in sporadic
5
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Tukey post-hoc analysis. Only significant associations are shown. (b) Kaplan Meier curves of clinical progression. Asymptomatic participants
were classified into tertiles according to their plasma GFAP levels: blue lines show the lowest tertile (below 60.5 pg/ml), green lines show the
medium tertile (between 60.5 and 85.9 pg/ml), and red lines show the highest tertile (above 85.9 pg/ml).
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Alzheimer’s disease (Supplementary Figure S11 and
Supplementary Table S5).

Finally, we analysed the correlations of plasma GFAP
with other biomarkers of Alzheimer’s disease pathology
—neuroimaging and fluid biomarkers. Fig. 4 shows the
regions with significant associations between plasma
GFAP and cortical thinning, and Aβ PET in the whole
Down syndrome. A negative correlation was found be-
tween cortical thickness and GFAP levels in typical
Alzheimer’s disease regions—the temporoparietal, pre-
cuneus, posterior cingulate, and frontal areas. Further-
more, GFAP levels were positively associated with
amyloid deposition in the whole brain, especially sig-
nificant in temporal, precuneus, and frontal regions.
These associations remained after correcting for age and
sex (Supplementary Figure S12). However, FDG levels
did not correlate with plasma GFAP after adjusting for
co-variates (Supplementary Figure S13). Importantly,
autosomal dominant Alzheimer’s disease presented a
very similar pattern (Supplementary Figure S14). Of
note, concentrations of plasma GFAP discriminated
amyloid positive from amyloid negative individuals,
both when stratified by amyloid PET and CSF Aβ42/40
ratio (Supplementary Figures S15 and S16). Associa-
tions between plasma biomarkers and their counter-
parts in CSF (Supplementary Figure S17) showed high
correlations for NfL (Spearman rho = 0.81; p < 0.001)
and p-tau181 (Spearman rho = 0.71; p < 0.001), but
www.thelancet.com Vol 90 April, 2023
lowest for GFAP (Spearman rho = 0.64; p < 0.001) in the
Down syndrome participants. Plasma GFAP was,
nonetheless, highly correlated with CSF Aβ42/40 ratio
(Spearman rho = −0.7; p < 0.001) and with amyloid PET
centiloid (Spearman rho = 0.77; p < 0.001). However,
plasma GFAP had moderate associations with both
CSF total-tau (Spearman rho = 0.58; p < 0.001) and CSF
YLK-40, another biomarker of astrocyte reactivity
(Spearman rho = 0.53; p < 0.001).
Discussion
This longitudinal study assessed the potential of plasma
and CSF GFAP as a diagnostic and prognostic
biomarker for Alzheimer’s disease in Down syndrome
and compared the dynamics of this biomarker with both
autosomal dominant and sporadic Alzheimer’s disease.
Plasma GFAP showed the earliest increases and the
largest fold-change in the dementia stage. The magni-
tude and temporality of changes were similar in auto-
somal dominant Alzheimer’s disease and larger than in
sporadic Alzheimer disease. CSF GFAP levels, on the
other hand, presented the lowest fold changes. Alto-
gether our results support the use of plasma GFAP in
clinical practice and clinical trials.

The early elevations in plasma GFAP levels from
mid-late 20s (more than 20 years before symptom onset)
in parallel with the reported decreases in CSF Aβ levels
7
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Fig. 3: Trajectories (a) and estimation of the annual increase (b) in plasma GFAP concentrations across diagnostic categories in the Down
syndrome population. Participants were grouped according to diagnostic at baseline: asymptomatic (a), prodromal Alzheimer’s disease (p) and
Alzheimer’s disease dementia (d) and sub-classified into progressors (Prog) and non-progressors (NoProg) to Alzheimer’s disease dementia.
aNoProg: asymptomatic Down syndrome, non-progressor; aProg: asymptomatic Down syndrome, progressor; pNoProg; prodromal Alzheimer’s
disease in Down syndrome, non-progressor; pProg: prodromal Alzheimer’s disease in Down syndrome, progressor; dDS: Alzheimer’s disease
dementia in Down syndrome.
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is one of the main findings of this paper. They occur ten
years before plasma p-tau181 elevations, which start to
raise in parallel with the increases in amyloid PET up-
take. Therefore, although both these biomarkers have
been shown to reflect amyloid pathology in early pre-
clinical Alzheimer’s disease, our data indicates that
GFAP increases occur earlier at an age in which diffuse
plaques predominate and in parallel with CSF Aβ
changes4 Plasma p-tau181 elevations start 10 years later
when amyloid PET uptake begin to increase, more in
relation to neuritic plaques.3,4 Importantly, the tempo-
rality of the biomarker changes was coincident in Down
syndrome and autosomal dominant Alzheimer’s dis-
ease, underscoring the similarities between both forms
of genetically determined Alzheimer’s disease.1,3,4 In
addition, plasma GFAP levels seemed to increase
continuously along the Alzheimer’s disease continuum,
so although the earliest to change, it also was the
biomarker with the highest AUC to discriminate
symptomatic from asymptomatic participants in the
three variants of Alzheimer’s disease.

In addition to its diagnostic performance, plasma
GFAP also predicts clinical progression along the Alz-
heimer’s disease continuum in adults with Down syn-
drome, in agreement with previous studies, which
reported that plasma GFAP predicts future conversion
to Alzheimer’s disease dementia in cognitively normal26

and mild cognitively impaired15 individuals. Here, we
show that plasma GFAP concentrations were signifi-
cantly different between asymptomatic progressors and
non-progressors, and participants with high plasma
GFAP levels at baseline were three times more likely to
experience a cognitive change in the following five years.
In addition, the longitudinal trajectories of plasma
www.thelancet.com Vol 90 April, 2023
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Fig. 4: Association of plasma GFAP levels with neuroimaging biomarkers in Down syndrome. Association of GFAP levels with cortical
thickness measured by MRI (up); and amyloid PET (down) in the Down syndrome population. The p-value used was 0.05 for uncorrected data. A
Monte Carlo simulation was applied as implemented in Freesurfer. This cluster-based method performs 10,000 simulations to generate a
distribution of maximum cluster size generated by random noise. Only clusters that were larger than those obtained during the Monte Carlo
simulation more than 500 iterations (corrected alpha threshold of 0.05) were considered to survive multiple comparisons.
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GFAP showed a nominal increase (with relatively large
variance) along the Alzheimer’s disease continuum in
the rate of change in plasma GFAP concentration, but it
was not significant in asymptomatic and prodromal
Alzheimer’s disease individuals (but did increase of
almost 20% per year in participants at the dementia
stage).

In contrast with the excellent diagnostic and prog-
nostic performances of plasma GFAP, CSF GFAP was
the biomarker with the lowest accuracy to diagnose or
predict symptomatic Alzheimer’s disease. Studies in the
past assessing CSF GFAP in sporadic Alzheimer’s dis-
ease have reported inconsistent results.27 Recently, two
publications showed elevated concentrations of plasma
GFAP with disease progression and amyloid deposition,
but no significant differences in the CSF GFAP levels
across clinical Alzheimer’s disease continuum13 or
groups according to amyloid PET status.14 This
discrepancy between the diagnostic and prognostic
performances of plasma and CSF GFAP levels remains
unresolved. It has been proposed that given that astro-
cytes are key components in the maintenance of the
neurovascular unit and the blood–brain barrier,28 their
dysfunction could release GFAP directly to the blood-
stream explaining the elevations in plasma GFAP, but
not in CSF. Other plausible causes could be differences
in stability or fragmentation patterns of GFAP in blood
and CSF. On one hand, blood GFAP levels have been
www.thelancet.com Vol 90 April, 2023
shown to remain stable for up to 7 freeze-thaw cycles,
while CSF GFAP signal decreases with increasing
freeze-thawing.29 On the other, the GFAP antibody in
the immunoassay used in the current study has been
shown to detect 50–38 kDa GFAP bands that resemble
calpain-cleaved GFAP.30 It could be that GFAP frag-
mentation pattern is different in CSF and blood, and the
antibody has major affinity for the fragments present in
blood.

To further investigate the link between plasma GFAP
and Alzheimer’s disease pathophysiology, we decided to
study its association with established markers of Alz-
heimer’s disease. We found that plasma GFAP was
correlated with cortical thinning and amyloid PET up-
take in both Down syndrome and autosomal dominant
Alzheimer’s disease. In a recent study, plasma GFAP
and p-tau217 were the two only plasma biomarkers able
to predict Alzheimer’s disease pathology as measured by
PET in individuals with Down syndrome even when
models were covaried for age.21 Here we also report that
plasma GFAP levels are significantly increased in Aβ
positive compared to Aβ negative individuals in Down
syndrome. This link between amyloid deposition and
reactive astrocytes has also been shown in sporadic
Alzheimer’s disease. Several papers have found that
plasma GFAP levels distinguish amyloid positive from
amyloid negative (PET or CSF Aβ42/40 ratio)13–15,26 in-
dividuals; correlate with higher amyloid PET13,14; and
9
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positively associate with tau pathology only among in-
dividuals with concomitant Aβ pathology.13 Studies
conducted with novel astrocytic PET tracers have shown
that reactive astrocytes follow the same spatial distri-
bution and are closely associated with amyloid plaques
in the brain.31 Altogether these results suggest that
amyloid deposition induces a phenotypic change of as-
trocytes from early stages in Alzheimer’s disease that
results in increased plasma GFAP levels. We have
already discussed the different temporality of plasma
GFAP and p-tau181 taking advantage of the unique
opportunity of studying autosomal dominant and Down
syndrome. In this line, we found that GFAP was more
closely associated to CSF Aβ than CSF tau, but that CSF
YKL40 levels (another biomarker of astrogliosis32 corre-
lated more closely with CSF p-tau181). Interestingly, a
recent article reported that while GFAP levels are asso-
ciated with Aβ-PET but not tau-PET load, YKL-40 levels
are associated with elevated tau-PET but not Aβ-PET
burden,33 suggesting the existence of distinct astrocyte
biomarker signatures in response to brain Aβ and tau
accumulation. We speculate that both these biomarkers
reflect astrogliosis, but this reaction might be a response
to different pathological mechanisms.

Our findings have direct implications in the man-
agement of Alzheimer’s disease in Down syndrome and
in clinical trials. The diagnosis of symptomatic Alz-
heimer’s disease in this population is complex because
it requires a demonstration of deterioration from the
neurodevelopmental intellectual disability. Plasma
GFAP was the most accurate biomarker to discriminate
symptomatic from asymptomatic participants. Eventu-
ally, plasma GFAP levels could be included in a panel of
plasma biomarkers to screen for symptomatic Alz-
heimer’s disease (or those at higher risk for) in Down
syndrome. Beyond its use in clinical settings, plasma
GFAP has great potential for recruitment and moni-
toring in clinical trials. The early changes in plasma
GFAP, in parallel to CSF Aβ and ten years prior to
amyloid PET positivity, and its high prognostic value
make it an ideal candidate to select individuals in pre-
ventive trials. In addition, its strong link to amyloid
brain pathology supports its use for target engagement,
as demonstrated in the TRAILBLAZER-ALZ clinical
trial.34 Plasma GFAP levels were significantly lower with
donanemab treatment and significantly correlated with
the Centiloid percent change in amyloid following
therapy.

The major strength of the current study is our multi-
centre large cohort of adults with Down syndrome with
longitudinal measurements and comprehensive clinical
follow-up. Furthermore, we provide the quantification of
plasma and CSF p-tau181 and NfL in this population
and in comparison, to euploid controls asymptomatic
and symptomatic for sporadic Alzheimer’s disease and
autosomal dominant Alzheimer’s disease. However,
this study presents some limitations. Firstly, the clinical
diagnosis of cognitive decline in Down syndrome,
especially in prodromal stages is particularly chal-
lenging, which might have affected the diagnosis in the
asymptomatic and symptomatic groups. The estimated
age of prodromal Alzheimer’s disease in Down syn-
drome for statistical analysis was set to 53.8, but this
value could be different in another sample set. Although
proven useful in several prior studies, the concept of
estimated years to symptom onset is relatively new in
this population.3,7,22 Secondly, the difference in the
sample size between Down syndrome and sporadic
Alzheimer’s disease, as well as between the plasma and
the CSF samples available, limited the comparisons.
Finally, the statistical analysis of our longitudinal results
could have been affected by low sample size in some
groups, a relatively limited follow-up period in some
participants and dispersion in the levels of plasma
GFAP (and the longitudinal trajectory).

In summary, we show the utility of plasma GFAP as
a biomarker of Alzheimer’s disease in Down syndrome.
Its high diagnostic accuracy, prognostic value, and as-
sociation with amyloid PET, suggest this biomarker
could be used in patient care and clinical trials.
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