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Glial fibrillary acidic protein (GFAP), a proxy of astrocyte reactivity, has been proposed as biomarker of Alzheimer’s 
disease. However, there is limited information about the correlation between blood biomarkers and post-mortem 
neuropathology.
In a single-centre prospective clinicopathological cohort of 139 dementia patients, for which the time-frame between 
GFAP level determination and neuropathological assessment was exceptionally short (on average 139 days), we ana
lysed this biomarker, measured at three time points, in relation to proxies of disease progression such as cognitive de
cline and brain weight. Most importantly, we investigated the use of blood GFAP to detect the neuropathological 
hallmarks of Alzheimer’s disease, while accounting for potential influences of the most frequent brain co-pathologies.
The main findings demonstrated an association between serum GFAP level and post-mortem tau pathology (β = 12.85; 
P < 0.001) that was independent of amyloid deposits (β = 13.23; P = 0.02). A mediation analysis provided additional support 
for the role of astrocytic activation as a link between amyloid and tau pathology in Alzheimer’s disease. Furthermore, 
a negative correlation was observed between pre-mortem serum GFAP and brain weight at post-mortem (r = −0.35; 
P < 0.001). This finding, together with evidence of a negative correlation with cognitive assessments (r = −0.27; 
P = 0.005), supports the role of GFAP as a biomarker for disease monitoring, even in the late phases of Alzheimer’s disease.
Moreover, the diagnostic performance of GFAP in advanced dementia patients was explored, and its discriminative power 
(area under the receiver operator characteristic curve at baseline = 0.91) in differentiating neuropathologically-confirmed 
Alzheimer’s disease dementias from non-Alzheimer’s disease dementias was determined, despite the challenging scen
ario of advanced age and frequent co-pathologies in these patients. Independently of Alzheimer’s disease, serum GFAP 
levels were shown to be associated with two other pathologies targeting the temporal lobes—hippocampal sclerosis 
(β = 3.64; P = 0.03) and argyrophilic grain disease (β = −6.11; P = 0.02).
Finally, serum GFAP levels were revealed to be correlated with astrocyte reactivity, using the brain GFAP-immunostained 
area as a proxy (ρ = 0.21; P = 0.02).
Our results contribute to increasing evidence suggesting a role for blood GFAP as an Alzheimer’s disease biomarker, 
and the findings offer mechanistic insights into the relationship between blood GFAP and Alzheimer’s disease 
neuropathology, highlighting its ties with tau burden. Moreover, the data highlighting an independent association 
between serum GFAP levels and other neuropathological lesions provide information for clinicians to consider when 
interpreting test results.
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The longitudinal design and correlation with post-mortem data reinforce the robustness of our findings. However, 
studies correlating blood biomarkers and neuropathological assessments are still scant, and further research is 
needed to replicate and validate these results in diverse populations.
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Introduction
In recent years, Alzheimer’s disease (AD) diagnostic research has 
seen remarkable advances. The emergence of several techniques 
that allow sensitive determination in blood samples of biomarkers 
of neurodegenerative diseases is one of the most promising. 
Compared to the traditional immunoassays, these methods are 
much more accurate in orders of magnitude, and compared to 
CSF analysis and PET, they hold the potential for more scalable 
and efficient clinical diagnosis.1

Concentrations in the blood of amyloid (amyloid-β40 and 
amyloid-β42) and different phosphorylated tau species (like pTau181, 
pTau217 and pTau231) correlate with CSF levels of these proteins 
and with amyloid-PET and tau-PET scans. Neurodegeneration bio
markers such as the neurofilament light chain are also determined 
in the blood, providing information on disease progression.2

More recently, the glial fibrillary acidic protein (GFAP), a proxy of 
astrocyte reactivity, is correlated with AD physiopathological bio
markers, using CSF or PET analysis as ‘gold standards’. Previous 
publications have shown that GFAP levels in CSF increase rather 
non-specifically in several neurodegenerative diseases such as 
AD3 as well as Creutzfeldt-Jakob disease,4 Lewy body dementia 
(LBD) or frontotemporal dementia and amyotrophic lateral scler
osis.5,6 The determination of GFAP in blood has proven to be a 
more specific biomarker for AD than in CSF, possibly due to differ
ences in sample stability.7,8,9

Several reports using data from research cohorts have corre
lated blood GFAP levels with cross-sectional tau and amyloid mea
sured by CSF analysis or PET. These studies show that the blood 
levels of GFAP are associated with amyloid-PET positivity,10 even 
in cognitively normal subjects at risk of AD.11,12 Pereira and collea
gues13 found that GFAP correlated with tau-PET in addition to 
amyloid-PET. However, correlations between tau-PET and plasma 
GFAP were no longer significant after controlling for amyloid-PET, 
and therefore, they concluded that plasma GFAP was mainly re
lated to brain amyloid pathology.

Some studies have suggested that GFAP could be a marker of 
disease severity: it has been associated with cognition worsen
ing,3,7,10,14,15 decreased cortical thickness,8 middle temporal lobe 
atrophy10 and higher lateral and third ventricular volumes.15

GFAP has also been shown to predict conversion from mild cogni
tive impairment (MCI) to dementia.14-16 A recent meta-analysis, in
cluding studies assessing blood GFAP in eight AD cohorts, showed 

no significant differences between AD patients and cognitively un
impaired individuals. In addition, they found evidence of publica
tion bias. However, this analysis did not include the new 
ultrasensitive assays.17

Despite significant advances, astrocyte biomarkers in AD re
main in their infancy, and some critical uncertainties and issues 
must be addressed before they can be used in clinical practice. A 
fundamental step is clarifying the association between blood GFAP le
vels and post-mortem neuropathology. Only a dozen studies correlate 
blood biomarkers with post-mortem neuropathology,17-30 and as far 
as we know, only three provide data on GFAP.18-20 The neuropatho
logical validation of AD biomarkers is a fundamental step towards 
their clinical implementation. Even for the best-established, like 
some of the phosphorylated tau species, uncertainties still exist. For 
instance, recent evidence based on PET correlations suggests that 
some of these biomarkers may be more related to amyloid than to 
tau load.21

The increasingly complex patterns of neuropathological lesions 
of the ageing brain could be one crucial factor explaining biomarker 
behaviour, which has not been fully considered. The reported as
sociations between GFAP levels, especially in CSF, and different 
combinations of neurodegenerative pathologies need further 
clarification. As far as we know, only one previous article19 has 
correlated pre-mortem GFAP levels with post-mortem Lewy 
body and TDP-43 pathologies. However, the relation with other 
co-pathologies like ageing-related tau astrogliopathy (ARTAG), 
which directly targets astrocytes, has not been studied. It is, 
therefore, unclear how several neurodegenerative diseases in 
the brain influence the performance of the biomarkers.

Finally, there are few data on individuals in the late stages of the 
disease. Most studies have correlated GFAP with core AD biomar
kers (amyloid-β and tau species) determined by PET or CSF analysis 
at early or middle stages in highly selected individuals from re
search cohorts. In contrast, there is scant ‘real-world’ information 
on elderly individuals with advanced dementia.

CIEN Foundation is a research institute located within the facil
ities of a large nursing home dedicated to dementia patient care. 
Our unique setting allows us to carry out the Vallecas Alzheimer 
Center Study (VACS). This prospective cohort follows residents en
tering a brain donation program from admission to the centre, with 
repeated neuropsychological assessments, brain MRI and biologic
al sample collections. This design facilitates minimal time between 
pre-mortem blood sampling and brain collection, allowing precise 
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correlations between biomarker levels and brain pathology. Using 
the ultrasensitive single molecule array (Simoa), we quantified ser
um GFAP in the pre-mortem samples of the VACS cohort and from 
two previous assessments, at admission to the nursing home and at 
an intermediate time point.

Our main goal was to better understand the relationship be
tween serum GFAP levels and their time trajectory with disease 
progression and the neuropathological findings observed in 
moderate-severe dementia patients. In a clinicopathological cohort 
in which GFAP level determination was exceptionally close to the 
neuropathological assessment, we analysed the relationship of 
this biomarker with proxies of disease progression such as cogni
tive decline or brain weight. Most importantly, we aimed to validate 
the role of blood GFAP in detecting the neuropathological hallmarks 
of AD and to account for potential influences of the most frequent 
brain co-pathologies.

Materials and methods
Study participants and design

The characteristics of the patients and cohort have been described 
elsewhere.22 In brief, this study was based on post-mortem brain 
donations from the VACS cohort. Routine clinical evaluation of pa
tients in the VACS cohort includes baseline and biannual assess
ment of several cognitive, functional and behavioural traits.22 We 
recorded details including sex, age at disease onset according to 
medical records and caretaker interviews, global deterioration 
stage and severe Mini-Mental State Examination (sMMSE)23 paired 
with GFAP determination in serum at three time points: (i) at the ad
mission to the nursing home (T1); (ii) at an intermediate time point 
(T2); and (iii) the at post-mortem evaluation (T3). We included all in
dividuals whose brains had already been collected and provided 
pre-mortem blood samples for our analyses.

Serum GFAP determination

All participants from the VACS were required to fast for at least 2 h 
before the medical assessment. Venous blood was drawn and 
collected into serum separator tubes (SST™ II advance, BD 
Vacutainer®). Within 2 h of collection, samples were centrifuged 
(10 min at 1700g at 4°C) and stored at −80°C. Serum GFAP concen
tration was measured using the ultrasensitive Simoa on the 
Quanterix SR-X platform (Quanterix). We analysed, when available, 
three serum sample points from everyone (T1, T2 and T3). All sam
ples from the same individual were analysed in the same plaque.

Neuropathological workup

Main neuropathological procedures for brain extraction and imme
diate processing have been described previously.24 Shortly after ex
traction, the brain was weighed and bisected through a mid-sagittal 
section. The right half hemibrain was fast-frozen, while the left 
hemibrain was fixed by immersion in 4% buffered formaldehyde 
for complete neuropathological processing. After 3 weeks of fix
ation, the left cerebral hemisphere was cut in serial coronal slices, 
the cerebellum in parasagittal slices and the brainstem in transver
sal slices. Multiple tissue blocks were dissected from cortical and 
subcortical regions for paraffin embedding, and 4 µm paraffin sec
tions were obtained for routine haematoxylin/eosin (H/E) examin
ation and immunohistochemistry. All histological assessments of 
this study were performed under a Nikon Eclipse 90i optical micro
scope using white light and apochromatic optics.

Neuropathological classification of cases was performed accord
ing to published consensus criteria. For that purpose, a panel of im
munohistochemical stains was applied to selected brain regions 
based on the following primary antibodies: amyloid-β protein 
(Dako, code: M087201-2), tau AT100 (ThermoFisher Invitrogen, 
code: MN1060), ubiquitin (Abcam, code: ab7254), α-synuclein (Leica 
Biosystems, code: 1 ml NCL-L-ASYN), and TDP-43 (Proteintech®, 
code: 10782-2-AP), according to the manufacturer’s instructions. 
For GFAP immunostaining, a rabbit polyclonal antibody was used 
(Code-Nr Z 0334, Dakocytomation) that specifically depicts astro
cytes in brain tissue. Microglia was identified with mouse 
anti-Human CD68 monoclonal antibody, clone PG-M1 (Code-Nr M 
0876, Dakocytomation). In brain tissue, CD68 is present both in micro
glia and in blood-derived macrophages. Immunohistochemistry was 
performed on a Dako Link 48 Autostainer.

For the assessment of Alzheimer’s disease neuropathological 
change (ADNC) (either null, low, intermediate or high probability), 
we employed the ABC method recommended by the National 
Institute on Aging (NIA), including the evaluation of Thal amyloid 
stage (0–5), NIA-A stage (0–3), Braak tau stage (0−VI), NIA-B stage 
(0–3) and Consortium to Establish a Registry for Alzheimer’s 
Disease (CERAD) NIA-C stage (0–3).25 Lewy body pathology was as
sessed through Braak α-synuclein staging (0–6)26 and Lewy body 
Pathology Consensus (LPC) classification (0–5).27 For the assess
ment of cerebrovascular disease associated with dementia, we 
used the total vascular score (TVS) defined by Deramecourt et al.28

(0–20) that includes partial assessment of vascular pathology in 
the frontal and temporal lobes (0–6), basal ganglia (0–4) and hippo
campus (0–4). Vascular cognitive impairment neuropathology 
guidelines (VCING) criteria for assessing vascular pathology burden 
in dementia patients was also applied.29 Additionally, TDP-43 pro
teinopathy was evaluated according to the definition and staging 
of limbic-predominant age-related TDP-43 encephalopathy (LATE) 
(0–3).30 The stage of hippocampal sclerosis (HS) (0–4), as defined re
cently by our group,24 was also assessed in all patients. HS staging 
was performed at two coronal levels of the hippocampus, separated 
by the tip of the uncus: head (anterior HS) and body (posterior HS). 
Other frequently combined pathologies assessed were argyrophilic 
grain disease (AGD) (Saito stages, 0–3)31 and ARTAG.32 The latter 
was registered as present or absent, both in the medial temporal 
lobe and the cerebral neocortex/yuxtacortical white matter.

For the quantitative analysis of GFAP immunostaining, five ran
domly assigned regions were imaged per section in the superior en
torhinal cortex (layers I–III) and basolateral amygdala, using a 
Nikon Eclipse 90i T1 microscope. Image analysis and quantification 
were performed using the open-source software CellProfiler.33 A 
CellProfiler pipeline was designed to quantify the number of immu
nostained pixels, allowing the calculation of the areas. For CD68 
quantification, a similar pipeline was designed, but we only evalu
ated the superior entorhinal cortex (layers I–III).

Statistical analyses

Data analyses and visualization were performed using R version 
4.2.1. Differences in demographics and clinical characteristics 
across the groups were assessed with the chi-square statistic for 
categorical variables or Student’s t-tests for continuous variables. 
Two subjects whose GFAP levels were 4 standard deviations (SD) 
above the mean were removed from the analysis. The distribution 
of GFAP levels in serum was skewed, so the values were normalized 
by the BoxCox transformation function (tfGFAP), supported by the 
fpp package. After the statistical analysis was performed, and in 
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the cases when the information on the original values was 
required for descriptive purposes, the following formula was 
used to convert the tfGFAP value to its raw value: rawGFAP = 
(tfGFAP × lambdaT(i) + 1)(1/lambdaT(i) ) where T(i) is the respective time 
point.

Pearson’s and Spearman’s correlations were used to assess the 
strength of the association of serum GFAP with relevant covariates 
and cognition.

The diagnostic accuracy of serum GFAP was assessed using 
receiver-operating characteristic (ROC) curves, with sex, estimated 
age at onset and age at serum extraction as covariates. We em
ployed the AROC package to analyse ROC curves adjusted by covari
ates. The DeLong test was conducted to compare two correlated 
ROC curves analysing the differences in their respective areas un
der the curve (AUC) using the pROC package.

Linear mixed-effect models (LMMs) were performed to investi
gate the rate of change of serum GFAP and the longitudinal change 
of cognition (sMMSE) over time. The LMM were independent ana
lyses and included a random intercept per participant, and a random 
slope of GFAP or sMMSE, capturing interindividual variability. For 
these analyses, we considered only subjects with two or three avail
able data-points in both measures, serum GFAP and sMMSE, and sub
jects with only one determination were removed.

Three independent models (an unconditional LMM, the inter
action between time and ADNC, and a conditional LMM) were per
formed with serum GFAP as the dependent variable and age at 
serum extraction as the time variable. ADNC was an independent 
variable in the conditional LMM and adjusted by sex, age at onset 
and number of days between blood extraction date and death. 
Covariates were centralized prior to analyses. To investigate the re
lationship between the rate of change of GFAP and cognition rate, 
we extracted the coefficients of both conditional LMM. Next, a mul
tiple regression was performed with cognition rate as the depend
ent variable, GFAP growth as the independent variable and 
adjustment for age at onset, number of days between extraction 
date and death date, and sex.

Multiple regression analyses were performed to test the associ
ation between serum GFAP at the pre-mortem evaluation (T3) and 
post-mortem pathological measures of brain atrophy, the ADNC 
score (based on measures of NIA-A, NIA-B and NIA-C) and the pres
ence of other brain co-pathologies that were dichotomized follow
ing the approach reported by Nichols et al.34 All models were 
adjusted by relevant covariates (age at extraction, age at onset, 
number of days elapsed between extraction and death and sex).

Structural Equation Modelling (SEM) using the lavaan package 
was performed to test the hypothesized conceptual model based 
on path analysis. SEM is a multivariate technique combining factor 
analysis and multiple regression. The weighted least squares 
means and variance adjusted estimation were used to analyse or
dinal outcomes.35 To assess how well the specified model repro
duced the observed the covariance matrix, four (two absolute and 
two incremental) fit indices were employed: standardized root 
mean residual (SRMR), root mean square error of approximation 
(RMSEA), comparative fit index (CFI) and the Tucker–Lewis index 
(TLI).36 A path analysis was specified based on the hypothesized 
conceptual model by assigning direct and indirect (mediating) ef
fects of NIA-A and NIA-C on the dependent variable NIA-B, with 
serum GFAP in the mediator role. The effects were adjusted by 
age at extraction at T3 and sex.

Finally, we used Spearman partial correlation coefficients to 
correlate between GFAP and CD68-immunostained areas in brain 
regions and serum GFAP levels.

Ethical approval

Local health authorities have approved the VACS patient follow-up 
program at the Queen Sofía Alzheimer’s Center (Ref: MCB/RMSFC, 
Expte: 12672). All brain donations were carried out under informed 
consent provided by a relative or proxy, as approved by the research 
ethics board of the Carlos III Research Institute. All tissues and 
blood samples used in the study were transferred by the local bio
bank (CIEN Tissue Bank) according to approved protocols. The 
CIEN Tissue Bank is a biobank authorized by local and national 
health authorities (Registry number 0000741).

Results
Table 1 shows the characteristics of the participants who provided 
samples at the three selected time points. One hundred and thirty- 
nine patients were included in the study; 113 (81.3%) were female. 
Their mean age (SD) at admission to the nursing home was 83.1 
(±6.0) years, and their dementia syndrome was predominantly 
moderate-severe [86% Global Deterioration Scale (GDS) score >4]. 
Most cases had a pathological diagnosis of AD based on an ADNC 
score higher than two (94.1% at T1, 93.8% at T2, 92.1% at T3). The 
main primary pathological diagnosis was AD (n = 89, 78.4%); vascu
lar dementia (n = 11, 10.1%) and frontotemporal lobar degeneration 
due to tau deposits (n = 10, 8.6%) were the next most highly diag
nosed diseases, and there were a few cases with LBD (n = 3, 2.2%) 
or HS (n = 1, 0.72%). Remarkably, the average time from pre-mortem 
serum extraction (T3) to neuropathological assessment was only 
139 days.

We did not find a significant correlation between age at serum 
collection and tfGFAP levels at any of the three time points in the 
whole dementia sample (rT1 = 0.03, P = 0.78; rT2 = 0.10, P = 0.42; 
rT3 = 0.14, P = 0.11) or in the subgroup of AD dementia cases (rT1 =  
0.07, P = 0.53; rT2 = 0.13, P = 0.33; rT3 = 0.16, P = 0.07). In AD, younger 
age at disease onset correlated mildly with higher tfGFAP levels at 
T1 and T2 but not at time point 3 (rT1 = −0.25, P = 0.02; rT2 = −0.29, 
P = 0.03; rT3 = −0.15, P = 0.10). Age at death did not correlate with 
tfGFAP levels at any of the three time points (rT1 = −0.07, 
P = 0.48; rT2 = −0.13, P = 0.31; rT3 = 0.08, P = 0.37). In addition, when 
we compared tfGFAP levels between males and females, we found 
significantly higher levels in females in both the AD cases (mean =  
37.76 versus 33.39; P = 0.03) and the whole sample (mean = 36.95 
versus 32.49; P = 0.02) but only at T3. Finally, ApoE did not show a 
significant relationship with the levels of serum GFAP at any time 
point (rT1 = 0.08, P = 0.41; rT2 = −0.06, P = 0.66; rT3 = 0.05, P = 0.54) in 
the total sample or in the AD group (rT1=0.01, P = 0.95; rT2 = −0.12, 
P = 0.38; rT3 = −0.03, P = 0.71).

GFAP correlates with cognition in 
moderate-advanced dementia patients

We performed a cross-sectional analysis correlating tfGFAP serum 
levels with the sMMSE test in the subgroups of individuals with AD 
and the whole sample (Supplementary Table 1). In all dementia pa
tients, we found a negative correlation between cognitive performance 
and tfGFAP levels at T1, T2 and T3 (rT1 = −0.22, P = 0.05; rT2 = −0.51, P  
< 0.001; rT3 = −0.28, P = 0.002). When analysed separately, AD de
mentia individuals also showed a significant negative correlation 
between the sMMSE and tfGFAP levels at T1, T2 and T3 (rT1 =  
−0.19, P = 0.11; rT2 = −0.48, P < 0.001; rT3 = −0.27, P = 0.005), meaning 
that the higher the tfGFAP serum level, the lower the cognitive per
formance during the last two follow-up visits.
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GFAP levels differentiate pathologically defined 
Alzheimer’s disease from other dementias

The levels of tfGFAP were higher in AD dementia cases (defined as 
ADNC ≥ 2) than in the other dementia diagnosis (Fig. 1), ranging 
from a 1.9-fold increase at T1, a 1.4-fold increase at T2 and a 
2.0-fold increase at T3. They were significantly higher at the first 
and third time points (tT1 = −2.817, P = 0.03; tT2 = −1.501, P = 0.22; 
tT3 = −3.254, P = 0.01).

Despite the low numbers of non-AD cases, ROC analysis showed 
that GFAP had good discriminative power, ranging from an AUC of 
0.91 [95% confidence interval (CI): 0.70–0.99] in T1 to 0.83 (95%CI: 
0.73–0.90) and 0.79 (95%CI: 0.74–0.88) at T2 and T3, respectively. 
Sex, age at extraction and age at onset were included as covariates 
in those analyses. The Delong method showed that there were no 
significant differences between them (DAUCT1−T2 = 0.73, P = 0.47; 
DAUCT2−T3 = −0.30, P = 0.77; DAUCT1−T3 = 0.60, P = 0.55).

GFAP longitudinal analysis

We assessed the longitudinal change in GFAP and its association with 
the presence of AD pathology at death (see Supplementary Table 2 for 
descriptive information). First, we fitted an unconditional LMM 
(Table 2) to estimate the rate of change, with age at extraction as the 
time variable. Next, we tested whether ADNC pathology as a predictor 
adjusted by relevant covariates would improve the unconditional 
LMM of tfGFAP levels. The conditional LMM explained 29% of the vari
ability in the longitudinal trajectory of tfGFAP levels, 18% more than 
the unconditional model. The former model significantly improved 
the latter [Δχ2 = 46.986, Δdf (degrees of freedom) = 5, P < 0.001] and es
timated that the tfGFAP levels increased by 1.07 units per 1 SD at the 
time (centralized at mean = 86.4 years, SD = 6.3 years) after controlling 
for relevant covariates (Table 2). Based on the conditional LMM, 
the older age at extraction time, the higher the tfGFAP levels. 
Furthermore, patients with a high AD pathology at death (ADNC = 3) 
had significantly more tfGFAP levels at baseline than the reference 
group (β = 1.63; P = 0.003), and individuals with younger age at disease 
onset had significantly higher tfGFAP levels at baseline than those with 
later onset (β = −1.10; P < 0.001). Next, we tested the interaction term 
between tfGFAP and the ADNC (Table 2), revealing that the association 
between the rate of biomarker change and the degree of pathology at 
death was not statistically significant (Time × Intermediate ADNC: β  
= 1.04, P = 0.121; Time × High ADNC: β = 0.82, P = 0.093). Figure 2 shows 
tfGFAP levels across time estimated by the LMM and stratified by their 
ADNC at death.

GFAP rate of change and cognitive changes

We assessed whether the rate of change of tfGFAP was associated with 
the rate of change of sMMSE. After extracting their individual inter
cepts and slopes estimated for their respective unconditional LMM, 
a multiple regression was performed with adjustment for age at dis
ease onset, number of days between extraction date and death date, 
and sex. The results (Supplementary Table 3) show a negative but 
not significant association between the change rates of both measures 
(β = −1.25; P = 0.47) considering the complete data. No significant asso
ciation was seen between the tfGFAP rate of change and the initial cog
nitive performance (β = −9.53; P = 0.11). A sensitivity analysis was 
performed with individuals who were classified with higher ADNC 
(Supplementary Table 3), and the results were similar to previous find
ings; no significant association was found between the rate of change 
in serum GFAP and both the initial score and the rate of change in 
cognition.

GFAP significantly correlates with brain weight

TfGFAP levels were negatively correlated with brain weight at all 
sample time points both in the whole sample (rT1 = −0.24, P = 0.02; 
rT2 = −0.41, P = 0.001; rT3 = −0.39, P < 0.001) and in the subgroup of 
AD cases (rT1 = −0.24, P = 0.02; rT2 = −0.40, P = 0.002; rT3 = −0.35, P <  
0.001) (Fig. 3).

This association was still significant (β = −0.02; P = 0.008) at T3 
when we adjusted by age at serum extraction, age at disease onset, 
time from extraction to death, and sex (Supplementary Table 4).

Pre-mortem serum GFAP is associated with 
Alzheimer’s disease neuropathological burden

We found that tfGFAP levels at T3, the closest to the post-mortem 
assessment, were associated with ADNC stages when adjusted by 
covariates (Intermediate ADNC: β = 8.48, P = 0.02; High ADNC: β =  
10.35, P < 0.015; Table 3). When we disaggregated ADNC into its 
components in an independent analysis, we observed that NIA-B 
(Intermediate NIA-B: β = 7.17, P = 0.046; High NIA-B: β = 12.85, P <  
0.001) and NIA-C (Intermediate NIA-C: β = 0.74, P = 0.80; High 
NIA-C: β = 4.69, P = 0.036) were also associated with tfGFAP levels 
(Table 3). In all cases, the higher the disease stages, the higher the 
tfGFAP levels.

Similar results were obtained in T1 and T2; NIA-B achieved a sig
nificant association with tfGFAP and better goodness-of-fit indexes 
in both sample points (Supplementary Table 5). When we entered 

Table 1 Descriptives

Cases at time point 1 Cases at time point 2 Cases at time point 3

n 102 64 139
Age at serum collection, years, mean (SD) 83.5 (5.7) 87.0 (6.0) 87.7 (6.4)
Females % 83.3 87.5 81.3
sMMSE score mean (SD) 5.7 (6.5) 1.8 (4.15) 2.5 (4.8)
GDS (score 5–7), % 86 98 98
APOE e4 carriers, % 44.1 45.3 46.0
GFAP levels (pg/ml), mean (SD) 444.9 (214.2) 539.7 (253.1) 613.2 (340.4)
GFAP levels (pg/ml), median (IQR) 395.7 (323.12–512.35) 491.6 (369.1–650.4) 568.5 (365.52–779.41)
Days from serum collection to death, mean (SD) 2031.0 (1021.5) 1252.9 (190.3) 138.9 (130.9)
ADNC, 0/1/2/3 0/6/13/83 0/4/6/54 1/10/21/107
AD neuropathologically confirmed/non-AD dementia 96/6 60/4 128/11

Data are mean, standard deviation (SD), median, interquartile range (IQR), percentages (%) or frequencies. AD = Alzheimer’s disease; ADNC = Alzheimer’s disease 

neuropathologic change; GDS = Global Deterioration Scale; sMMSE = severe Mini-Mental State Examination.
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NIA-A, NIA-B and NIA-C plus covariates in a single model, we found 
that NIA-B was the only independent variable associated with 
tfGFAP levels (β = 13.23; P = 0.021) (Table 3). Furthermore, the model 
composed of NIA-B obtained a higher explained variance than 
other models.

Pre-mortem serum GFAP is associated with HS and 
argyrophilic grain disease independently of AD

We performed a similar analysis with other neuropathological vari
ables. Lineal models were built with every pathological staging plus 
covariates at the pre-mortem sample. We found that posterior HS 
and LATE staging were significantly and positively associated 
with tfGFAP levels; in contrast with AGD, which was negatively as
sociated with tfGFAP levels.

Next, to assess the effect of each neuropathological factor inde
pendently of AD pathology, we repeated the same analysis but in
cluded ADNC staging in all the models. We found that tfGFAP 
levels were associated, independently of AD pathology, with AGD 
and posterior HS (Supplementary Table 6).

Serum GFAP, as a proxy of astrocyte reactivity, 
mediates in brain tau load

We fitted two partial mediation models to test the hypotheses of 
the role of amyloid-dependent astrocytic activation in the develop
ment of tau load. We used GFAP levels of the pre-mortem sample as 
a proxy of astrocytic activation. Figure 4 schematizes both models 
and shows their main results. The first model accounted for 57% 
of the variance in NIA-B, while the second model accounted for 
49%. Both models achieved acceptable goodness-of-fit indexes, 

RMSEA = 0.067 and 0.057, CFI = 0.98 and 0.98, TLI = 0.96 and 0.97 
and SRMR = 0.052 and 0.057, respectively (n = 138).

The direct effects of both models evidenced that individuals 
with higher NIA-C (β=0.65, P < 0.001) and NIA-A (β = 0.58, P < 0.001) 
stages were significantly associated with higher tau load in post- 
mortem brain tissue.

Model 1 showed that the highest post-mortem NIA-C stage 
(individuals categorized as NIA-C = 3) was associated with 
higher amounts of serum GFAP in T3 (β = 0.24, P < 0.001), and, 
in turn, levels of serum GFAP were positively associated with 
the post-mortem tau load (β = 0.27; P < 0.001). Similarly, model 
2 showed that the highest post-mortem NIA-A stage (indivi
duals categorized as NIA-A = 3) was associated with higher 
amounts of serum GFAP in T3 (β = 0.32, P < 0.001), and likewise, 
serum GFAP was positively associated with tau load in post- 
mortem brain tissue (β = 0.25; P = 0.01). Analyses using a 95% 
CI lent additional support for indirect (mediating) effects in 
both Model 1 (β = 0.007, P = 0.02) and Model 2 (β = 0.008, P <  
0.001). The proportion of the indirect effect with respect to the 
total effect was 9% for the first model and 12% for the second 
(Supplementary Table 7).

Therefore, serum GFAP acted in both models as a mediator be
tween amyloid (NIA-C and NIA-A) and tau (NIA-B), indicating that 
astrocytic activation plays a role in the interaction between brain 
amyloid and tau load.

Pre-mortem serum GFAP levels correlate with GFAP 
and CD68-immunostained brain areas

To elucidate the correlation between serum GFAP levels and astro
cyte reactivity, we conducted a quantitative analysis of the 

Figure 1 TfGFAP levels by the pathological group at the three sample points. 
aThe mean value of tfGFAP was converted to the raw GFAP value using the BoxCox transformation (see ‘Materials and methods’ section). *P < 0.05, **P < 0.01. AD =  
Alzheimer’s disease; T1–3 = time points 1–3; tfGFAP = GFAP levels normalized by the BoxCox transformation function.
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immunostained GFAP area, as a surrogate measure, in two distinct 
brain regions (the entorhinal cortex and the amygdala) across our 
entire study cohort (n = 139). Despite the absence of a significant 
correlation in the amygdala, a statistically significant positive par
tial correlation, adjusted for sex and age at sample collection, 
emerged in the entorhinal cortex (r = 0.21; P = 0.02). Subsequent 
stratification of individuals based on their tau Braak stage revealed 
a heightened and more significant positive correlation in those with 
elevated tau load (Braak stage > 4) compared with those with lower 
(r = 0.21; P = 0.04 versus r = 0.15; P = 0.5, respectively). When we 
pooled the data from both brain regions, we found a borderline 
positive correlation (r = 0.18; P = 0.05), that again was stronger in 
the individuals with advanced Braak (r = 0.22; P = 0.02) 
(Supplementary Table 8). Also, we found that the GFAP immunos
tained area in the entorhinal cortex negatively correlated with 
brain weight in the crude analysis (r = −0.18; P = 0.04) and was bor
derline significant when we adjusted by age at collection and sex (r  
= −0.17; P = 0.06); however, this association was not present in the 
amygdala. (Supplementary Table 9).

Additionally, we aimed to investigate the relationship between 
serum GFAP and microglial activation. In a subsample of advanced 
AD patients (Braak > 4) (n = 39), we used the immunostained CD68 
area as a proxy for microglial activation. We observed a negative 
correlation between the area of CD68 immunoreactivity in the en
torhinal cortex and serum GFAP adjusted by age at collection and 

sex (r = −0.40; P = 0.01). The immunostained area of CD68 did not 
correlate with brain weight nor with the immunoreactivity area 
of GFAP. (Supplementary Table 10).

Discussion
In this study, we investigated longitudinal measures of serum GFAP 
from institutionalized patients with moderate/severe dementia in 
conjunction with their post-mortem neuropathological data. Our 
main findings offer robust evidence about the association between 
serum GFAP levels and tau pathology, supporting its role as a diag
nostic biomarker and offering mechanistic insights about the po
tential role of astrocyte reactivity as a mediator between amyloid 
and tau pathology in AD. Additionally, we provide evidence sup
porting serum GFAP as a biomarker for astrocyte reactivity through 
a quantitative examination of GFAP immunostaining.

The time interval between the serum extraction and the brain 
post-mortem study, 139 days on average, is the lowest reported in 
the literature for neuropathological validation of blood biomarkers 
of AD, minimizing possible confounding factors and providing high 
temporal precision. Therefore, based on our results, we can safely 
conclude that GFAP serum levels are a good proxy of AD neuropath
ology. Previous reports have demonstrated its cross-sectional asso
ciation with tau and amyloid CSF or PET measurements in early AD, 
MCI or even cognitively healthy individuals.10,11,12 However, our de
sign provides a more comprehensive understanding of the role of 
GFAP as an AD biomarker, expanding the knowledge of its potential 
clinical use beyond the limitations of cross-sectional data and po
tential publication bias.

To our knowledge, only three previous studies have evaluated 
GFAP blood levels and postmortem AD pathology.18-20 Winder and 
colleagues18 studied AD and vascular neuropathological changes 
in a community-based cohort ranging from 72 to 84 individuals 
with a maximum time from blood sample to the autopsy of 2 years. 
Even though they found a trend of association between GFAP and 
neuropathological lesions of AD, their results did not reach statis
tical significance. More recently, Salvadó and colleagues19 tested 
several plasma biomarkers, including GFAP, in 105 individuals 
with an average of 482 days between blood extraction and death. 
They correlated GFAP plasma levels with semiquantitative assess
ments of AD pathology and, similar to our results, GFAP was only 
independently associated with neurofibrillary tangles. In that 
study, the association with plaque load lost its statistical signifi
cance after adjusting by tangle load. Another recent study has 
also shown that GFAP predicts Braak stage scores.20

In addition to validating GFAP determination with neuropatho
logical data, our analysis provides information about its diagnostic 
performance in patients with advanced dementia, a population 
rarely tested with biomarkers. Despite the unspecific nature of 
GFAP, and even in the a priori challenging scenario of old age ad
vanced dementia patients with frequent co-pathology, GFAP 
showed a good discriminative power between neuropathologically 
confirmed AD dementias versus non-AD dementias. Even though 
we saw a slight decrease in diagnostic accuracy from T1 to T3, the 
DeLong test showed no differences between them. Also, our longi
tudinal analyses offer helpful information from a clinical perspec
tive. The model showed that GFAP levels increased with time in 
demented individuals. We found that, independently of the final 
neuropathological diagnosis (AD dementia versus non-AD), other 
factors influenced GFAP levels. Individuals younger at disease on
set had higher serum GFAP levels. In contrast, we found no sex 

Table 2 Associations between longitudinal changes of levels of 
serum tfGFAP and the level of post-mortem neuropathology

Model β (95%CI) P-value aR2
M

bR2
C

cUnconditional LMM
Intercept 12.25 (11.93, 12.57) <0.001 0.11 0.65
Slope, time 0.65 (0.33, 0.99) <0.001
dInteraction time:neuropathology
Intercept 10.57 (9.27, 11.92) <0.001 0.17 0.64
Slope, time −0.13 (−1.05, 0.86) 0.78
Time:Intermediate 

ADNC
1.04 (−0.30, 2.36) 0.12

Time:High ADNC 0.82 (−0.16, 1.77) 0.09
eConditional LMM to predict the longitudinal trajectory of tfGFAP 

levels
Intercept 10.78 (9.63, 11.85) <0.001 0.29 0.65
Slope, time 1.07 (0.77, 1.37) <0.001
fIntermediate ADNC 1.23 (−0.13, 2.62) 0.07
fHigh ADNC 1.63 (0.53, 2.82) 0.003
Time extraction 

T1-exitus, days
0.14 (−0.15, 0.42) 0.33

Estimated age of onset −1.10 (−1.47, −0.74) <0.001
Sex 0.12 (−0.59, 0.82) 0.74

Covariates included in the models are age at serum extraction, estimated age at 
onset, number of days between last serum collection and death date, and sex. ADNC  

= Alzheimer’s disease neuropathological change; LMM = linear mixed-effect model; 

T1 = time point 1; tfGFAP = GFAP levels normalized by the BoxCox transformation 

function. 
aConditional R2 estimates the fraction of the variance explained by the fixed effects 

in the model. 
bMarginal R2 estimates the fraction of the variance explained by the fixed and 

random effects. 
cModel equation: tfGFAPT3 = β0 + β1 × Time + (Time | ID). 
dModel equation: tfGFAPT3 = β0 + β1 × Time + β2 × ADNC + β3 × Time:ADNC + (Time | ID). 
eModel equation: tfGFAPT3 = β0 + β1 × Time + β2 × ADNC + β3 × T1-exitus + β4 × Age onset  

+ β5 × Sex + (Time | ID). 
fThe reference group is the Non-AD/Lower neuropathology score at death (ADNC = 0 and 1). 

Intermediate ADNC corresponds with a neuropathology score of 2 at death (ADNC = 2). 

High ADNC corresponds with a neuropathology score of 3 at death (ADNC = 3).
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influences; although females tended to have higher GFAP levels, 
the differences were non-significant when included in the multi
variate model.

Our study shows that serum GFAP levels are robustly associated 
with the disease’s severity from a clinical and neuropathological 
perspective. As has been shown before in less advanced patients, 
higher GFAP levels correlated with poor cognition,10 even in cogni
tively normal subjects at risk of AD.11,12 An observation of our 
study, not reported before, is that brain weight at post-mortem 
was also negatively associated with pre-mortem serum GFAP. In 
contrast to what has been described for other AD markers, like 
CSF tau37 or amyloid levels,38 in our series GFAP did not seem to 
plateau and it increased until the pre-mortem exam. This result 
should be interpreted in light of the polymorphic and evolving 
role of the astrocyte in AD. It has been reported that during the 
late stages of the disease, astrocytes may undergo a state of atrophy 
and functional impairment, leading to a failure in supporting neu
ron homeostasis.39

All these findings support that GFAP can be a helpful biomarker 
for disease follow-up until the very late phases. Most importantly, 
serum GFAP levels were associated with AD neuropathological 
stages and increased along with the severity of AD-related 
pathology.

Another relevant finding of our study was the independent as
sociation of serum GFAP levels with other neuropathological le
sions, like AGD and HS. Although the degree of co-pathology in 
our cohort was very high, we found that AD pathology (ADNC) did 
not mediate these associations. The two previous studies assessing 
co-pathologies did not find associations with plasma GFAP. Winder 

et al.18 only studied cerebral amyloid angiopathy, arteriolosclerosis 
or chronic vascular disease. Salvadó and colleagues19 found that 
GFAP plasma levels did not predict the following co-pathologies: 
CAA, TDP43, LBD or AGD. They did not assess HS directly, but 
TDP43. Another factor is the differences in the time from blood ex
traction to the brain study, which is significantly shorter (139 days) 
in our study compared to 1.53 years (Bermudez et al.20), more than 2 
years (Winder et al.18) or 482 days (Salvadó et al.19).

HS is characterized by intense gliosis (subiculum and hippo
campal cortex) accompanied by temporal lobe atrophy and fre
quently TDP43 pathology. Both changes have recently been 
subsumed within LATE. This entity commonly affects elderly indi
viduals with AD, increasing the degree of atrophy and correlating 
with cognitive deterioration.30 In our series, HS was very prevalent, 
mainly as a co-pathology, involving 69.7% of patients at an anterior 
level (including early HS stages described recently by our group). 
Classic (advanced) HS was observed in 45.2% and 36.4% of patients 
at an anterior and posterior hippocampal level, respectively. 
Interestingly, GFAP serum levels correlated with our suggested 
classification scheme, including early HS stages.

As for AGD, our results indicate a lower prevalence of this tauo
pathy in our series (12%) than expected in this age group and in as
sociation with AD. The high frequency of extremely advanced AD in 
our series (41.2% Braak stage VI and 62.8% Thal stage 5 patients) and 
the high degree of middle temporal lobe atrophy (52.4% of brains 
with severe atrophy) suggest that a substantial number of AGD 
cases may have been missed due to overlap of a high burden of tau- 
positive AD pathology or to extreme neuronal loss (and associated 
tau-positive grains) due to advanced AGD.31,40 This could explain 

Figure 2 Predicted values of serum tfGFAP by the age of extraction and by the level of post-mortem neuropathology. The age of extraction is centred at 
86.4 years (1 SD = 6.3 years). The predicted values were calculated controlling by sex (female), estimated age at onset (mean = 75.11 years, 1SD = 7.5), 
and the time elapsed between time-point 1 and death date (mean = 2146 days, 1 SD = 992.457). ADNC = Alzheimer’s disease neuropathologic change; 
SD = standard deviation; tfGFAP = GFAP levels normalized by the BoxCox transformation function.
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the observed negative correlation between serum GFAP and AGD 
staging. If our findings are replicated in further studies, clinicians 
should bear in mind that blood GFAP levels might also partially be 
explained by these two pathologies specifically targeting the tem
poral lobes.

In addition to supporting the role of GFAP as an AD biomarker, 
our results provide insight into the relationship between astrocyte 
reactivity and AD pathology. GFAP is a crucial protein constituent of 
intermediate filaments, upregulated in reactive astrocytes.41 In the 
context of AD, this process is thought to be initially triggered by 
amyloid deposition, which has been implicated in amyloid and 
tau clearing and in regulating inflammation and oxidative stress 
in the brain. However, astrocyte reactivity can become dysfunc
tional as the disease progresses, contributing to neuronal damage 
and cognitive decline.42 Understanding this complex relationship 
is critical and could lead to new therapeutic approaches. A recent 
study has highlighted a relevant role for astrocyte reactivity in 
the AD continuum; in a large multicohort analysis, amyloid-β posi
tivity was only associated with increased plasma phosphorylated 
tau in those individuals with positive astrocyte reactivity deter
mined by plasma GFAP.43

Our study shows that pre-mortem GFAP levels are strongly cor
related with AD pathology estimated by the NIA-A, NIA-B and 
NIA-C rating scales, further supporting that the astrocyte reactivity 

runs parallel to the AD neurodegenerative process. However, when 
we entered into the same explanatory model all ADNC components 
plus covariates, the only variable independently associated with 
GFAP levels was NIA-B. Therefore, in line with Salvadó et al.,19 we 
found that the GFAP levels were associated mainly with the neuro
fibrillary tangles load. To further clarify this finding, we performed 
a mediation analysis to assess the relationships between the phe
nomena linked to GFAP levels, amyloid plaques (NIA-A and 
NIA-C) and tau tangles neuropathological load (NIA-B). We found 
a main pathway directly linking both amyloid variables, NIA-A 
and NIA-C, to tau (NIA-B). There was also evidence of an independ
ent alternative pathway that, starting from amyloid, modified tau 
load via GFAP serum levels at time point 3, suggesting a mediator 
role of reactive astrocytes in AD-related tau pathology. This finding 
contrasts with previous cross-sectional studies using CSF or amyl
oid PET as the gold standard for AD pathology, in which GFAP was 
predominantly associated with amyloid.11 The only study that 
has analysed the association with amyloid and tau jointly using 
PET reported that GFAP was only independently linked with amyl
oid pathology.13

Animal experimentation and human neuropathological stud
ies show that astrocyte reactivity colocalizes with amyloid pla
ques and suggest that, together with the microglia, they could 
play a role in plaque phagocytosis.42,44-46 Their relationship with 

Figure 3 Correlation between tfGFAP and brain atrophy. AD = Alzheimer’s disease; tfGFAP = GFAP levels normalized by the BoxCox transformation 
function.
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neurofibrillary tangles is less studied; however, it has also been 
documented, although it is pointed out that it will occur only in 
later disease stages when reactive astrocytes interact with ghost 
tangles.47,48 Therefore, GFAP levels may be influenced by both 
types of AD pathological signatures and other factors, such as in
flammation or co-pathologies. Those influences might vary along 
the disease course. Therefore, a possible explanation reconciling 
the findings reported by Salvadó et al.,19 replicated in our study, 
with previous results of cross-sectional studies could be related 
to the dynamic nature of the role played by astrocytes. In cross- 
sectional studies performed mainly in individuals with early- 
middle disease stages, amyloid pathology could be the main dri
ver behind GFAP levels. However, in neuropathological studies 
where we can observe the last disease stages, we might be able 
to detect the interactions with tau pathology better. Supporting 
this view, a quantitative stereology-based post-mortem study 
has reported that glial responses (astrocytes and microglia) in
crease linearly around existing plaques and near tangles; how
ever, while astrocytes correlated with tau burden, they did not 
find a correlation with the amyloid load.49 Taken together, these 
results indicate that the progression of astrocyte reactivity, esti
mated by GFAP levels, might diverge from that of amyloid depos
ition at some point during the disease course explaining the 
different results in clinical cross-sectional and neuropathological 
studies.

To the best of our knowledge, our results provide, for the first 
time, direct evidence in humans that antemortem serum GFAP re
flects astrocyte reactivity estimated by the GFAP-immunostained 
brain areas. The observed trend towards higher correlations in 
individuals with an increased tau load aligns with our concurrent 
observation of an association between serum GFAP and neurofibril
lary tangle pathology. Also, in congruence with our previous 
results, we found that the GFAP-immunostained area in the entorh
inal cortex negatively correlated with brain weight.

Our quantitative pathology analysis revealed spatially depend
ent weak correlations between serum GFAP and the GFAP- 
immunostained brain area. This pattern should be interpreted 
within the intricate context of astrocyte involvement in AD, wherein 
diverse phenotypes manifest at distinct disease stages in a sort of 
‘astrocytic continuum’, ranging from astrocyte reactivity with hyper
trophy to atrophy with loss of function.39 In parallel with these obser
vations, studies determining plasma GFAP levels and PET imaging 
with the astrocyte tracer 11C-deuterium-L-deprenyl in familial AD in
dividuals have depicted divergent trajectories, suggesting that both 
astrocyte biomarkers might reflect different states or subtypes of 
astrocyte reactivity.50 Given the spatial progression characteristic 
of AD, it is plausible that diverse regions may exhibit varying disease 
activity and, consequently, diverse, overlapping astrocyte pheno
types. Thus, in neuropathological studies, variations are expected 
depending on the sampled brain region.

Our data support the hypothesis that serum GFAP levels may 
serve as an indicator of overall astrocyte reactivity, encapsulating 
the cumulative effects of regions with heightened disease activity. 
However, to understand these intricate relationships, studies in
corporating a more comprehensive sampling of diverse brain re
gions at various disease stages are warranted.

Additionally, we aimed to investigate the relationship between 
serum GFAP and microglial activation, given the significant cross
talk between astrocytes and microglia. In a subsample of advanced 
AD patients (Braak > 4), we used the CD68 area as a proxy for micro
glial activation. We observed a negative correlation between the 
immunostained area of CD68 in the entorhinal cortex and serum 
GFAP. In the context of AD, both microglia and astrocyte activation 
have been reported to manifest with a spatial and temporal distinct 
pattern, with microglia activation occurring before astrocyte acti
vation.51 It is important to note that our findings are limited to a 
specific group of advanced AD patients and to a single region of 
the brain (the entorhinal cortex). To gain a more complete 

Table 3 Association between levels of serum tfGFAP and post-mortem neuropathology

Model Independent variables β (95% CI) P-value R2 AICc

Basic modela Covariates – – 0.13 1011.147
NIA-Ab Intermediate −10.27 (−21.72, 1.19) 0.079 0.21 1000.603

High 3.19 (−6.12, 12.49) 0.499
NIA-Bc Intermediate 7.17 (0.13, 14.21) 0.046 0.25 985.558

High 12.85 (7.11, 18.6) <0.001
NIA-Cd Intermediate 0.74 (−4.95, 6.44) 0.796 0.16 1009.279

High 4.69 (0.31, 9.07) 0.036
NIA-A+ 
NIA-B+ 
NIA-Ce

Intermediate NIA-A −6.67 (−19.25, 5.91) 0.296 0.26 989.117
High NIA-A −0.98 (−14.89, 12.92) 0.889
Intermediate NIA-B 7.00 (−3.5, 17.51) 0.190
High NIA-B 13.23 (2.06, 24.39) 0.021
Intermediate NIA-C −5.28 (−11.71, 1.16) 0.107
High NIA-C −3.05 (−9.39, 3.29) 0.344

ADNCf Intermediate 8.48 (1.69, 15.28) 0.015 0.20 1002.574
High 10.35 (4.63, 16.06) <0.001

The reference group in each case, for NIA-A, NIA-B and NIA-C groups, was their respective lower category (Non/Low NIA-A, Non/Low NIA-B, Non/Low NIA-C). Intermediate 
Alzheimer’s disease neuropathologic change (ADNC) comprises individuals with post-mortem neuropathology classified as 2 and high as 3. Covariates included in the models 

are age at serum extraction, estimated age at onset, number of days between last serum collection and death date, and sex. Significant coefficients and better goodness-of-fit 

indexes are in bold. AICC = corrected Akaike criterion; CI = confidence interval; NIA-(A–C) = National Institute on Aging ABC method of assessing ADNC; R2 = adjusted R2; 

tfGFAP = GFAP levels normalized by the BoxCox transformation function. 
aBasic model equation: tfGFAPT3 = b0 + b1 × Age extraction + b2 × Age onset + b3 × T3-exitus + b4 × Sex. 
bModel equation: tfGFAPT3 = b0 + b1 × NIA-A + b2 × Age extraction + b3 × Age onset + b4 × T3-exitus + b5 × Sex. 
cModel equation: tfGFAPT3 = b0 + b1 × NIA-B + b2 × Age extraction + b3 × Age onset + b4 × T3-exitus + b5 × Sex. 
dModel equation: tfGFAPT3 = b0 + b1 × NIA-C + b2 × Age extraction + b3 × Age onset + b4 × T3-exitus + b5 × Sex. 
eModel equation: tfGFAPT3 = b0 + b1 × NIA-A + b2 × NIA-B + b3 × NIA-C + b4 × Age extraction + b5 × Age onset + b6 × T3-exitus + b7 × Sex. 
fModel equation: tfGFAPT3 = b0 + b1 × ADNC + b2 × Age extraction + b3 × Age onset + b4 × T3-exitus + b5 × Sex.
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understanding of the relationship between serum GFAP and the 
status of microglia, we will need to conduct further research with 
larger sample sizes that cover various brain regions and disease 
stages.

The design of our study, following a cohort of dementia patients 
from a nursing home, has important advantages but also has some 
limitations. One potential issue is the predominance of AD demen
tia and the female gender. These are both intrinsic characteristics 
of our cohort, which is representative of institutionalized old de
mentia individuals, but it might limit the generalization of our re
sults to different settings. Another potential limitation is the lack 
of major neurovascular pathology in our series, which might have 
influenced our inability to find an association between GFAP levels 
and vascular pathology, as others have previously reported.52 The 
fact that our sample is composed of late-stage dementia indivi
duals limits the generalizability of our results regarding diagnostic 
accuracy in earlier disease stages or the potential utility of GFAP as 
a screening tool for AD.

A particularity of our study is that we measured GFAP in serum 
instead of plasma, unlike previous reports that linked blood GFAP 
levels with neuropathology.18-20 We used a Quanterix kit, which is 
designed and validated for both plasma and serum measurement 
(Simoa® Neurology 2-Plex B Kit; SR-X® Data Sheet). 
Consequently, our data provide further validation and confirm
ation of previous findings by replicating the results observed in 
plasma using serum samples. Among the main strengths, the close 
follow-up of the patients allows for the extremely short time 
elapsed from the serum extraction to the autopsy, which increases 
temporal precision and minimizes bias. Additionally, our study is 
the first to correlate longitudinal GFAP data with neuropathology, 
increasing the robustness of the analysis.

Our findings have several implications for clinicians. We show 
evidence that: (i) serum GFAP correlates with AD neuropathology; 
(ii) serum GFAP is a good biomarker for AD in patients with ad
vanced dementia; (iii) serum GFAP levels increase progressively 
with the disease course and correlate with cognitive deterioration; 
(iv) individuals with younger age at onset tend to have higher levels 
of serum GFAP; and (v) some AD co-pathologies like HS or AGD 
might influence serum GFAP levels.

In conclusion, our results contribute to the growing body of evi
dence suggesting the role of blood GFAP as a diagnostic biomarker 
and offer mechanistic insights into its relationship with AD neuro
pathology, highlighting its ties with tau burden. Additionally, our 
analysis revealed an independent association between serum 
GFAP levels and other neuropathological lesions, such as AGD 
and HS, suggesting the involvement of reactive astrocytes in these 
pathologies. The longitudinal design and correlation with post
mortem data reinforce the robustness of our findings. However, 
data correlating blood biomarkers and neuropathological assess
ments are still scant, and further research is needed to replicate 
and validate these results in diverse populations.

Data availability
The VACS cohort is an ongoing study. Anonymized data can be ac
cessed upon request at direccioncientifica@fundacioncien.es.
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