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Summary
Background Several plasma biomarkers for Alzheimer’s disease (AD) have demonstrated diagnostic and analytical
robustness. Yet, contradictory results have been obtained regarding their association with standard diagnostic
markers of AD. This study aims to investigate the specific relationship between the AD biomarkers currently used in
clinical practice and the plasma biomarkers.

Methods In a memory clinic cohort, we analysed plasma pTau181, pTau217, pTau231, respectively, GFAP, NfL, CSF
pTau181, Aβ-PET scans, and MRI/CT visual read of atrophy. We utilized methods based on multiple linear
regression to evaluate the specific associations between clinically used and recently developed plasma biomarkers,
while also considering demographic variables such as age and sex.

Findings Although plasma pTau181, pTau217, pTau231, and GFAP were significantly associated with both Aβ-PET
and CSF pTau181, Aβ-PET explained more variance in the levels of these biomarkers. The effect of CSF pTau181 on
plasma GFAP and pTau181 was completely attenuated by Aβ-PET, whereas pTau231 and pTau217 were affected by
both Aβ-PET and CSF pTau181 levels. Unlike these biomarkers, increased NfL was rather indicative of brain atrophy
and older age. Based on the effect sizes, plasma pTau217 emerged as highly effective in distinguishing between A+
and A−, and T+ and T− individuals, with 60% of variance in plasma pTau217 explained by clinical AD biomarkers.

Interpretation Amyloid burden primarily drives the changes in plasma pTau181, pTau217, pTau231, and GFAP. In
contrast to plasma pTau217, a significant portion of variance in plasma pTau181, pTau231, GFAP, NfL remains
unexplained by clinical AD biomarkers.
*Corresponding author. Center of Alzheimer Research, Division of Clinical Geriatrics, Department of Neurobiology, Karolinska Institutet, Care
Sciences and Society, Stockholm, Sweden.
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Research in context

Evidence before this study
In research cohorts, plasma biomarkers of Alzheimer’s disease
(AD), including phosphorylated tau isoforms (pTau181,
pTau231, pTau217) and Glial Fibrillary Acidic Protein (GFAP),
have shown associations with amyloid and tau pathologies;
whereas Neurofilament Light Chain (NfL) has been linked
with neurodegeneration. It is important to understand how
these findings translate into clinic settings and how changes
in levels of these biomarkers are related to the results of
current clinical tests.

Added value of this study
In a heterogeneous real-world clinical sample, our study
demonstrated that various plasma biomarkers map
differentially onto the AT(N) framework. Brain amyloid load,

quantified with positron emission tomography (PET),
emerged as a significant driver of changes in plasma
biomarker levels. Additionally, we showed that the levels of
unexplained variance in these plasma biomarkers significantly
vary.

Implications of all the available evidence
Changes in plasma pTau181, pTau231, pTau217, and GFAP
are associated with pathological changes typical of AD, yet
they exhibit varying responsiveness to changes observed in
amyloid PET or CSF pTau181. Among these biomarkers,
plasma pTau217 outperforms the others. Plasma
Neurofilament Light Chain (NfL), in contrast, has a distinct
profile, providing information about the rate of brain atrophy
rather than the core pathological processes in AD.
Introduction
The abnormal accumulation of amyloid beta (Aβ),
hyperphosphorylated tau proteins, and subsequent neu-
rodegeneration are the core Alzheimer’s disease (AD)
pathologies.1,2 Presently, cerebrospinal fluid (CSF) mea-
sures of Aβ and tau levels, along with positron emission
tomography (PET) imaging with Aβ and tau ligands, and
MRI assessment of brain atrophy, are the established
tools to support in vivo diagnosis of AD.3 While these
markers are specific and clinically validated, they have
significant limitations due to their high costs and inva-
siveness. Unrestricted by these constraints, recently
developed plasma biomarkers have shown promise in
identifying pathological features of AD.4

In research cohorts, plasma biomarkers have
demonstrated high diagnostic sensitivity and specificity
in detecting AD-type pathology.5–11 Among the emerging
plasma biomarkers, glial fibrillary acidic protein
(GFAP), a general marker of astroglial activation in
response to neuronal damage occurring in neurode-
generative diseases,12 traumatic brain injury,13–15 acute
stroke,16–18 or other CNS diseases,19 and tau phosphory-
lated at threonine 181 (pTau181), 217 (pTau217), and
231 (pTau231), have shown accurate and robust diag-
nostic performance discriminating between AD and
non-AD pathology.6,8,20–23 Despite the good accuracy in
identifying individuals on the AD pathway, there is
variability in findings regarding the specific neuropath-
ological changes these biomarkers reflect.24–26 In the
context of neurodegenerative diseases, blood GFAP
levels has been reported to rise in response to both
amyloid20 or tau pathology.26,27 In turn, one might intu-
itively associate plasma pTau with neurofibrillary tan-
gles in the brain,28 although it has been shown that tau
phosphorylated at specific sites might be rather reflec-
tive of amyloid pathology.29 Additionally, neurofilament
light (NfL), a biomarker of neuroaxonal damage, has
exhibited potential for the detection and monitoring of
neuronal injury in multiple diseases.30–32 Notably, NfL
was found to rise years before symptoms onset in
autosomal dominant AD mutation carriers.33

The main aim of this study is to examine the
specific relationships between plasma pTau181,
pTau217, pTau231, GFAP, and NfL in comparison to
biomarkers used in clinical practice for detecting AD-
related pathologies (i.e., amyloid PET, CSF pTau181,
and atrophy on MRI) in a cohort of patients of ter-
tiary memory clinics. Additionally, we seek to quan-
tify and compare the extent to which these
biomarkers primarily reflect amyloid, tau, or both
pathologies, after adjusting for the effects of
demographic variables.
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http://creativecommons.org/licenses/by/4.0/
http://www.thelancet.com


Articles
Methods
Participants
In this study, 138 participants from a tertiary memory
clinical cohort were included retrospectively. All partic-
ipants had been referred to the Clinic for Cognitive
Disorders at Karolinska University Hospital Huddinge
in Stockholm, Sweden, due to cognitive complaints by
their primary care physicians (GPs) and, in hospital
specialists or tertiary memory clinics for a second
opinion. For this study we selected participants who had
undergone an extensive clinical assessment at Kar-
olinska Hospital between 2014 and 2019. This assess-
ment included amyloid PET, CSF sampling, and blood
draws. It is important to note that according to this
protocol, only patients who underwent lumbar puncture
also had their blood drawn. This protocol naturally
limited our sample size, as it was contingent on the
subset of patients who completed all aspects of this
comprehensive diagnostic procedure. The sample
covered a wide spectrum of conditions associated with
cognitive or memory complaints, ranging from mild
cognitive impairment (MCI) (both amyloid-negative
(MCI Aβ-) and amyloid-positive (MCI Aβ+)), Alz-
heimer’s disease (AD), non-AD dementia, and a small
subset of individuals with subjective memory com-
plaints (SMC). Information on patients’ sex was ob-
tained from their medical records, which are typically
based on self-reported data.

Diagnostic assessment
All participants underwent a comprehensive examina-
tion that included medical history, physical, neurolog-
ical, psychiatric assessments, neuropsychological
testing, CT or MRI, CSF biomarker analysis, and amy-
loid PET scan with either [18F]Flutemetamol or [11C]
Pittsburgh compound-B (PiB). In patients of memory
clinics, amyloid PET has demonstrated higher diag-
nostic accuracy compared to CSF Aβ42.34,35 The final
diagnoses were reached through a consensus among a
multidisciplinary dementia expert team, including spe-
cialists in cognitive disorders, clinical neuropsycholo-
gists, and specialist nurses.

The main diagnostic categories included MCI36;
dementia due to Alzheimer’s disease (ADD)1; and a non-
AD dementia group with diagnoses of dementia of un-
clear aetiology37; Lewy body dementia,38 frontotemporal
dementia39; vascular dementia including subcortical
type40; primary age-related tauopathy41,42; and alcohol-
related dementia.43

Amyloid PET images were visually assessed as pos-
itive or negative, and this assessment, combined with
the available clinical information from the examination,
led to the biomarker-based diagnoses: MCI Aβ– (n = 31),
MCI Aβ+ (n = 29), ADD (n = 52), non-AD (n = 22), or
SMC (n = 4). Of note, for the four patients in the SMC
group, a diagnosis of a neurodegenerative disorder was
ruled out, and no objective evidence of cognitive
www.thelancet.com Vol 112 February, 2025
impairment were detected in this extensive clinical
assessment.

Plasma collection and analysis of plasma
biomarkers
Blood was drawn under fasting conditions between 7 and
11 AM into sodium-heparin tubes (Vacutainer®, BD
Diagnostics, catalog number 369623) and then centri-
fuged (1500×g (3000 rpm), +4 ◦C) for 10 min. Of note,
the use of EDTA tubes for blood collection is more
thoroughly validated in AD blood biomarker research. A
study by Ashton et al.44 demonstrated that while various
blood additives yield different absolute values, the results
are highly correlated across different tube types. There-
fore, as this study does not rely on specific cutoffs (either
in general or derived from EDTA plasma), the pre-
analytical factors should not affect the conclusions of
the study. Following centrifugation, the samples were
aliquoted into polypropylene tubes and stored at −80 ◦C
within 30–60 min of collection. Pseudoanonymised
samples were sent to the University of Gothenburg by
temperature-regulated dry ice transport. Sample analyses
were conducted in a blinded manner with respect to the
diagnosis. Levels of plasma GFAP and NfL were quanti-
fied using a multiplexed single molecule array (SIMOA,
N4PE from Quanterix). Plasma pTau181 and pTau231
were assessed using in-house developed SIMOA assays
described in5 and,45 respectively. Plasma pTau217 were
analysed using ALZpath Simoa assay (ALZpath INC).23

PET imaging
[18F]Flutemetamol PET scans were acquired using
either a Biograph mCT PET/CT scanner (Siemens/CTI)
or GE Discovery scanner (General Electrics) at the
Department of Medical Radiation Physics and Nuclear
Medicine Imaging, Karolinska University Hospital,
Huddinge, Sweden, whereas PiB scans were acquired at
Uppsala PET centre on ECAT EXACT HR1 scanner
(Siemens/CTI). PET scans were visually assessed as
positive or negative by an experienced nuclear medicine
physician (I.S.). Next, amyloid PET scans were pre-
processed with the robust PET-only pipeline (rPOP)46

for PET-only datasets in MATLAB (MathWorks,
v.R2022_a) and SPM 12, and Centiloids were calculated
using an in-house Centiloid calibration pipeline, based
on the methods described in47 and.48

CSF collection and analysis
Samples of CSF were collected via standard lumbar
puncture under non-fasting conditions. Sample analyses
were performed at the Clinical Neurochemistry Labo-
ratory, Sahlgrenska University Hospital, Mölndal, Swe-
den, where levels of pTau were determined using
commercially-available sandwich ELISAs (Innoge-
netics). The CSF pTau181 levels were assessed against
established cut-offs provided by the local laboratory that
analysed the samples (≥80 pg/ml).
3
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MRI/CT
MRI and, in some cases, CT scans were visually evalu-
ated using two rating scales: medial temporal atrophy49

and global cortical atrophy.50 Individuals were catego-
rized as normal or abnormal on these scales using age-
adjusted cut-offs.51,52 Those deemed abnormal on both
scales were classified as N+ for analyses requiring
dichotomous classification. When dichotomization was
unnecessary, to account for the heterogeneity in atrophy
patterns, the atrophy on MRI was classified as follows:1
(or N−, normal on both scales), 2 (or N+, abnormal on
one scale), and 3 (or N++, abnormal on both scales).
Two individuals lacked MRI or CT data and thus could
not be classified according to the ATN system, resulting
in 136 participants included in the biomarker compari-
sons among the ATN groups.

AT(N) classification
Participants were classified according to the AT(N) sys-
tem, which assesses each individual for the presence of
amyloid deposition (A), tau aggregation (T), and neu-
rodegeneration (N) based on amyloid-PET, CSF
pTau181, and MRI/CT imaging, respectively.1 Our
approach to classifying N through MRI/CT imaging
Characteristic A−T−N−, N = 29a A−T−N+, N = 27a A+T−N−, N = 37

Clinical diagnosis

MCI Aβ- 17/29 (59%) 14/27 (52%) 0/37 (0%)

MCI Aβ+ 0/29 (0%) 0/27 (0%) 15/37 (41%)

AD 0/29 (0%) 0/27 (0%) 22/37 (59%)

Non-AD 8/29 (28%) 13/27 (48%) 0/37 (0%)

SMC 4/29 (14%) 0/27 (0%) 0/37 (0%)

Age (years) 64 (61, 70) 67 (62, 76) 63 (56, 68)

Sex

F 18/29 (62%) 8/27 (30%) 21/37 (57%)

M 11/29 (38%) 19/27 (70%) 16/37 (43%)

Aβ PET (CL) −4 (−8, 5) −6 (−18, −1) 86 (76, 103)

CSF Aβ42 696 (574, 904) 725 (603, 832) 457 (408, 609)

CSF pTau181 35 (25, 47) 38 (29, 45) 60 (49, 69)

MMSE 27 (24, 29) 25 (22, 28) 27 (24, 28)

Missing 0 1 2

Tracer

[11C]PiB 4/29 (14%) 0/27 (0%) 10/37 (27%)

[18F]Flutemetamol 25/29 (86%) 27/27 (100%) 27/37 (73%)

APOE genotype

0/20 (0%) 0/20 (0%) 1/30 (3.3%)

E2/E3 0/20 (0%) 1/20 (5.0%) 0/30 (0%)

E2/E4 1/20 (5.0%) 1/20 (5.0%) 0/30 (0%)

E3/E3 12/20 (60%) 15/20 (75%) 5/30 (17%)

E3/E4 3/20 (15%) 2/20 (10%) 15/30 (50%)

E4/E4 4/20 (20%) 1/20 (5.0%) 9/30 (30%)

Missing 9 7 8

an/N (%); Median (IQR). b(1) G-test; (2) Kruskal–Wallis rank sum test; (3) Fisher’s exact

Table 1: Demographic characteristics and biomarker status across the ATN g
deviates from the standard application of the NIA-AA
research criteria and may have been stricter.

Statistics
Statistical analysis was carried out in R version 4.3.2
(https://www.r-project.org), with data visualizations
created using ggplot2 (v3.3.5).

The number of patients per group and their basic
demographic and clinical characteristics can be found in
Table 1. Baseline differences between the AT(N) groups
were tested using Fisher’s exact test for categorical var-
iables, with the exception of clinical diagnosis and
APOE genotype, for which the G-test was applied
(‘DescTools’,v0.99.54). Differences in continuous vari-
ables were evaluated using the Kruskal–Wallis test
(‘stats’, v4.3.4).

The fluid biomarkers were log transformed accord-
ingly (CSF pTau181, plasma GFAP, pTau181, pTau217,
NfL) or square root transformed (pTau231). All subse-
quent analyses were performed using the transformed
values.

To compare the AT(N) groups, we calculated the
means and 95% confidence intervals (CIs) for each
group. Group comparisons were based on the overlap of
a A+T−N+, N = 12a A+T+N−, N = 24a A+T+N+, N = 7a p-valueb

<0.0001 (1)

0/12 (0%) 0/24 (0%) 0/7 (0%)

2/12 (17%) 10/24 (42%) 2/7 (29%)

10/12 (83%) 13/24 (54%) 5/7 (71%)

0/12 (0%) 1/24 (4.2%) 0/7 (0%)

0/12 (0%) 0/24 (0%) 0/7 (0%)

69 (64, 72) 64 (59, 70) 67 (65, 72) 0.069 (2)

0.0017 (3)

4/12 (33%) 20/24 (83%) 5/7 (71%)

8/12 (67%) 4/24 (17%) 2/7 (29%)

82 (68, 102) 79 (58, 111) 90 (83, 100) <0.0001 (2)

504 (411, 553) 590 (547, 694) 673 (654, 689) <0.0001 (2)

49 (44, 67) 91 (84, 100) 100 (87, 125) <0.0001 (2)

27 (23, 28) 27 (26, 29) 25 (22, 26) 0.090 (2)

0 0 0

0.012 (3)

0/12 (0%) 3/24 (13%) 2/7 (29%)

12/12 (100%) 21/24 (88%) 5/7 (71%)

0.002 (1)

0/8 (0%) 0/16 (0%) 0/7 (0%)

0/8 (0%) 0/16 (0%) 0/7 (0%)

0/8 (0%) 0/16 (0%) 0/7 (0%)

1/8 (13%) 4/16 (25%) 1/7 (14%)

6/8 (75%) 7/16 (44%) 3/7 (43%)

1/8 (13%) 5/16 (31%) 3/7 (43%)

4 8 0

test.

roups.
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these 95% CIs; non-overlapping intervals were inter-
preted as indicative of significant differences between
the group means. This analysis was not adjusted for age
and sex because the sample size in each ATN groups
(8–10 patients) was limited. However, in preliminary
analysis, we did check for the effect of age, sex, and
disease stage severity on each biomarker using one-way
ANOVAs (Table S2).

Correlations between the (transformed) plasma
biomarker values were assessed with Pearson correla-
tions on the transformed biomarker values (except for
amyloid PET and CSF Aβ 42) and age. Ordinal variables
(MMSE, APOE, atrophy rate)–with Spearman correla-
tion coefficient and point-biserial for sex. These analyses
were adjusted for age and sex by calculating the partial
correlation coefficients (‘ppcor’, v1.1). To calculate the
confidence intervals for partial correlation coefficients,
we used a custom function that first computed the
partial correlation between two variables while control-
ling for others using the ppcor::pcor function. Subse-
quently, we fit linear models to obtain residuals and
conducted a correlation test on these residuals using the
cor.test function to derive the confidence intervals
(Table S3).

We then computed unstandardized difference be-
tween the means in plasma biomarker levels in the
dichotomized groups (i.e., A+ vs A−, T+ vs T−, N+ vs
N−), with bootstrapped 95% CIs (N = 10,000). To
compare variance in plasma biomarkers across AT(N)
groups we calculated a measure of spread by dividing
interquartile range by the median (similar to the co-
efficient of variation) while remaining resistant to
outliers. Next, we performed dominance analysis to
compare the relative importance of the predictors. For
each predictor, we present the weighted average of its
contribution to an overall model fit by averaging results
across all models in which the predictor is included
(general dominance statistics). Age and sex were
included to delineate the specific contribution of each
biomarker towards the modulation of plasma
biomarker levels.

A mediation analysis was conducted to assess if the
plasma biomarkers were independently associated with
core AD biomarkers (amyloid PET and CSF pTau181),
or if the variance explained by one biomarker, which
accounts for a smaller proportion of the variance, is
mediated by another variable that explains a larger
portion of the variance. In the meditation analysis, two
regression models were specified: the mediator model
predicting the amyloid PET from the independent
variable, CSF pTau181; and the outcome model pre-
dicting the outcome (plasma biomarker) from the
mediator (amyloid PET), and the independent variable
(CSF pTau181). All models have been controlled for the
effect of age and sex. The assumptions underlying the
linear regression models were assessed in two ways: by
www.thelancet.com Vol 112 February, 2025
visually inspecting the Q–Q plots and using the gvlma
function (‘gvlma’, v1.0.0.3), which tests for skewness,
kurtosis, heteroscedasticity, and link function. Then
the mediate (‘mediation’, v4.5.0) function was then
applied to the fitted mediator and outcome models to
estimate the natural indirect (or average causal medi-
ation) effect (ACME), average natural direct effect
(ADE), and the total effect. The significance of direct
and indirect effects was assessed using bootstrapping
procedures, where unstandardized indirect effects
were computed for each of 1000 bootstrapped samples,
and the 95% confidence interval was computed by
determining the indirect effects at the 2.5th and 97.5th
percentiles. The collinearity of the models has been
tested with the variance inflation factor, with a
threshold of 5 was applied to identify problematic
levels of collinearity.53 The regression models have
been also assessed to meet assumptions of linear
regression (skewness, kurtosis, link function and het-
eroscedasticity) (‘gvlma’, v1.0.0.3). The residuals of the
models were inspected visually for homogeneity of
variance and distribution using qq-plots. No model
assumptions appeared violated.

Ethics
Participants’ consent was obtained according to the
Declaration of Helsinki. The Regional Human Ethics
Committee of Stockholm, Sweden, and the Isotope
Committee of Karolinska University Hospital Huddinge
approved this study (Dnr 2009/816-41/4; Dnr 2011/
1987-31/4; Dnr 2014-269-31; Dnr 2016/120-32, Dnr
2023-05898-02). All patients provided their written
informed consent.

Role of funders
The funding sources were not involved in the design
and conduction of the study; collection, management,
analysis, and interpretation of the data; preparation, re-
view, or approval of the manuscript; or the decision to
submit the manuscript for publication.
Results
Demographics
A total of 138 participants were included in this study.
Their basic demographic characteristics are presented in
Table 1. In brief, the average age was 65.2 years old, with
a female-to-male ratio of 77–61. APOE genotyping was
available in a subset of individuals (N = 102), of them
58.8% carriers of the APOE ε4 allele.

Classification according to the AT(N) scheme resul-
ted in the presence of six ATN groups in our sample:
A−T−N− (N = 29), A−T−N+ (N = 27), A+T−N− (N = 37),
A+T+N− (N = 24), A+T−N+ (N = 12), and A+T+N+
(N = 7). The AT(N) groups were statistically different in
terms of sex (p = 0.002, Fisher’s exact test), with
5
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significantly higher presence of females in the A+T+N−
group and more males in the A−T−N+ and A+T−N+
groups. The AT(N) groups also exhibited statistical dif-
ferences in terms of the APOE ε4 genotype, with more
ε4 non-carriers observed in A−T−N+ group and a higher
count of ε4 carriers in all amyloid positive AT(N) groups.
No significant differences were observed in terms of age
or MMSE score. Please see Table 1 for details.

Comparison of AT(N) groups
Differences in means were observed across the AT(N)
groups for all plasma biomarkers, with the largest dif-
ference observed for plasma ptau217 and the smallest—
for plasma NfL. Specifically, plasma pTau181 levels
were higher in amyloid positive groups compared to
amyloid negative groups, although the 95% CIs over-
lapped (Fig. 1a). In contrast, plasma pTau217 showed
clear difference between the means and the 95% CIs of
the amyloid negative vs amyloid positive AT(N) groups,
displaying the narrowest 95% CIs observed (Fig. 1b).
Plasma pTau231 demonstrated differences between the
means of most of the amyloid negative vs amyloid
positive groups. Additionally, notably higher levels of
plasma pTau231 were observed in the A+T+N+ and
Fig. 1: The levels of plasma biomarkers by the AT(N) group among n
confidence intervals CIs (error bars) across the AT(N) groups: (a). Levels
overlap between the 95% CIs, (b). Plasma pTau217 showed clear differen
overplapping 95% CIs, (c). Level of plasma pTau231 was higher in A+ grou
(d). Plasma GFAP levels increased progressively with higher pathology load
groups, although compared to A−T−N−, levels of plasma NfL were highe
A+T+N− groups compared to the A+T−N+ group
(Fig. 1c). The group means in plasma NfL levels differed
between groups with and without neurodegeneration
(N− and N+) but no AD-related pathology (A−T−),
although in general changes in plasma NfL appeared
less pronounced and characterised by overlapping 95%
CIs (Fig. 1e). The levels of plasma GFAP seems to in-
crease stepwise in amyloid positive individuals with the
pathology exacerbation (Fig. 1d).

As evident from the scatterplot and the bar plot of the
coefficient of variation (Figure S2), among the plasma
biomarkers in the AT(N) groups, GFAP values displayed
the widest range of variation. This wide spread of the
plasma GFAP values, among amyloid negative in-
dividuals, did not allow a distinct visual separation be-
tween the amyloid-negative and amyloid-positive AT(N)
groups, which was observed with plasma pTau217
(Fig. 1b, d).

Plasma biomarkers in relation to other clinical and
demographic variables
A correlation matrix was generated to visualize the
correlation coefficients between the plasma biomarkers,
the clinical AD biomarkers (CSF Aβ42, CSF pTau181,
= 136 patients. Scatter plot showing mean differences with 95%
of plasma pTau181 were higher in A+ patietns although there was
ces between the means of all A+ groups and all A− groups with not
ps with the highest concentrations observed in the A+T+N± groups,
, and (e). With plasma NfL did not vary significantly across the AT(N)
r in A−T−N+ and A+T+N+ groups. Not adjusted for age and sex.

www.thelancet.com Vol 112 February, 2025
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Fig. 2: Relationship between plasma biomarkers and clinical and demographic variables among n = 138 patients: positive correlations (r/ρ > 0)
are shown in red, while negative correlations (r/ρ < 0) are shown in blue. (a). Correlation matrix showing the Pearson’s r coefficients for the
associations between the continuous variables considered. Due to the non-normal distribution, variables were transformed. (b). The correlation
matrix showing the Spearman’s rho coefficients for the associations between the ordinal variables considered. Results were adjusted for the
effect of age and sex, and FDR corrected.
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MMSE, Atrophy on MRI, Aβ-PET (CL)) (Fig. 2a and b),
and the demographic variables/AD risk factors (age, sex,
number of APOE-ε4 alleles) (Fig. 2b). The analysis
revealed that among all associations, the strongest pos-
itive correlation with the narrowest confidence interval
was observed between plasma pTau217 and Aβ-PET
(r = 0.76, 95% CI: 0.7, 0.8), followed by plasma GFAP
and Aβ-PET (r = 0.49, 95% CI: 0.4, 0.58). Moderate
positive correlations were also observed for plasma
pTau181 and pTau231 with Aβ-PET, with coefficients of
r = 0.39 (95% CI: 0.29, 0.49), r = 0.40 (95% CI: 0.29,
0.49), respectively. Similarly, moderate positive correla-
tions were found between CSF pTau181 and plasma
biomarkers, with a strongest correlation again for
pTau217 (r = 0.55, 95% CI: 0.47, 0.63), followed by
GFAP (r = 0.41, 95% CI: 0.3, 0.5), pTau231 (r = 0.37,
95% CI: 0.26, 0.47), and pTau181 (r = 0.31, 95% CI: 0.2,
0.41). Moderate negative correlations were observed
between CSF Aβ-42 and the plasma biomarkers.
Notably, the highest negative correlation was recorded
for pTau217 (r = −0.43, 95% CI: −0.52, −0.32), followed
by pTau231 (r = −0.24, 95% CI: −0.35, −0.13), GFAP
(r = −0.28, 95% CI: −0.39, −0.17), and pTau181
(r = −0.19, 95% CI: −0.31, −0.8). Of note, plasma NfL did
not correlate with the amyloid or CSF pTau181 bio-
markers. It had a positively correlation with MRI/CT
atrophy (r = 0.21, 95% CI: 0.06, 0.37), although no
longer significant after adjustment for the effect of age (r
= 0.14, 95% CI: −0.05, 0.29). Finally, all plasma pTau
isoforms were highly intercorrelated (r ∈(0.73–0.82,
95% CI: 0.67–0.78, 0.78–0.85)). Additionally, Aβ-PET
www.thelancet.com Vol 112 February, 2025
and CSF pTau181 were found to be intercorrelated,
r = 0.58 (95% CI: 0.5, 0.66; Fig. 2a).

The negative association between the amyloid PET
load (CL) and plasma pTau217 with atrophy on MRI
may be explained by group imbalances: both the N− and
N+ groups were notably enriched by amyloid-positive
individuals (χ2 test, p = 0.009, Table S1). However,
when examining the differences in atrophy rates, amy-
loid, and plasma pTau217 separately within amyloid-
negative and -positive groups, this effect was not
observed (Figure S1).

Among all plasma biomarkers, NfL exhibited the
strongest association with age (ρ = 0.30). Female sex was
positively associated with GFAP (ρ = 0.23), and APOE
was correlated with plasma pTau217 and pTau231
(ρ = 0.41, ρ = 0.26), as shown in Fig. 2b.

Unstandardized difference between the means
Next, we compared the unstandardized difference be-
tween the means of the plasma biomarkers to deter-
mine which ones exhibited a larger difference between
groups with and without the presence of amyloid (A),
tau (T) pathology, and neurodegeneration (N), in sepa-
rate analyses for each of the AT(N) modalities. Our
findings indicated that plasma pTau217 and GFAP
demonstrated a larger difference between the means
when comparing groups with amyloid (A+) and without
amyloid (A−) (Fig. 3a). Plasma pTau231 and pTau217
showed a greater difference between the means of
groups with tau pathology (T+) and without tau pathol-
ogy (T−), as depicted in Fig. 3b, although the overlap in
7
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Fig. 3: The forest plot illustrating unstandardized mean difference along with 95% bootstrapped confidence intervals (error bars) (a–c), esti-
mated for the plasma biomarkers between A+/A−, T+/T−, and N+/N− groups in 138 individuals (136 in panel (c)); and the stacked bar plot
displaying the results of dominance analysis. (a). Plasma GFAP and pTau217 had greater difference between the means and narrower 95% CI
when differentiating between A+/A−; (b). Plasma pTau231 and pTau271 had greater mean difference when differentiating between T+/T−; (c).
For the N+/N− group comparison, plasma NfL showed the largest, although modest, mean difference and a wide 95% CI. (d). Results of the
dominance analysis in terms of variance explained. The names of the plasma biomarkers are displayed on the y-axis, and the corresponding
percentage of variance explained illustrated in the coloured segments of the bars. Each colour fill represents a specific variable, as defined in the
plot legend.

Articles

8

the 95% CI between plasma pTau181, 217, 231 and
GFAP suggests a potential similarity in difference
between the means. Lastly, plasma NfL exhibited the
largest mean difference between the N+ and N− groups
relative to other plasma biomarkers, as illustrated in
Fig. 3c. However, its performance was moderate
compared to the mean difference in pTau217 between
individuals with amyloid pathology (A+) and those
without (A−) and characterised by wider uncertainty in
its measurement was observed.

Relative contribution of established AD biomarkers
and demographic variables in explaining the
variance of plasma biomarkers
The dominance analysis was conducted to evaluate the
specific contributions of amyloid PET and CSF pTau181
to each plasma biomarker level using standardized
coefficients (SC). Amyloid PET exhibited the greatest
relative importance in explaining the variance of plasma
GFAP and pTau isoforms, ranging from 40% for
pTau217 to 10% for pTau181, followed by CSF pTau181,
ranging from 17% for pTau217 to 5% for pTau181
(Fig. 3d). Although, demographic variables such as age
and sex explained up to 0.8% of the variance in pTau
isoforms, sex accounted for 4.2% of the variance in
plasma GFAP, while age contributed up to 7.6% to
plasma NfL levels. Of note, this was the largest
contributor that explained the variance in levels of
plasma NfL, followed by atrophy on MRI/CT (denoted
as N, up to 5%). Overall, the proportion of variance in
the investigated plasma biomarkers explained by core
AD biomarkers and demographic variables varied
www.thelancet.com Vol 112 February, 2025
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significantly, ranging from up to 60% for plasma
pTau217 to only 13% for plasma NfL.

Amyloid PET mediates the effect of CSF pTau181 on
plasma biomarkers
To investigate whether the established clinical
biomarker (amyloid PET) might explain the largest
portion of variance in plasma biomarkers but also
mediate the effects of other correlated variables (CSF
pTau181), we conducted a mediation analysis. Of note,
assumption of the linear regression models on which
the mediation analysis was based do not appear violated.
The results revealed that for plasma GFAP and
pTau181, the effect of CSF pTau181 was fully mediated
by amyloid PET, with a average direct effect of CSF
pTau181 that was insignificant (Fig. 4b and c).
Conversely, the effects of CSF pTau181 on plasma
pTau217 and pTau231 demonstrated both a direct and
indirect path being significant (p < 0.0001, based on
1000 bootstrapped samples, with unstandardized indi-
rect effects and 95% CI), suggesting that while part of
the effect could be attributed to amyloid PET, CSF
pTau181 also could exhibit some direct influence on the
levels of these two plasma biomarkers (Fig. 4d and e).
Discussion
The current study focuses on understanding the vari-
ability in levels of plasma pTau181, pTau217, pTau231,
GFAP, and NfL in relation to the clinically used bio-
markers of AD (i.e., amyloid-PET, CSF pTau181, and
Figure 4: (a). The mediation path diagram illustrating the interactions be
plasma biomarkers as the outcome among n = 138 patients. ab (ACME) =
Direct Effect of CSF pTau181, c’ = Direct Effect after accounting for the i
effect of CSF pTau181 on plasma GFAP and pTau181 was fully mediated v
values were only partial mediated via amyloid PET, with CSF pTau181 also
(CI).

www.thelancet.com Vol 112 February, 2025
brain atrophy on MRI) in a cohort of patients of memory
clinics. The novelty of this study stems from the
observation that earlier studies on plasma biomarkers
have mostly been done in well-controlled research-based
settings and in populations with low heterogeneity and
limited comorbidities.54 We observed that higher levels
of pTau181, pTau217, and pTau231, and GFAP were
associated with elevated levels of the core clinical path-
ophysiological AD biomarkers, especially with increased
amyloid PET burden.

Interestingly, all measured plasma pTau isoforms
correlated with amyloid PET, which highlights the role
of amyloid in either tau hyperphosphorylation55,56 and/or
in the subsequent release of tau residues into plasma
and is in line with earlier suggestions that tau might
become hyperphosphorylated in response to amyloid.57

Of note, the association between higher amyloid depo-
sition and Blood–Brain-Barrier dysfunction in AD had
been previously reported and may contribute to a
mechanistic explanation for the amyloid associated
release of pTau isoforms into the circulatory system (for
a review see58).

The effect of CSF pTau181 on plasma GFAP and
pTau181 was not significant after adjusting for amyloid
PET. This finding aligns with a previous PET study of
plasma GFAP, where after adjusting for amyloid, the
association with tau PET was no longer significant.59

This, together with earlier studies,20,24,60 suggests that
plasma GFAP could act as a biomarker for brain amy-
loid-β rather than tau pathology in AD. However,
acknowledging the contradictory results from post-
tween three biomarkers: Amyloid PET (Mediator), CSF pTau181, and
Average Causal Mediation Effect of amyloid PET, c (ADE) = Average

ndirect effects. b–e. Results of the mediation analysis. (b and c). The
ia amyloid PET. (d and e). However, for plasma pTau231 and pTau217
showing a direct effect. The error bars show 95% confidence intervals
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mortem26 and PET studies61 alongside the non-specific
nature of GFAP,62,63 it is plausible that GFAP levels
may reflect different pathologies depending on the stage
of the disease: amyloid pathology at the early stages and
tau pathology at the later stages.

In contrast to plasma pTau181, both plasma pTau217
and pTau231 showed a significant correlation with both
CSF pTau181 and amyloid PET. In line with our ob-
servations, earlier studies have reported that plasma
pTau217 correlates strongly with CSF pTau181 isoforms
in head-to-head comparisons of plasma p-tau assays.64,65

Unlike plasma pTau217, the correlation between CSF
and plasma pTau181 typically ranged from weak to
moderate, as previously reported.64–67 Corroborating
these findings, our study supports the notion that
plasma pTau217 exhibits a stronger association with
post-translational modifications of pTau truncated at
various threonine residues, suggesting that pTau217 is
more effectively translated or detected in blood
compared to other pTau isoforms. Taken together, our
findings align with recent reports that pTau217 is
associated with both Aβ and tau tangle aggregation in
symptomatic individuals.23,68–71

Our results suggest that pTau231 offers insights into
the levels of CSF pTau181, the established clinical
marker of tau pathology within the AT(N) biomarker
framework to date. These findings are also consistent
with in vivo studies using amyloid and tau PET imag-
ing24,70,71 which demonstrate that both pTau231 and
pTau217 levels correlate with the presence of tau
neurofibrillary tangles in individuals with cognitive im-
pairments. Additionally, these results also agree with
post-mortem analyses demonstrating that elevated levels
of plasma pTau231 are indicative of higher Braak
stages.24 This is further supported by an in vivo PET
study, showing that plasma pTau231 concentrations are
different between stage 0 by PET-based Braak stage II.72

Moreover, plasma pTau231 performance has also been
shown to be superior to pTau217 performance in
discriminating between A+T+ and A−T− groups.25

Given, that pTau231 seems to show an earlier increase
than pTau217 in samples enriched with cognitively
unimpaired individuals, it does not, however, rise
significantly with further exacerbation of amyloid pa-
thology.10 The observation of an association between
CSF pTau181 and pTau231 suggests that tau, rather
than amyloid pathology, may contribute to the subse-
quent elevation of pTau231 levels.

The association of NfL with age and brain atrophy on
MRI/CT, observed in our study, aligns with those
documented in previous studies.73–78 Of note, plasma
NfL was the strongest predictor of conversion from MCI
to AD dementia.79 This further underscores the potential
of NfL to serve as a marker in the advanced stages of the
disease, rather than as an early marker of core patho-
logical changes in sporadic AD.
Notably, over 50% of the variance in plasma
pTau181, pTau231, GFAP, and NFL remained unex-
plained by demographic and clinical variables. Previous
research indicates that plasma AD biomarkers are
influenced by various factors, including comorbidities
(e.g., ischemic heart disease, cerebrovascular disease,
chronic kidney disease, hyperlipidemia), lifestyle factors
(smoking, alcohol consumption), body mass index
(BMI), moderate-to-severe white matter hyper-
intensities, medication, and even personality traits.80–88

This underscores the importance of cautious interpre-
tation of these biomarkers, especially when coming
from a less well characterised cohorts of older age in-
dividuals, where comorbidities are highly prevalent.89

In conclusion, the findings from the current study,
as well as those previously reported, demonstrated that
plasma pTau217 closely correlates with both amyloid
and tau pathology and is characterised by lower uncer-
tainty in its measurement compared to other plasma
biomarkers. Plasma pTau231 also correlates with both
pathologies, albeit to a lesser extent, whereas pTau181
primarily serves as a marker for amyloid pathology.
However, the precise mechanisms underlying these
differential associations remain unclear and warrant
further exploration. Specifically, it is unclear how con-
tributions from a particular pTau epitope (T181, T217,
T231), the biochemical properties of assays, and/or the
accuracies of measurement platforms influence these
relationships.65 Plasma GFAP also demonstrates a
strong association with amyloid pathology at the early
disease stage, suggesting that it is a marker associated
with the neuroinflammatory response to initial amyloid
accumulation. Overall, the four proteins measured in
plasma appear to exhibit a similar biomarker profile,
with plasma pTau217 most closely associated with the
biomarkers of amyloid and tau pathology used in clinic,
and standing out as the superior biomarker for AD. As
expected, NfL appeared to have less predictive value in a
cohort of patients enriched with AD; however, it seemed
to provide some insights about brain atrophy.

Limitations
A subset of patients included in the study were referred
to Aβ PET investigations because their CSF biomarker
profile did not provide confidence in diagnosing a pa-
tient as being either amyloid-negative or amyloid-
positive. As a result, our sample may have been
enriched with cases that are diagnostically more chal-
lenging. Another limitation of this study could be the
use of CSF pTau181 as a marker of tau pathology, as
some research suggests that tau-PET may be a more
accurate marker of tau pathology. However, tau-PET is
not currently included in clinical workups, and its
availability in purely clinical dataset is limited. Also, we
acknowledge that the small sample size of the present
study may limit the generalizability of the findings. In
www.thelancet.com Vol 112 February, 2025
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particular, the small sample size for two of the resulting
ATN profiles warrants cautious interpretation of the re-
sults. Future studies with larger sample sizes are needed
to confirm these results and further our understanding of
the difference between the plasma biomarkers across the
ATN profiles. Another limitation is that we could not
account for several important confounders known to in-
fluence the levels of plasma biomarkers, such as BMI,
kidney function, medication, etc. High levels of unex-
plained variance attributable to uncontrolled factors
highlight the need for future studies to include a
comprehensive panel of potential confounders to
improve the accuracy and reliability of biomarker mea-
surements. Nonetheless, we have been able to investigate
plasma biomarkers in a realistic uncontrolled clinical
setting at a tertiary memory clinic, with a heterogeneous
cohort of patients referred from different clinical practice.
The patients were checked to ensure no major distur-
bances in renal function, but other common comorbid-
ities in this clinical cohort, such as previous stroke,
myocardial infarcts, cancer, and medications, could
potentially influence the observations.
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