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ARTICLE

Phosphorylated tau181 in plasma as a potential
biomarker for Alzheimer’s disease in adults
with Down syndrome
Alberto Lleó 1,2,13✉, Henrik Zetterberg 3,4,5,6,13, Jordi Pegueroles1,2, Thomas K. Karikari 3,

María Carmona-Iragui1,2,7, Nicholas J. Ashton3,8,9,10, Victor Montal1,2, Isabel Barroeta1,2,

Juan Lantero-Rodríguez 3, Laura Videla1,2,7, Miren Altuna 1,2, Bessy Benejam1,2,7, Susana Fernandez7,

Silvia Valldeneu1,2, Diana Garzón1,2, Alexandre Bejanin 1,2, Maria Florencia Iulita1,2, Valle Camacho 1,

Santiago Medrano-Martorell 11, Olivia Belbin 1,2, Jordi Clarimon1,2, Sylvain Lehmann12, Daniel Alcolea 1,2,

Rafael Blesa1,2, Kaj Blennow 3,4,14 & Juan Fortea1,2,7,14✉

Plasma tau phosphorylated at threonine 181 (p-tau181) predicts Alzheimer’s disease (AD)

pathology with high accuracy in the general population. In this study, we investigated plasma

p-tau181 as a biomarker of AD in individuals with Down syndrome (DS). We included 366

adults with DS (240 asymptomatic, 43 prodromal AD, 83 AD dementia) and 44 euploid

cognitively normal controls. We measured plasma p-tau181 with a Single molecule array

(Simoa) assay. We examined the diagnostic performance of p-tau181 for the detection of AD

and the relationship with other fluid and imaging biomarkers. Plasma p-tau181 concentration

showed an area under the curve of 0.80 [95% CI 0.73–0.87] and 0.92 [95% CI 0.89–0.95]

for the discrimination between asymptomatic individuals versus those in the prodromal and

dementia groups, respectively. Plasma p-tau181 correlated with atrophy and hypometabolism

in temporoparietal regions. Our findings indicate that plasma p-tau181 concentration can be

useful to detect AD in DS.
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Down syndrome (DS) is the most frequent form of devel-
opmental intellectual disability of genetic origin, affecting
5.8 million people worldwide1. Due to improved medical

care, life expectancy has dramatically increased, currently
exceeding 60 years of age2. However, age-related comorbidities
have also emerged. In particular, the lifetime risk of Alzheimer’s
disease (AD) in people with DS is over 90%3,4. As a result, AD
has become the main cause of death in this population5. In spite
of the strong association between DS and AD, this comorbidity is
still underrecognized and underdiagnosed1, which prevents or
delays access to appropriate medical care and clinical trials.

We and others have described the usefulness of cerebrospinal
fluid (CSF) and amyloid positron emission tomography (PET)
biomarkers to detect the core neuropathological hallmarks of AD
in this population5–8. All these studies support the notion that
AD in DS recapitulates the pattern observed in both sporadic and
autosomal-dominant AD. However, despite the high accuracy of
core CSF and imaging biomarkers to detect AD, the costs and low
accessibility of these tests may limit the broad application in
clinical routine, restricting their use to specialized centres. In
recent years, blood biomarkers have emerged as an easy and cost-
effective alternative for the screening of AD9. In particular,
plasma NfL and the ratio Aβ1–42/1–40 have been described as
accurate peripheral markers to detect neurodegeneration and
brain amyloidosis, respectively10–12. However, changes in plasma
NfL are not specific to AD10, and changes in plasma Aβ levels
(and the ratio Aβ1–42/1–40) are small compared to the change in
CSF13, which confers high demands on between-assay precision
for clinical routine. A recent advance has been the description of
plasma p-tau assays, mainly p-tau181 and p-tau217, that can
differentiate AD from other neurodegenerative diseases with high
accuracy14–19. Currently, only one small study20 has investigated
plasma p-tau181 levels in 20 adults with DS. However, the
method lacked analytical sensitivity to measure plasma p-tau in
around half of DS cases, and that study did not assess the AD
clinical status or the diagnostic performance of this biomarker.

In this cross-sectional study, we assessed the accuracy of p-
tau181 in plasma to detect AD in a large cohort of adults with DS
and describe the association with other biochemical and neuroi-
maging AD biomarkers.

Results
Participants. We included 366 adults with DS and 44 euploid
controls. Table 1 summarizes the demographics, cognitive and
biomarker data. 170 (46.4%) of the participants with DS and 23
(52.3%) of the controls were female. Among the participants with
DS, 21.9% had mild intellectual disability, 51.1% moderate and
27.0% severe or profound. Of the participants with DS, 240
(65.6%) were asymptomatic, 43 (11.7%) had prodromal AD and
83 (22.7%) had AD dementia at the time of blood draw. The
median age of diagnosis was 50.3 [48.0–54.1] for prodromal AD
and 53.2 [49.2–57.1] for AD dementia. As previously reported4,7,
participants with DS and prodromal AD and AD dementia
showed a decrease in the CSF ratio of Aβ1-42/1-40 and an increase
in CSF concentration of total tau, p-tau181 and NfL, as well as an
increase in plasma concentration of NfL compared with asymp-
tomatic subjects and euploid controls (Table 1).

Group comparisons and diagnostic accuracy of p-tau181.
While plasma p-tau181 concentration was relatively stable in the
euploid controls across age, they increased in the early thirties in
DS (Fig. 1), and by the age of 40.5 years, the confidence intervals
of adults with DS and euploid controls did not overlap (10 years
before expected prodromal AD diagnosis).

There were no differences in plasma p-tau181 concentration
between asymptomatic DS participants and controls (11.36 pg/
mL vs 9.31 pg/mL; p= 0.139; Fig. 2A, Table 1). Median plasma p-
tau181 concentration in participants with DS and prodromal AD
and AD dementia were increased approximately two-fold
compared to those of asymptomatic participants with consider-
able overlap (Fig. 2A, Table 1; p < 0.0001). Plasma p-tau181
concentration in participants with DS and AD dementia were
higher compared to those of participants with prodromal AD
(32.58 pg/mL vs 21.72 pg/mL; p= 0.024, Fig. 2A, Table 1). Plasma
p-tau181 concentration was higher in participants with moderate
or severe/profound intellectual disability than in those with mild
intellectual disability (Supplementary Fig. 1). We next analysed
the accuracy of plasma p-tau181 concentration for the diagnosis
of AD in DS (Fig. 2B). The AUC was 0.80 [95% CI 0.73–0.87] for
the comparison between asymptomatic individuals versus those
with prodromal AD and 0.92 [95% CI 0.89–0.95] for the
comparison between asymptomatic individuals versus those with
AD dementia. The AUC was 0.88 [95% CI 0.84–0.91] for the
comparison between asymptomatic individuals versus those with
symptomatic AD (prodromal and dementia groups combined).
The diagnostic performance of p-tau181 increased in combina-
tion with age and APOEε4 status (Supplementary Fig. 2). For
comparison purposes, diagnostic performance of CSF biomarkers
is shown in Supplementary Fig. 3.

Comparisons of plasma p-tau181 and plasma NfL. We next
compared the diagnostic accuracy of plasma p-tau181 levels with
the levels in plasma of NfL in the subset of participants with both
measures (Fig. 2C, Supplementary Table 1, n= 289)7. The AUC
for the comparison between asymptomatic individuals versus
those with prodromal AD was 0.88 [95% CI 0.82–0.93] for p-
tau181 and 0.86 [95% CI 0.81–0.92] for NfL. The AUC for the
comparison between asymptomatic individuals versus those with
AD dementia was 0.94 (95% CI 0.91–0.97) for p-tau181 and 0.96
[95% CI 0.93–0.98] for NfL (Fig. 2C and D). The AUC was 0.92
[95% CI 0.89–0.95] for plasma p-tau181 and 0.93 [95% CI
0.90–0.96] for plasma NfL for the comparison between asymp-
tomatic individuals versus those with symptomatic AD (pro-
dromal and dementia). The differences in diagnostic accuracy
between plasma p-tau181 and plasma NfL were not statistically
significant.

Associations with other fluid biomarkers. We also analysed the
correlation between log-transformed plasma p-tau181 levels and
other core AD fluid biomarkers (Supplementary Fig. 2). In sub-
jects with DS plasma p-tau181 concentration correlated with
plasma NfL concentration (rho= 0.70; p < 0.0001). In paired
plasma-CSF samples there was a correlation between plasma p-
tau181 concentration and the CSF ratio Aβ1-42/1-40 (rho=−0.52;
p < 0.0001), CSF concentration of total tau (rho= 0.63; p <
0.0001), CSF concentration of p-tau181 (rho= 0.68; p < 0.0001)
and CSF concentration of NfL (rho= 0.58; p < 0.0001, Supple-
mentary Fig. 4).

Associations with imaging biomarkers. Next, we analysed the
correlation between plasma p-tau181 and imaging biomarkers in
participants with DS. Plasma p-tau181 concentration correlated
with atrophy measured by MRI in characteristic AD regions
including the temporal regions angular and supramarginal gyri
and precuneus of both hemispheres (n= 121, Fig. 3). These
associations also extended into the lateral frontal and orbito-
frontal and some occipital structures. The stratified analyses by
clinical group showed that these results were primarily driven by
patients with symptomatic AD. Similarly, plasma p-tau181
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concentration correlated with lower brain metabolism in tem-
poroparietal regions measured by FDG-PET (n= 68), and this
association was mainly driven by patients with symptomatic AD
(Fig. 3B). The areas with hypometabolism overlapped with the
areas with atrophy.

Finally, we compared concentration of plasma p-tau181 in
participants with amyloid PET available. Of the 45 DS cases with
amyloid PET, 10 were amyloid negative (SUVr < 1.11). The mean
plasma p-tau181 concentration was higher in participants with
DS that had a positive amyloid PET scan compared with those
with a negative amyloid status (Fig. 4A). The AUC for the
comparison between both groups was 0.77 (95% CI 0.61–0.93;
Fig. 4B).

Discussion
This study describes that plasma p-tau181 can be reliably used for
the screening of AD in a well-characterised cohort of participants
with DS. Plasma p-tau181 concentration start to increase in the
early thirties and correlate with core fluid biomarkers of AD as
well as with cortical thinning and brain hypometabolism in AD-
related brain regions.

Recent biomarker studies14–17,19,20 have shown that blood p-
tau181 can identify central tau pathology with high accuracy in
sporadic AD. Concentration of p-tau181 in blood is increased in
individuals with AD with respect to cognitively healthy indivi-
duals, they predict amyloid β PET positivity and are not elevated
in non-AD conditions14–17,19. In addition, concentration of p-
tau181 in blood correlate with CSF p-tau181, tau pathology
measured by PET and Braak stages post-mortem15. There is only
one small study with 20 adults with DS that has investigated
plasma p-tau181 concentration20. However, this study did not
assess the diagnostic performance, did not evaluate the clinical
dementia status of the participants and the method had insuffi-
cient analytical sensitivity.

Our data in individuals with DS are in good agreement with
recent studies on plasma p-tau-181 in sporadic and autosomal-

dominant AD14–17,21. In DS, changes in p-tau181 concentration
in blood are already detectable in the fourth decade with a very
similar temporality and magnitude of change to plasma NfL
concentration and CSF p-tau181, total tau and NfL levels4. The
pattern of change of plasma p-tau181 in DS is also very similar to
that described in autosomal-dominant AD21. Similarly to CSF
total tau and CSF NfL concentrations4, plasma p-tau181 con-
centration was similar in asymptomatic adults with DS and
controls, but showed a two-fold increase in median plasma p-tau
concentration in patients with prodromal AD and AD dementia
compared with asymptomatic individuals. This result is in dis-
agreement with the only other study to have investigated plasma
p-tau181 concentration in DS20, which found higher levels in the
20 subjects with DS with respect to the 22 controls. The group
differences might have been driven by undiagnosed symptomatic
patients as the study did not asses dementia status and all adults
with DS and high plasma p-tau181 concentrations were older
than 40. In contrast, we show that young adults with DS have
normal concentration of plasma p-tau181.

A relevant finding of this study is that we show a strong cor-
relation of plasma p-tau181 and plasma NfL in adults with DS.
We have shown in a previous study that plasma NfL has an AUC
of 0.95 (95% CI 0.92–0.98) for the differentiation of asympto-
matic vs AD dementia in Down syndrome7. In the present study,
there were no statistical differences in accuracy between both
markers. Despite the lack of disease specificity of NfL, these
results can be explained by the fact that DS is a genetically
determined form of AD4,22 and that individuals with DS have a
90% lifetime risk of developing AD. In other words, a non-
specific neurodegeneration marker (NfL) mirrors the diagnostic
performance of a specific AD marker (p-tau181) because the
other conditions that elevate NfL levels in adults with DS are
exceedingly rare. In contrast, the general population is at risk of
neurodegenerative dementias other than AD, which explains the
different performance. Nonetheless, both in clinical practice and
trials, these two biomarkers could provide complementary

Table 1 Demographics, cognitive and biomarker data of participants with Down syndrome and controls.

Control aDS pDS dDS

n 44 240 43 83
Age (years) (median [IQR]) 55.75 [47.50, 62.02]* 37.83 [29.90, 45.58]*+& 50.27 [48.02, 54.10]& 53.21 [49.19, 57.14]+
Gender=Male (%) 21 (47.7) 132 (55.0) 22 (51.2) 42 (50.6)
APOEε4 positivity (%) 10 (23.3) 47 (19.7) 10 (23.3) 19 (23.5)
MMSE score (median [IQR]) 30.00 [29.00, 30.00]
CAMCOG score (median [IQR]) 77.00 [62.00, 86.00]+& 61.00 [46.50, 73.50]&^ 41.00 [30.00, 55.00]+^
Degree of disability (%)
Mild 68 (28.3) 7 (16.3) 5 (6.0)
Moderate 120 (50.0) 18 (41.9) 49 (59.0)
Severe/Profound 52 (21.7) 18 (41.9) 29 (34.9)
plasma p-tau181 (pg/ml)
(median [IQR])

9.31 [7.46, 13.82]$# 11.36 [8.10, 16.01]+& 21.72 [16.55, 37.02]&^ 32.58 [23.67, 44.57]+$^

plasma NfL (pg/ml) (median [IQR]) 3.38 [2.89, 4.16]$#* 5.93 [4.43, 10.25]+&* 13.61 [11.50, 18.26]&^ 23.86 [17.33, 33.65]+$^
CSF Aβ42/Aβ40 (median [IQR]) 0.11 [0.10, 0.11]$#* 0.08 [0.06, 0.09]+&* 0.04 [0.04, 0.05]& 0.05 [0.04, 0.05]+$
CSF t-tau (pg/ml) (median [IQR]) 239.00 [181.75, 295.50]$# 309.00 [163.00, 446.00]

+&
711.50 [467.25, 1112.50]
&

963.00 [653.00,
1222.00]+$

CSF p-tau (pg/ml) (median [IQR]) 32.15 [24.55, 41.52]$# 29.80 [17.30, 51.20]+& 111.90 [69.30, 201.07]& 152.80 [93.40, 192.80]+
$

CSF NfL (pg/ml) (median [IQR]) 362.00 [260.10, 497.56]$# 365.00 [233.30, 507.60]
+&

705.05 [645.00,
1027.05] &^

1201.00 [893.58,
1625.00]+$^

SUVR 18F-FBP (median [IQR]) 1.15 [1.09, 1.20]+& 1.35 [1.17, 1.43]& 1.33 [1.30, 1.34]+
SUVR 18F-FDG (median [IQR]) 1.35 [1.26, 1.41] +& 1.11 [1.07, 1.30]&^ 0.82 [0.74, 0.93]+^

N sample, IQR interquartile range, ID intellectual disability, CSF cerebrospinal fluid, Aβ Amyloid-β, NfL neurofilament light protein, FDG 18-fluorodeoxyglucose, SUVR Standardized Uptake Value Ratio. aDS
asymptomatic Down syndrome, pDS prodromal Alzheimer’s disease Down syndrome, dDS Alzheimer’s disease dementia Down syndrome, Controls euploid healthy controls.
Symbols designate significant differences between groups: control-aDS (*), control-pDS (#), control-dDS ($), aDS-pDS (&), aDS-dDS (+) and pDS-dDS (^).
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information. Plasma p-tau181 could be prioritized as a first
diagnostic screening, and a measure of target engagement in trials
with anti-tau compounds. In turn, NfL could be used for mon-
itoring disease progression and neurodegeneration during follow-
up. In this sense, it is worth mentioning that longitudinally only

CSF NfL, but not CSF p-tau181 concentration, increase in
autosomal-dominant and sporadic AD23,24. Future studies should
assess whether the longitudinal trajectories of plasma NfL and
plasma p-tau181 differ in DS (and in the general population).

One relevant difference between our study and previous studies
in sporadic AD is that concentration of p-tau181 in plasma in DS
predicted amyloid β PET positivity (AUC 0.77) with less accuracy
than in sporadic AD (AUC 0.80–91)14–16. This is not entirely
unexpected given the context of application in a population
genetically determined to develop AD. Indeed, in the elderly
euploid population only a proportion of subjects have AD
pathological changes. In DS and autosomal-dominant AD, all
subjects eventually develop AD pathological changes with
time4,25. In these populations, AD biomarkers show some degree
of co-linearity in the AD continuum, more so than in healthy
controls26, although with different temporality4,25. Therefore, the
greater variability of AD pathological changes in the general
population facilitates the accuracy to detect amyloid positivity.
Furthermore, despite the co-linearity, the different biomarkers
have different temporalities and sensitivities in the DS population
with respect to other forms of AD. Thus, amyloid-β PET has
indeed limited sensitivity to detect the earliest stages of amyloid
deposition in DS27, and changes in amyloid burden with PET are
detected ten years later than with CSF Aβ1-42/1-40 levels4. Of note,
a similar offset has been reported in autosomal-dominant AD25.
Thus, the context of application in a population with genetically
determined AD and this sequence of changes, with early amyloid
deposition in most individuals, likely explain the limited perfor-
mance of plasma p-tau181 in predicting amyloid-β PET positivity
in DS with respect to the general population.

Finally, we found that plasma p-tau181 concentration corre-
lated with cortical thickness and brain metabolism, mainly in
subjects with DS with symptomatic AD. These findings suggest
that plasma p-tau181 is associated with AD-related neurode-
generation, as it has been suggested in sporadic AD16. If this is the
case, then plasma p-tau181 could serve as a predictor of disease
progression14. Future studies should assess if plasma p-tau181
concentration can be used to identify asymptomatic individuals
with DS most likely to progress to AD dementia. It will be also
important to investigate the longitudinal change of plasma p-tau
and its association with the rate of decline, as well as the corre-
lation with tau PET imaging and with post-mortem neuro-
pathological measures of tau pathology, both intraneuronal
neurofibrillary tangles and tau-positive neurites surrounding
amyloid plaques.

Our results have several important implications. First, they
support the use of plasma p-tau181 as an easily accessible bio-
marker of tau pathology in DS. Second, these results show that
the changes in this biomarker are similar to those described in
sporadic and autosomal-dominant AD. Finally, our findings
suggest that plasma p-tau181 may be a useful biomarker in
clinical trials in DS, either for screening or inclusion purposes, or
to monitor drug effects on tau pathology in clinical trials in DS.
People with DS are a suitable population to conduct AD clinical
trials, and the prevalence is higher than other genetic-determined
forms of AD. Unfortunately, despite the remarkably high risk to
develop symptomatic AD in this population, very few trials have
been performed in individuals with DS. We previously showed
that a significant proportion of adults with DS are capable and
willing to perform all the multimodal studies required in a trial4.
The implementation of easily accessible biomarkers, such as
plasma p-tau181 and NfL, may accelerate the testing of therapies
for AD in people with DS.

The main strengths of this study are the large sample size with
a wide range of age and the comprehensive and multimodal
nature of the evaluation that includes clinical, biochemical and

Fig. 1 Changes with age in plasma p-tau181 concentrations in Down
syndrome and euploid controls. a Age-related changes in p-tau181 levels in
individuals with Down syndrome (asymptomatic, prodromal Alzheimer’s
disease and Alzheimer’s disease dementia, all in red) and in euploid
controls (blue). The central lines indicate the fitted linear model for each
group and the shadowed ribbons show the 95% confidence level intervals.
b Integrated model of the natural history of Alzheimer’ disease in Down
syndrome. Comparison of the evolution of the standardized differences
between participants with Down syndrome and controls fitted with a locally
estimated scatterplot smoothing curve. Plasma p-tau levels are represented
in a solid red line and are compared with CSF p-tau levels and both plasma
and CSF NfL levels (modified from ref. 4). Positive standardized differences
represent higher biomarker values in participants with Down syndrome
compared to euploid controls and negative values represent lower
biomarker values. Standardized differences were computed by the
difference between the DS and the controls divided by the standard
deviation of both groups.
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Fig. 2 Plasma p-tau181 and NfL concentrations in Down syndrome clinical groups and controls. a, b Box and whisker plots of the median concentrations
of plasma p-tau181 and plasma NfL. Plasma p-tau181 concentrations a for aDS (n= 240), pDS (n= 43), dDS (n= 83) and euploid controls (n= 44) and
plasma NfL concentrations b for aDS (n= 193), pDS (n= 26), dDS (n= 56) and euploid controls (n= 14). The central black lines indicate the median
values. The boxes above and below these lines show the upper and lower quartiles, respectively, and the whiskers illustrate upper and lower 1.5× IQR limits.
c, d ROC curves for plasma p-tau181 (c) and NfL (d) comparing the asymptomatic group with the Alzheimer’s disease dementia (full curve) and with the
prodromal Alzheimer’s disease group (dotted curve). ROC receiver operating characteristic, NfL neurofilament light protein, p-tau tau phosphorylated at
threonine 181.

Fig. 3 Association of plasma p-tau181 levels with imaging biomarkers in Down syndrome. a Association of p-tau181 levels with cortical thickness
measured by MRI in Down syndrome subjects. Levels of plasma p-tau181 correlated with atrophy in Alzheimer’s disease typical regions. b Association of
plasma p-tau181 levels with brain metabolism measured by 18FDG-PET in Down syndrome subjects. Levels of plasma p-tau181 correlated with lower brain
metabolism, also driven by patients with symptomatic Alzheimer’s disease. aDS asymptomatic Down syndrome, sDS Down syndrome with symptomatic
Alzheimer’s disease.
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imaging markers. The main limitations are the cross-sectional
design, the lack of tau PET imaging or pathological confirmation
and that the sample sizes differ between biomarker modalities.

In conclusion, our study shows that p-tau181 in plasma can be
useful for the detection of AD in DS. This biomarker correlates
with the characteristic hallmarks of AD observed in other bio-
marker modalities. Determinations of plasma p-tau181 may be
useful as a first screening tool to detect AD in DS, particularly in
those with severe intellectual disability where a precise clinical
diagnosis is more difficult, as well as in and clinical trials.

Methods
Study design and participants. We performed a single-centre cross-sectional
study of adults with Down syndrome and euploid controls in Barcelona (Spain).
Adults with DS were recruited from a population-based health plan designed to
screen for AD dementia, which includes yearly neurological and neuropsycholo-
gical assessments. Those individuals interested in research studies are included in
the Down Alzheimer Barcelona Neuroimaging Initiative (DABNI) cohort4,7. We
recruited the euploid cognitively normal controls from the Sant Pau Initiative on
Neurodegeneration (SPIN) cohort28. The period of recruitment was February 2013
to December 2019.

The study was approved by the Ethical Review Board of the Sant Pau Research
Institute, following the standards for medical research in humans recommended by
the Declaration of Helsinki. All participants or their legally authorized
representatives gave written informed consent before enrolment. We included all
adults with DS that had plasma available.

Procedures. For the purpose of dementia diagnosis, we administered a semi-
structured adapted health questionnaire to the caregivers, the Cambridge Exam-
ination for Mental Disorders of Older People with Down Syndrome and others
with intellectual disabilities (CAMDEX-DS) developed in Cambridge (UK), and
also adapted to the Spanish population. The CAMDEX includes a comprehensive
battery covering seven different cognitive domains, the Cambridge Cognitive
Examination for Older Adults with Down Syndrome (CAMCOG-DS). Using these
tools, we classified participants with Down syndrome into asymptomatic (no
clinical or neuropsychological suspicion of AD), prodromal AD (suspicion of AD,
but symptoms do not fulfill criteria for dementia) or AD dementia (subjects with
DS with full-blown dementia) in a consensus meeting between the neurologist/
psychiatrist and the neuropsychologists who assessed them blind to the biomarker
data4,7. We stratified the level of intellectual disability according to the Diagnostic
and Statistical Manual of Mental Disorders, Fifth Edition as mild, moderate, severe
or profound (which were grouped together). Classification was based on the
individuals’ best-ever level of functioning. The information was obtained through
family interview and review of medical or educational records for past assessment
results.

Euploid controls underwent a structured neurological assessment and a
comprehensive neuropsychological battery. Inclusion criteria were normal
neuropsychological results for their age and education, a clinical dementia rating
scale score of 0 and normal levels of core AD biomarkers in CSF28.

Genetic screening of trisomy 21 was assessed in 308 adults with DS (75.3%), and
APOEε4 carrier status was obtained following previously published protocols4,7.

A subset of participants had 3T-MRI (n= 121) and/or 18F-fluorodeoxyglucose
PET (FDG-PET, n= 68) and/or 18F-Florbetapir PET acquisitions (n= 45)
available for analysis4,7. Structural T1 MRI was processed using the cortical
reconstruction pipeline of Freesurfer v6 (https://surfer.nmr.mgh.harvard.edu/). The
estimated cortical thickness (CTh) individual surfaces were inspected in order to
detect segmentation errors, and a smoothing kernel of 15 mm was applied to all the
images. FDG-PET images were co-registered to the individual MRI and intensity
scaled by the uptake of the pons-vermis region and the resulting images were
projected to the middle point of the cortical ribbon. Finally, these images were
visually inspected for possible errors and a smoothing kernel of 10 mm was then
applied4. For the 18F-Florbetapir scans, whole cerebellum was used as reference
region29. The cut-off point for amyloid positivity was 1.1129.

CSF and blood samples were acquired concurrently on the same day following
established procedures14. Briefly, CSF samples were collected in 10 mL
polypropylene tubes (Sarstedt, Ref#62.610.018) and transferred to the Sant Pau
Memory Unit’s laboratory where they were processed and aliquoted within the first
2 h after the lumbar puncture and stored at −80 °C until analysis. Plasma samples
were collected in 10 ml ETDA tubes, and centrifuged at 4 °C for 10 min, and
aliquoted within the first 2 h in 100 µl tubes. The median storage time was 3.5 years
(IQR 1.7–4.4) and all samples had a maximum of two freeze/thaw cycles before the
analysis. Plasma levels of p-tau181 were measured with a validated Single molecule
array (Simoa) immunoassay, as described previously in detail13, by technicians
blinded to the biomarker and clinical data at the Sahlgrenska Academy at the
University of Gothenburg, Möndal, Sweden. Plasma levels of NfL were measured
using the commercially available NF-light kit (Quanterix, Billerica, MA) by Simoa
at Centre Hospitalier Universitaire Montpellier (n= 289, Montpellier, France). CSF
was available in a subset of participants (n= 129). CSF levels of Aβ11-42, Aβ1-40,

Fig. 4 Plasma p-tau181 levels to predict Amyloid-β PET positivity in
Down syndrome. a Plasma p-tau181 levels for Down syndrome subjects
stratified by amyloid-β PET status (n PET negative= 0; n PET positive=
35). The central black lines indicate the median values. The boxes
above and below these lines show the upper and lower quartiles,
respectively, and the whiskers illustrate upper and lower 1.5× IQR
limits. b ROC curves for plasma p-tau181 comparing the individuals
with Down syndrome with positive and negative amyloid-β PET. ROC
receiver operating characteristic, p-tau tau phosphorylated at
threonine 181.
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p-tau181 and total tau were quantified in all samples using a commercially
available immunoassay in the fully automated platform LUMIPULSE (Fujirebio-
Europe, Ghent, Belgium)29. CSF NfL levels were measured with a commercially
available ELISA (UmanDiagnostics, Umeå, Sweden) following the manufacturer’s
recommendations. All CSF samples were analysed at Hospital Sant Pau. Methods
and results from plasma NfL and CSF biomarkers other than plasma p-tau181 in
this cohort have already been published4,7. All measurements were obtained from
distinct samples.

Statistical analysis. All the statistical analyses were performed using R statistical
software version 3.6.3. Baseline characteristics were reported using standard
descriptive statistics. Continuous variables were indicated as median [IQR] and
categorical data were summarised as absolute frequencies and percentages. Dif-
ferences in baseline characteristics between the diagnostic groups were assessed
using Kruskal–Wallis and Dunn’s tests with Holm multiple comparisons correc-
tion. To determine the temporality of plasma p-tau181 changes in DS we fitted a
1st degree locally estimated scatterplot smoothing curve in controls and in adults
with DS independently4. We defined biomarker change as the age at which the
groups appear to start diverging visually, but we also provide the lower age at which
the confidence intervals (at 95%) between groups did not overlap.

The diagnostic performance of plasma p-tau181 and NfL was determined with
receiver operating characteristic (ROC) curve analyses. DeLong’s test was used to
compare the different areas under the curve (AUC). To assess the correlation
between plasma p-tau and other fluid biomarkers, Spearman correlation was used.
P-tau181 values were non-normally distributed. Therefore, we present the raw data
in the figures and ROC analyses although we used log-transformed the plasma p-
tau181 values for the neuroimaging analyses.

All significance tests were two-sided with the statistical significance set at 5%.
Finally, for the neuroimaging variables, we first performed vertex‐wise correlation
analyses between p-tau181 plasma and both CTh and FDG-PET uptake in the
whole sample. We then conducted separate stratified analyses in asymptomatic and
symptomatic AD participants. To correct for multiple comparisons, the threshold
of significance was set at family‐wise error (FWE)-corrected P < 0.05 for all vertex‐
wise analyses.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
Anonymized data will be shared upon request from a qualified academic investigator for
the sole purpose of replicating procedures and results of the article and as long as data
transfer is in agreement with EU legislation on the general data protection and the
transfer is approved by the Ethical Review Board of the Sant Pau Research Institute.
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