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Abstract

Background: As Alzheimer’s disease (AD) pathology presents decades before dementia manifests, unbiased
biomarker cut-points may more closely reflect presence of pathology than clinically defined cut-points. Currently,
unbiased cerebrospinal fluid (CSF) tau cut-points are lacking.

Methods: We investigated CSF t-tau and p-tau cut-points across the clinical spectrum using Gaussian mixture
modelling, in two independent cohorts (Amsterdam Dementia Cohort and ADNI).

Results: Individuals with normal cognition (NC) (total n = 1111), mild cognitive impairment (MCI) (total n =1213) and
Alzheimer's disease dementia (AD) (total n = 1524) were included. In both cohorts, four CSF t- and p-tau distributions
and three corresponding cut-points were identified. Increasingly high tau subgroups were characterized by steeper
MMSE decline and higher progression risk to AD (cohort/platform-dependent HR, t-tau 1.9-21.3; p-tau 22-9.5).

Limitations: The number of subjects in some subgroups and subanalyses was small, especially in the highest tau
subgroup and in tau PET analyses.

Conclusions: In two independent cohorts, t-tau and p-tau levels showed four subgroups. Increasingly high tau
subgroups were associated with faster clinical decline, suggesting our approach may aid in more precise prognoses.
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Background
Abnormal levels of amyloid-p 1-42 (Ap42), total tau (t-
tau) and tau phosphorylated at threonine 181 (p-tau-181)
are biomarkers for the presence of Alzheimer’s disease
(AD) pathology in the brain [1], and part of established re-
search criteria for AD across the cognitive continuum [2,
3]. Classification schemes based on biomarkers depend on
cut-points, and different approaches exist to determine
such cut-points. The most often used traditional approach
determines cut-points by optimizing the sensitivity and
specificity to detect clinical AD-type dementia compared
to controls [4—6]. However, approaches that use clinical
labels as outcomes may not be optimal, because clinical la-
bels do not optimally reflect the absence or presence of
AD pathology: For example, almost 30% of cognitively in-
tact individuals in their seventies have AD pathology [7],
and up to 20% of clinical AD dementia cases do not show
AD pathology at neuropathological examination [8-11].
As such, cut-point based on clinical labels can be biased.
Gaussian mixture modelling provides an approach to
determine cut-points independent of clinical information
[12]. This approach is based on the notion that the dis-
tribution of biomarker values in a population is a mix-
ture of values belonging to subpopulations, i.e. normal
and affected individuals. Previous studies using this ap-
proach have found a bimodal distribution of Ap42 levels,
of which the cut-point (i.e. the intersection of these
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distributions) was higher than clinically based cut-
points, resulting in more sensitive detection of prede-
mentia AD [13-16]. As of yet, however, it remains un-
clear whether it is also possible to detect unbiased cut-
points in t-tau and p-tau levels.

High t-tau levels in the cerebrospinal fluid (CSF) are
thought to reflect neuronal degeneration or injury, and
elevated t-tau levels can be found in the CSF in various
conditions involving neuronal death, for example after
an acute stroke. In contrast, p-tau-181 is presumed to
reflect the formation of phosphorylated tau in the brain
and to represent more specifically the formation of
neurofibrillary tangles, one of the neuropathological hall-
marks of AD [17, 18]. As tau pathology is a hallmark of
AD, it can be hypothesized that similarly to amyloid, t-
and p-tau levels may be a mixture of values belonging to
normal and affected individuals, from which unbiased
cut-points might be determined.

The objective of this study was to investigate whether
subgroups can be identified in CSF t- and p-tau levels
using Gaussian mixture modelling and to determine cut-
points. We characterized tau subgroups in terms of clin-
ical and biological characteristics and longitudinal trajec-
tories of cognitive decline. We repeated analyses in the
independent ADNI cohort to determine the robustness
of the identified subgroups and tested stability of group
membership by studying longitudinal changes in t-tau

Table 1 Participant characteristics of the Amsterdam Dementia Cohort (ADC) and ADNI cohorts

ADC ADNI
Characteristic NC MCl AD dementia NC McCl AD dementia
N =740 N =591 N =1296 N =371 N =622 N =228
MMSE, mean + SD 282+18 265+24° 205+5¢ 291+£12 277+18° 233+£2°¢
Age, mean + SD 596+89 664+82° 662+81° 738+59 724+75° 749+81°

Female, n (%)

APOE e4 carrier, n (%) NC

306 (41.4%)
258 (36.3%)

217 (36.7%) °
287 (52.4%) °

674 (52%) ©
791 (65.3%) ©

195 (52.6%)
103 (27.8%)

255 (41%) °
307 (49.4%) °

95 (41.7%)
154 (67.5%) ©

Innotest: T-tau (pg/ml), mean + SD 29064 +2008  4664+3036°% 7166+4171° na. na. na.

Innotest: P-tau (pg/ml), mean + SD 484 +22.7 668+336° 876+395°¢ na. na. na.

Innotest: AB42 (pg/ml), mean + SD 1071242469 859.1+288.1°% 6484+1666° na. na. na.

Innotest: Abnormal AB42 (<813 pg/ml), n (%) 124 (16.8%) 326 (55.2%) ° 1173 (90.5%) ©  n.a. na. na.

Luminex T-tau (pg/ml), mean + SD na. na. na. 674+32.8 904 +548° 1266+614 ¢
Luminex P-tau (pg/ml), mean + SD na. na. na. 3244188 392+237° 516+307 ¢
Luminex AB42 (pg/ml), mean + SD na. na. na. 201.7+519  1712+525° 1396+388 ¢
Luminex Abnormal Ap42 (< 192 pg/ml), n(%) n.a. n.a. n.a. 156 (42%) 403 (64.8%) ® 210 (92.1%) ©
Elecsys T-tau (pg/ml), mean + SD n.a. na. n.a. 2385+90 2849+1267° 3702+ 1444 €
Elecsys P-tau (pg/ml), mean + SD na. na. na. 219+92 276+ 144° 369+ 157 €
Elecsys AB42 (pg/ml), mean +SD n.a. na. n.a. 1337+6479 1020.7+5548 % 694.6+420.7 ©
Elecsys Abnormal AR42 (< 880 pg/ml), n (%) na. na. na. 104 (28%) 325 (53%) ° 189 (85%) ©

n.a. not available, NC cognitively normal, MCI mild cognitive impairment, AD Alzheimer’s disease

“Differs from NC with p <.05
PDiffers from MCl with p <.001
“Differs from MCl and NC with p <.001
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and p-tau levels. Finally, we compared subgroups on tau
PET uptake that was available for a subset of individuals
in ADNL

Methods

We investigated the existence of CSF t- and p-tau sub-
groups in data from two independent clinical cohorts. The
memory clinic-based Amsterdam Dementia Cohort
(ADC) was used for testing our hypothesis [19], and the
Alzheimer’s Disease Neuroimaging Initiative (ADNI;
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www.adni-info.org) was used for validation of the results.
ADNI started in 2003 as a public-private collaboration
under the supervision of Principal Investigator Michael
W. Weiner, MD. The primary goal of ADNI is to study
whether serial magnetic resonance imaging (MRI), posi-
tron emission tomography (PET), other biological markers
and clinical and neuropsychological measures can be com-
bined to measure the progression of mild cognitive im-
pairment (MCI) and early Alzheimer’s disease (AD).
Please see www.adni-info.org for the latest information.

a) Amsterdam Dementia Cohort Amsterdam Dementia Cohort
300 -
200
200 1 150 |
< <
3 2100
(& (6]
100 -
/ 50
0 1 0 1
0 1000 2000 3000 0 100 200 300
T-tau pg/ml P-tau pg/ml
b)  ADNI Luminex ADNI Luminex
150 150
100
= =100+
S 3
3 s)
(&) O
50 50 4
0 L] : ISSuER) 0 (\
0 100 200 300 400 0 50 100 150 200
T-tau pg/ml P-tau pg/mi
C)  ADNIElecsys ADNI Elecsys
50 | 100
40 - 757
€ 30 <
3 3 501
O 201 ')
104 251
01 04
200 400 600 800 25 50 75 100
T-tau pg/ml P-tau pg/ml
—— Subtype 1 —— Subtype 2 —— Subtype 3 —— Subtype 4 Normal amyloid Abnormal amyloid
Fig. 1 Tetramodal distributions in t-tau and p-tau levels in ADC and ADNI. Levels in ADC are shown in (a); levels in ADNI are shown in (b) for Luminex
and (c) for Elecsys assay. Grey colours in the distributions reflect for those tau levels the number of individuals with abnormal amyloid levels
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The institutional review boards of all participating institu-
tions approved the procedures for this study. Written in-
formed consent was obtained from all participants or
surrogates. Participant selection and CSF analyses are
summarized below; for more detailed methods and infor-
mation on Apolipoprotein E (APOE) genotyping and PET
imaging, see Additional file 1.

Participants

In short, patients from the ADC who visited our mem-
ory clinic between November 2000 and December 2016
were selected (n =2724) if they had baseline CSF tau
measurements available and had subjective cognitive de-
cline (considered as normal cognition (NC)), mild cogni-
tive impairment (MCI) or AD dementia. Participants
from ADNI who had baseline CSF biomarkers available
were selected (n =1221) for the replication analyses if
they met the study-specific criteria of NC, MCI or de-
mentia. A subset of 619 individuals in ADNI (51%; 183
NC, 345 MCI and 91 with AD dementia) with available
follow-up CSF measures were selected for longitudinal
analyses.

CSF biomarkers

In ADC, CSF biomarkers (B-amyloid.42, hTAU-Ag,
and phospo-tau 181P) were assessed with INNOTEST
(Fujirebio, Ghent, Belgium) on a routine basis as de-
scribed before [20]. In ADNI, CSF biomarkers were ana-
lysed using a multiplex xMAP Luminex platform
(Luminex Corp) with immunoassay kit-based reagents
(INNO-BIA Alzbio3; Innogenetics) [21] (n = 1213 partic-
ipants), and on Elecsys (Roche, Basel, Switserland) [21]
(n = 1193 participants, overlap with Luminex 98%).

Statistical analysis

Gaussian mixture modelling was used to identify cut-
points in the distribution of t-tau and p-tau values. First,
the number of distributions that best described the data
was determined with the R boot.comp function. This
function sequentially tests increasing number of compo-
nents in the data using parametric bootstrapping of the
likelihood ratio (i.e. likelihood of x components vs. likeli-
hood of having one more component, i.e. x + 1), until
the null hypothesis cannot be rejected anymore (p >
0.05, i.e. no improvement of additional component for
model fit). Then, we identified data-driven cut-points as
the points where the lines of two fitted Gaussian distri-
butions intersected. Using these cut-points, we labelled
subjects according to tau subgroups. Next, within each
cohort, we compared subgroups based on demographi-
cal, clinical and biological characteristics with ANOVA
or chi-square tests, when appropriate. For a subset of in-
dividuals with available repeated mini-mental state
examination (MMSE) and/or clinical follow-up, we
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further assessed whether subgroups showed differences
in cognitive decline, stratifying subjects based on their
baseline cognitive state (defined as NC, MCI or demen-
tia). First, decline in MMSE (outcome) was assessed with
linear mixed models using the R package “Imer4”, includ-
ing the main terms time and tau subgroup, and inter-
action terms time*tau subgroup. For individuals without
dementia at baseline, Cox proportional hazards models
were used to compare the rate of progression from NC to
MCI or AD dementia and from MCI to AD dementia be-
tween tau subgroups. We ran 5 models: (1) without covar-
iates; (2) including age, sex and educational level; (3)
model 2 + amyloid status; (4) model 3 + baseline cognitive
state; and (5) model 4 + APOE-e4 carriership (dichotom-
ous). For the Cox proportional hazards models, data from

Table 2 Consistency of subgroup labelling between t-tau and
p-tau (ADC and ADNI), and across platforms (ADNI)

Biomarker: Platform

ADC p-tau Innotest

ADC T-tau: Innotest ~ Subgroup 1 2 3 4
1 960 83 0
2 140 661 58 0
3 6 209 399 18
4 0 0 33 60

P-tau: Luminex

T-tau: Luminex Subgroup 1 2 3 4
1 210 108 13 1
2 116 261 89 2
3 3 159 138 8
4 0 10 76 19

P-tau: Elecsys

T-tau: Elecsys Subgroup 1 2 3 4
1 290 0 0 0
2 186 309 0 0
3 0 145 185 2
4 0 0 14 61

T-tau: Elecsys

T-tau: Luminex Subgroup 1 2 3 4
1 256 70 1
2 35 381 43 1
3 0 44 255 4
4 0 0 33 70

P-tau: Elecsys

P-tau: Luminex Subgroup 1 2 3 4
1 287 36 0 0
2 167 296 63 2
3 21 119 121 48
4 0 1 13 12
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945 subjects was available (357 normal and 588 MCI sub-
jects). Subsets of individuals in ADNI also had repeated
CSF tau measures available, for which we tested changes
over time in tau subgroups, or had TAU PET available,
for which we compared tau uptake according to Braak
stages between subgroups. All analyses except for Cox
proportional hazard analyses were stratified for baseline
cognitive state, and adjusted for age and sex, and cognitive
outcomes additionally for level of education [22]. In Cox
proportional hazard analyses, no stratification for baseline
cognitive state was performed due to small size of the
resulting groups; instead, baseline cognitive state was
added as additional covariate. All statistical analyses were
performed in R version 3.6.1 “Action of the Toes”, mixture
modelling was performed with the mixtools package (ver-
sion 1.1.0), estimated marginal means and trends were
computed with the R package “emmeans” v1.4, and sensi-
tivity and specificity analyses with epiR v.1.0-15.

Results

Patient characteristics

Table 1 shows baseline characteristics of the ADC and
ADNI cohorts. Compared to the ADC, subjects in the
ADNI cohort were approximately 10 years older and had
a lower prevalence of AD dementia and a higher preva-
lence of MCI. In ADC, subjects with NC were about
7 years younger compared to MCI and AD patients, and
the NC and the MCI subjects were more often male
than AD dementia subjects. In ADNI, MCI subjects
were youngest, and MCI and AD dementia subjects were
more often male than NC. In both cohorts, AD

Table 4 Sensitivity and specificity for clinical comparisons
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dementia subjects had lowest baseline MMSE scores,
highest proportion of APOE e4 carriers, lowest levels of
ApP42, and highest levels of tau. MCI subjects had values
in between NC subjects and AD dementia patients.

Gaussian mixture modelling reveals four subgroups
Mixture modeling showed that four distributions (i.e. a
tetramodel distribution) best fitted the data for both t-
tau and p-tau levels, with an optimal fit for four distribu-
tions (log-likelihood ratio for 3 vs. 4 distributions, for t-
tau: 97.2, and p-taw: 28.3, both p < 0.001, no further im-
provement for 5 distributions: log-likelihood ratio for 5
vs 4 distributions, for t-tau: 3.9, and p-tau 15, both p >
0.05; see Additional file 2 for fit statistics of all fitted
models, and Fig. 1a for a visualisation of the four distri-
butions). In the ADC (using Innotest), this yielded three
cutoffs (95% confidence interval (CI)), for t-tau—349
(304-382), 671 (582-834) and 1380 (1260-1505) pg/mL,
and for p-tau—>56 (46-60), 96 (71-121) and 159 (138-—
240) (for n per subgroup defined by cut-points, see Ta-
bles 2 and 3). The first cut-points for t-tau (349 pg/mL)
and p-tau (56 pg/mL) were comparable to the t-tau and
p-tau cut-points of 375 pg/ml and 52 pg/ml we previ-
ously reported [5], and showed similar sensitivity and
specificity performance to distinguish between clinical
AD dementia and controls (see Table 4 for sensitivity
and specificity comparisons). Sensitivity and specificity
for distinguishing NC vs MCI were also comparable to
those resulting from the clinical cut-point (Table 4).
T-tau and p-tau strongly correlated across the total
group (r =.92, p <.001); however, when comparing

NC vs AD-type dementia

NC vs MCI

First cut-point

Cut-point (literature)

First cut-point Cut-point (literature)

Dataset First cut-  Cut-point Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity
point (literature)

T-tau
ADC: 349 375° 0.84 0.78 0.81 0.82 0.56 0.78 0.52 0.82
Innotest (0.8-0.86) (0.74-0.82) (0.78-0.84) (0.78-0.86) (0.52-0.6)  (0.75-0.81) (0.47-0.56) (0.79-0.84)
ADNI: 54 o3° 0.95 04 0.64 0.81 0.73 042 035 0.81
Luminex (09-098) (0.33-048) (0.55-0.72) (0.74-0.86) (0.69-0.76) (0.36-047) (0.31-0.39) (0.76-0.84)
ADNI: 192 300¢ 0.94 033 0.64 0.78 0.76 0.34 037 0.77
Elecsys (0.88-097) (0.26-04) (0.55-0.72) (0.71-0.84) (0.72-0.79) (0.29-0.39) (0.33-04) (0.72-0.81)

P-tau
ADC: 56 52° 0.78 0.77 0.83 0.72 0.54 0.76 0.59 0.7
Innotest (0.75-0.81) (0.72-0.81) (0.8-0.86) (0.68-0.77) (05-0.58)  (0.73-0.79) (0.55-0.63) (0.67-0.73)
ADNI: 23 23° 09 04 09 04 0.72 0.37 0.72 0.37
Luminex (0.84-095) (0.33-047) (0.84-0.95) (0.33-048) (0.68-0.76) (0.32-042) (0.68-0.76) (0.32-0.43)
ADNI: 21 24¢ 0.84 0.56 0.8 0.67 0.61 0.56 05 0.68
Elecsys (0.76-09)  (048-0.63) (0.72-087) (0.6-0.74)  (0.57-065) (0.51-0.61) (046-0.54) (0.63-0.72)

MCI mild cognitive impairment, NC normal cognition

Source: [5]
PSource: [21]
“Source: [23]
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Table 3 for statistical descriptions. NC, normal cognition; MCl, mild cognitive impairment; AD dementia, AD-type dementia
. J




Duits et al. Alzheimer's Research & Therapy (2021) 13:2

classification of individuals based on t-tau and p-tau,
concordance was somewhat lower (79%; Table 2). Apply-
ing mixture modelling in ADNI showed that similar to
the ADC, a tetramodal distribution best fitted the CSF t-
tau and p-tau data (log-likelihood ratio for 3 vs 4 distri-
butions, for t-tau: 25.2 and for p-tau: 54.3, both with p <
0.05, no further improvement for 5 distributions: log-
likelihood ratio for 5 vs 4 distributions, for t-tau: 11.2,
and p-tau: 20.3, with p = 0.08 and p = 0.05, respectively).
The tetramodal distribution yielded three different cut-
points for t-tau measured with Luminex (95%CIl)—54
(42-68), 95 (68—125) and 171 (146-263) pg/mL respect-
ively (Fig. 1b), and for p-tau levels (95%CI)—23 (20-28),
46 (38-57) and 99 (74-124). Comparing the first cut-
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point of t-tau (54 pg/mL) with the cut-point of 93 pg/mL
previously determined for ADNI [21], our new cut-point
for t-tau resulted in higher sensitivity to detect clinical
AD dementia versus controls, at the cost of lower speci-
ficity (Table 4). The first p-tau cut-point (23 pg/mL) was
identical to the cut-point reported in the literature [21].
In ADNI, we further repeated analyses on the novel
Elecsys data as an analytical validation, and again observed
a tetramodal distribution for t-tau (log-likelihood ratio for
3 vs 4 distributions, for t-tau: 12.4, and p-tau: 19.6, both
with p < 0.05, no further improvement for 5 distributions:
log-likelihood ratio for 5 vs 4 distributions, for t-tau: 7.1,
and p-tau 10.6, both p > 0.05). The tetramodal distribution
yielded for t-tau the cut-points (95%CI)—192 (129-235),
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Fig. 3 Comparison of annual MMSE decline for t-tau and p-tau subgroups, stratified for cognitive state. Left, t-tau; right, p-tau; top, ADC; middle,
ADNI Luminex; bottom, ADNI Elecsys. See Table 5 for statistical descriptions. NC, normal cognition; MCl, mild cognitive impairment; AD dementia,
AD-type dementia
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abnormal participants. This relationship also held for
lower t-tau values, with a higher prevalence of abnormal
amyloid in the second subgroup than the lowest tau sub-
group. T- and p-tau subgroups were also associated with
cognitive state, with lower subgroups containing the
highest proportion of cognitively normal participants,
while highest subgroups contained more demented par-
ticipants (Table 3). Therefore, we stratified subsequent
comparisons between tau subgroups for cognitive state.
Average MMSE was lower for higher tau subgroups,
with the strongest effects observed in AD-type dementia
(Fig. 2; Table 3). Tau subgroups also differed in demo-
graphic factors, including age (on average lower in the
lowest tau subgroup in NC and MCI), sex (higher pro-
portion of women in higher t-tau and p-tau subgroups),
and APOE e4 carriership (higher prevalence in higher t-
tau and p-tau subgroups) (Fig. 2; Table 3). The
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associations of higher t- and p-tau subgroups with amyl-
oid, cognitive state, and demographic factors were
mostly reproduced in ADNI.

Rates of cognitive decline over time depend on tau
subgroups

We further studied whether subjects across tau sub-
groups differed in rates of cognitive decline, as measured
with the MMSE stratified for cognitive state. In ADC,
tau subgroups were not associated with cognitive decline
in MCI or NC; however, in the dementia phase, higher
tau subgroups were characterized by faster cognitive de-
cline on MMSE (Fig. 3; Table 4). In ADNI, faster MMSE
decline with higher tau subgroups in dementia was
reproduced. While in ADC no association between tau
subgroups and MMSE decline was found for participants
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Fig. 4 Proportional Hazard curves for progression to dementia in initially non-demented individuals in different tau subgroups. T-tau subgroups
are shown in (a) and p-tau subgroups in (b); left, ADC; middle, ADNI Luminex; right, ADNI Elecsys. See Table 6 for statistical descriptions
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Table 7 Frequencies of individuals remaining or changing
subgroup over time from baseline (rows)

Biomarker: Platform Subgroup at last

measurement
T-tau: Luminex Baseline subgroup 1 2 3 4
1 110 35 1 0
2 22 188 42 0
3 0 18 139 15
4 0 1 13 35
T-tau: Elecsys Baseline subgroup 1 2 3 4
1 92 25 1 0
2 11 206 36 0
3 0 17 147 13
4 0 1 4 33
P-tau: Luminex Baseline subgroup 1 2 3 4
1 103 63 11 0
2 24 164 91 5
3 2 23 100 13
4 0 1 6 6
P-tau: Elecsys Baseline subgroup 1 2 3 4
1 185 33 0 0
2 9 197 25 0
3 0 14 75 12
4 0 0 4 33

with MCIL, in ADNI, higher tau subgroups in MCI were
associated with MMSE decline (Table 5).

Next, we tested for individuals without dementia (i.e.
NC and MCI) whether tau-subgroups differed in terms
of progression to MCI or AD-type dementia. In the
ADC, 46/381 (12%) of NC patients showed clinical pro-
gression either to MCI (n =39) within 2.3 £ 1.6 years or
to AD-type dementia (n = 16) in 4.5 + 4.0 years, and 178/
591 (30%) of MCI patients progressed to AD-type de-
mentia in 2.4 + 1.6 years. Across the total group of non-
demented subjects, hazard ratios (HRs) increased with
increasing tau or p-tau subgroups compared to the low-
est tau or p-tau subgroups (Fig. 4; Table 6). Repeating
analyses including covariates sex, age and education level
(model 2), amyloid status (model 3), baseline cognitive
state (model 4) and APOE-e4 carriership (model 5) gen-
erated largely similar results for t-tau subgroups, al-
though HRs were somewhat attenuated. Results were
largely consistent for ADNI albeit with somewhat lower
HR values (Table 6), where 65/371 (17.5%) NC showed
clinical progression either to MCI (n =47) within 3+9
years or to AD-type dementia (n = 18) in 8 + 3 years, and
212/622 (34%) MCI individuals to AD-type dementia in
4.1 + 2.3 years. Of note is that in ADNI, individuals in
the second Luminex t-tau subgroup had levels below the
official cut-point defined by ADNI (i.e. 93 pg/ml [21])
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and still showed higher HRs for progression to AD-type
dementia compared to the first tau subgroup (HR
(95%CI) = 2.1 (1.4, 3.0), p <.001).

Longitudinal changes in tau concentrations in ADNI
Examining transitions over time to higher tau groups in
ADNI, we observed that the majority of individuals for
both Luminex and Elecsys t-tau subgroups remained in
the same subgroup as first measured (Luminex: 472
(76% of 619); Elecsys: 443 (76% of 586); Table 7; see
Table 8 and Fig. 5 for continuous results). Of individuals
who changed, the majority shifted to one tau group
higher (Table 8).

Comparison with tau PET in ADNI

Finally, we compared CSF tau subgroups on tau PET up-
take values available for 345 individuals (235 NC; 93
MCI; 28 dementia; of note, these included n =232 new
CSF observations not included in mixture analyses). Fig-
ure 6 shows that tau PET uptake increased with higher
t-tau and p-tau subgroups. For all Braak regions, the up-
take of the highest two tau subgroups was significantly
higher than the lowest two (or three) subgroups
(Table 9). The second lowest t-tau subgroup also
showed higher average tau uptake in Braak I/II brain
areas compared to subgroup 1, and the second lowest p-
tau subgroup in addition also to Braak III/IV and V/VI
compared to subgroup 1.

Discussion

In this study, we used Gaussian mixture modelling to
determine unbiased cut-points for CSF tau levels. We
identified three cut-points resulting in four different dis-
tributions, and the cut-point between the lowest two
subgroups corresponded closely to an existing clinically
defined cut-point [21]. Furthermore, two additional tau
groups with highest t- and p-tau levels were discovered
in the data. We similarly observed four distributions in
the independent ADNI cohort, and despite differences
between ADC and ADNI in cohort composition, tau
subgroups showed similar clinical and biological charac-
teristics in both study cohorts. These findings suggest
that t-tau and p-tau levels may not necessarily reflect
disease stage, but possibly different biological subtypes
of AD.

Tau is an intracellular protein playing an important
role in microtubule assembly and stabilization in axons
[24]. Hyperphosphorylation disturbs its function, result-
ing in the formation of aggregates or neurofibrillary tan-
gles, which is one of the hallmarks of AD pathology.
Still, the precise factors influencing t- and p-tau CSF
levels remain unclear. Measures correlated highly, and
even though subgroup labelling showed moderate con-
cordance, t-tau and p-tau subgroups showed similar
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Fig. 6 Comparison of t-tau and p-tau subgroups in tau PET uptake according to Braak stages. Tau PET uptake for t-tau subgroups are shown in (a) and
for p-tau subgroups in (b). Left, ADNI Luminex; right, ADNI Elecsys. See Table 9 for statistical descriptions. SUVr, standardized uptake value ratio

Table 9 T-tau and p-tau subgroup comparison on tau PET uptake

T-tau T-tau subgroup estimated marginal means (SE) T-tau subgroup pairwise comparisons p value
subgroup
effect
Tau PET Subgroup F p value Subgroup Subgroup Subgroup Subgroup 1vs2 Tvs3 1vs4 2vs3 2vs 4 3vs4
SUVr 1 2 3 4
Braak I/11 T-tau 28 369E 1.18 (0.016)  1.22(0.013) 136 (0.018) 1.51(0.052) 2.91E 1.91E 1.65E 8.36E 1.03E 4.78E
-16 -02 -12 -09 -09 -07 -03
P-tau 376 5.4k 1.18 (0.012) 127 (0.014) 143 (0.024) 147 (0049 1.02E 1.97E 1.95E 3.40E 1.22E 467E-01
=21 -06 -18 -08 -08 -04
Braak Ill/IV T-tau 30 264E 1.13(0.019) 1.17(0016) 134 (0.022) 1.56(0.061) 5.19E-02 2.98E 6.58E 3.73E 3.08E 7.24E
=17 -12 -11 -09 -09 -04
P-tau 31 1.04E 1.13(0014) 1.23(0017) 1.38(0.029 151(0.059) 1.79E 1.50E 7.23E 7.87E 3.88E 4.08E
=17 -05 -13 -10 -06 -06 -02
Braak V/VI T-tau 16 749E 1.05(0.018)  1.09 (0.015) 121 (0.021) 1.32(0.058) 1.50E-01 3.80E 1.01E 2.69E 8.12E 5.80E-02
-10 -08 -05 -06 -05
P-tau 142 1.04E 1.06 (0.014) 1.13(0016) 1.22 (0.028) 1.27 (0.056) 4.88E 1.21E 1.97E 4.22E 1.49E 421E-01
-08 -04 -07 -04 -03 -02

Bold font indicates significant group difference
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differences in tau PET uptake. Previous studies compar-
ing CSF tau measures with tau PET have been inconsist-
ent [25-27]. Together with our results, it remains
unclear whether CSF t-tau and p-tau reflect similar or
different aspects of neuronal injury. Higher levels of t-
and p-tau might result from passive release into extra-
cellular space due to neuronal death which increases
with worse disease severity. However, tau is also actively
secreted by neurons as part of normal physiology [28]
and can increase in the presence of amyloid pathology
[29]. The majority of individuals remained in their t-tau
subgroup over time, suggesting that at least part of their
levels do not depend on disease stage, but perhaps re-
flect other biological aspects. The relative lack of change
over time in tau levels within individuals seems at odds
with the idea that tau increases with worsening cogni-
tion. Previous longitudinal CSF studies have reported
conflicting results, observing increases in middle-age in-
dividuals with normal cognition during a follow-up
period of 6years [30], but also a lack of change in indi-
viduals with normal cognition, MCI and AD over a me-
dian follow-up of 2years [31, 32]. This literature
together with our observations suggests that increases
over time in t-tau levels in CSF are slow, and follow-up
times longer than 2-3 years might be necessary for par-
ticipants to change subgroups.

One of the challenges in biomarkers research is how
to define the cut-point between normal and abnormal
levels. Pathology is the gold standard, but is also the end
stage of the disease and difficult to obtain for large sam-
ple sizes. The cut-point for Luminex p-tau in ADNI was
originally based on pathology [21], and we observed the
same cut-off for the lowest p-tau subgroup (23 pg/ml).
However, for t-tau, we observed a lower cut-off that was
still related to increased risk for disease progression. A
recent study defined cut-points for t- and p-tau mea-
sured with Elecsys (t-tau 300 pg/ml and p-tau 27 pg/ml)
in ADNI based on their association with clinical progres-
sion in MCI patients [23]. We expand upon previous
studies [6, 11, 33, 34] by identifying additional cut-
points that may have practical use for more specific
prognoses to individual patients or in trial design: we
identified lower cut-points than defined in the literature
(resp. 193 and 22 pg/ml for t- and p-tau, respectively)
that were already associated with increased risk for clin-
ical progression, and also showed for the higher cut-
points, that the corresponding subgroups were associ-
ated with gradually increasing hazard ratios and steeper
decline on the MMSE.

The notion that higher tau subgroups also included
non-demented individuals, and that higher tau levels
were associated with faster cognitive decline, regardless
of disease stage, suggests that tau subgroups may reflect
differences in underlying biological processes, rather
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than disease severity per se. This is supported by the ob-
servation that higher tau subgroups showed increasing
proportions of APOE e4 carriers, the strongest genetic
risk factor for AD [35]. Previous studies have also re-
ported higher levels of tau in APOE-e4 carriers, also in
predementia stages [36]; however, also see [37] where
tau levels were similar between carriers and non-
carriers. Other genetic risk factors may contribute to dif-
ferences in tau levels as well, as another study reported
that a polygenic risk score, including SNPs with moder-
ate strength to detect AD, was strongly related to t-tau
and p-tau levels, also after correcting for APOE [38].
This suggests that multiple genetic risk factors may ex-
plain variability between individual tau levels. More
studies with large sample sizes are needed to further in-
vestigate these biological factors associated with tau
levels in CSF. Also, future studies should further investi-
gate the longitudinal relationship of these tau subtypes
with concurrent other biological measures that deterior-
ate during the AD process, such as synaptic markers in
CSF or on PET, and cognitive data, to better understand
differences in clinical progression amongst tau subtypes.

Limitations

A potential limitation of our study is that although we
used large clinical cohorts, the number of subjects in
some subgroups and subanalyses was small: this was es-
pecially the case in the highest tau subgroup, as well as
in tau PET analyses. The small size of the highest tau
subgroup means that there is more uncertainty in the as-
sociation of this subgroup with clinical characteristics.
Therefore, the results regarding the highest tau sub-
group and the tau PET analyses should be interpreted
with caution, and if possible repeated in future studies in
even larger cohorts. Furthermore, we used Gaussian
mixtures as a data-driven approach to study potential
subgroups in tau levels as a first step, it is possible that
more complex models may improve the fit of tau levels
distributions, which should be addressed in future stud-
ies. Also, we determined cut-points here as the intersec-
tions of the probability distributions of the normal
mixtures, which may not be ideal in all settings. For ex-
ample, in studies where minimizing misclassification
costs is desired, e.g. in clinical trial design, it may be use-
ful to choose cut-points so that misclassification is mini-
mized of individuals with high tau as falling in the
lowest tau group, to ensure that as many individuals
with potentially fast progression are included in the trial.
Future studies could test the efficacy of the data-driven
cut-points in those settings. Strengths of the study are
that we used a large cohort, and we validated the mix-
ture modelling results in another independent cohort
with two different analysis platforms for CSF tau, and
both cohorts had detailed information of the
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characteristics of the study populations, including cogni-
tive measures, follow-up data on clinical progression and
information on APOE genotype available.

Conclusions

In conclusion, our studies suggest that abnormal levels of
CSF t-tau and p-tau may convey different biological aspects
in AD, which might be in part driven by genetic factors
such as different APOE genotypes. The data-driven cut-
points we found may aid daily practice in prognosis of pa-
tients and may aid trial design by allowing stratification of
individuals according to their risk of clinical progression.
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