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Abstract

Introduction—\We estimated the age-specific duration of the preclinical, prodromal and
dementia stages of AD, and the influence of sex, setting, APOE, and CSF tau on disease duration.

Methods—We performed multi-state modeling in a combined sample of 6 cohorts (n=3,268)
with death as the end-stage, and estimated the preclinical, prodromal and dementia stage duration.

Results—The overall AD duration varied between 24 years (age 60) and 15 years (age 80). For
individuals presenting with preclinical AD, age 70, the estimated preclinical AD duration was 10
years, prodromal AD 4 years, and dementia 6 years. Male sex, clinical setting, APOE 4 genotype
and abnormal CSF tau were associated with a shorter duration and these effects depended on
disease stage.

Discussion—Estimates of AD disease duration become more accurate if age, sex, setting, APOE
and CSF tau are taken into account. This will be relevant for clinical practice and trial design.

Keywords

Alzheimer disease; disease duration; preclinical; prodromal; dementia; APOE; clinical setting;
progression; multi-state model

1. INTRODUCTION

Alzheimer disease (AD) is highly prevalent, and a major cause of dementia and death in
elderly individuals [1-3]. Accumulation of amyloid in the brain is believed to be the first
sign of the disease and can precede a clinical diagnosis of dementia by up to 20 years [1, 4,
5]. Based on the degree of cognitive impairment, AD is often divided into three stages: the
preclinical stage, characterized by normal cognitive ability, the prodromal stage,
characterized by mild cognitive impairment (MCI), and the dementia stage, with functional
impairment [6-9], but it is unclear how long individuals with amyloid pathology spend in
each stage. A better understanding of the stage-specific duration of AD is needed to inform
patients, caregivers, and clinicians. This information is also useful for the design of clinical
studies, as well as to provide context for the interpretation of trial results, in particular the
clinical trials that include individuals in pre-dementia stages and aim to slow down
progression to AD dementia.
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Attempts to quantify the duration of AD should be age-specific, because age imposes the
greatest risk for both dementia and mortality, and take into account APOE genotype, sex,
and cerebrospinal fluid (CSF) tau levels [4, 6, 10-12]. Setting is also important, as
progression from MCI to dementia was longer in research settings than in clinical settings
[13]. Previous studies on the length of the AD dementia stage reported a duration of 3 to 10
years [14, 15]. Younger age, female sex and lower CSF total tau (t-tau) were found to be
associated with a longer duration of the AD dementia stage, while the effect of APOE
genotype was equivocal [14-17]. The median duration of prodromal AD was three years in a
pooled memory clinic cohort study, but no age-specific estimates were provided and
mortality was not taken into account [18]. The patients with prodromal AD and increased
CSF t-tau levels tended to convert sooner to AD dementia [19, 20]. The duration of the
preclinical AD stage has been estimated in combination with the prodromal AD stage, which
was 17 years, based on extrapolations of change in positron emission tomography (PET)
amyloid load over time [21]. We estimated disease duration by applying a multi-state
modeling approach, which has been previously used in AD research [22-25], and can offer
an estimate of disease duration based on stage progression and mortality rates in the absence
of very long follow-up duration. The aim of this study was therefore to estimate the disease
duration for preclinical, prodromal and AD dementia stage according to age, setting (clinical
versus research), sex, APOE genotype, and baseline CSF t-tau levels.

2. METHODS

2.1. Participants

Six longitudinal cohort studies, including three memory clinic cohorts (Amsterdam
Dementia cohort (ADC), DESCRIPA, and ICTUS), and three research cohorts (Alzheimer
Disease Neuroimaging Initiative (ADNI), Australian Imaging, Biomarker & Lifestyle
Flagship Study of Ageing (AIBL) and Prospective Population Study of Women in
Gothenburg H70 (Gothenburg H70)), provided data for the study (Supplement A for more
cohort information) [26-31]. From these cohorts, we selected participants aged 50 years and
older with evidence of amyloid accumulation, and with information on diagnosis and/or
mortality at follow-up available. Evidence of amyloid pathology was an inclusion criterion
for this study, defined by at least one abnormal marker of amyloid accumulation. The
amyloid PET scans were visually rated or a published threshold was applied and for CSF
amyloid-beta 1-42 (Ap1-42) cohort-specific thresholds were applied (Supplement A). In
absence of amyloid measures for the ICTUS cohort, only the patients with a clinical
diagnosis of AD-type dementia were included and analyses repeated without this cohort. All
studies were approved by an ethical review board and their participants gave informed
consent.

2.2. AD stages

AD was categorized into four clinical stages: preclinical AD, prodromal AD, mild AD
dementia, and moderate to severe AD dementia (from here on shortened to moderate AD
dementia). Preclinical AD was defined by amyloid accumulation and normal cognition
(Supplement A). Prodromal AD was in this study defined by amyloid accumulation and a
diagnosis of MCI, amnestic and non-amnestic [9, 32, 33]. AD dementia was diagnosed
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according to the NINCDS-ADRDA criteria, and if an amyloid evaluation was available this
had to be confirmative [7]. AD dementia was subdivided in mild AD dementia (Clinical
Dementia Rating (CDR) below 2, or CDR sum of boxes (CDR-SOB) <10, or (if no CDR
was available) MMSE>20), and moderate AD dementia (CDR>1, CDR-SOB>9, or (if no
CDR was available) MMSE<21) [34, 35].

2.3. Mortality assessment

The ADC cohort mortality data were obtained from the Dutch population register, while the
other studies provided mortality data recorded during the study. In AIBL the exact mortality
date of those who died was unknown (n=19) and therefore set at the next planned visit,
which is 1.5 years after the last follow-up. In others cases of a missing mortality date (n=4),
the date was set 2 years after last follow-up.

2.4. Predictor variables

For all participants, age, sex and setting were available. The setting was classified as clinical
for ADC, DESCRIPA and ICTUS and research for ADNI, AIBL and Gothenburg H70.
APOE genotype was dichotomized according to the presence or absence of the AD-
associated e4 allele of APOE and was available in all cohorts except ICTUS. Baseline CSF
t-tau was classified as normal or abnormal by applying the cohort-specific cut-off and
available for the ADC, DESCRIPA, ADNI and Gothenburg H70 studies (Supplement A).

2.5. Statistical analyses

Baseline characteristics between diagnostic groups were compared using Chi-square,
Kruskal-Wallis or ANOVA tests with Tukey post-hoc, where appropriate. To estimate the
disease duration, a multi-state model (MSM) with the four stages of AD and death as the
end-stage was fitted [36]. All transition rates between stages were incorporated in one model
(Figure 1). Reversions from prodromal to preclinical AD were also included in the model.
Reversion in the dementia stages were fitted using misclassification (see Supplement B for
additional methods and specifications of multi-state model analysis).

Multi-state models with different numbers of covariates were fitted to the data. Age was a
time-dependent covariate, and centered at age 70. For each covariate a hazard ratio was
calculated for each transition. As most covariate effects on mortality were not estimable; a
restricted model was applied. The first model included only age as covariate, then, the
second model also included setting, and the third model had age, setting, and sex. The fourth
model included age, setting, and APOE, while the fifth model had age, setting, and tau as
covariates, and the sixth model included all five covariates. As not all covariates were
available for all participants, the number of participants varied between models. The
resulting transition rates and hazard ratios are based on every observation of every
participant in combination with the time in between the observations.

In a second step, using the MSM maximum likelihood estimate as input, the duration for
every stage was estimated. Confidence intervals of 95% were derived by simulation using
the asymptotic properties of the maximum likelihood estimation, which allowed comparison
between age-specific estimates for the different covariates. R-packages /msm for the multi-
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state transition model and ELECT version 0.3 (Estimating Life-Expectancies for interval
censored data) were used to estimate the duration estimates and confidence intervals [36,
37]. Sensitivity analyses included, aside of fitting all covariates in one model, sequentially
removing cohorts from the analysis to ensure results were not driven by a single cohort. We
also reran all models in the subset with data on all covariates (n=1518).

3. RESULTS

A total of 3,268 participants were included in the analyses across the six cohorts combined.
The mean (SD) age at baseline was 73 (8) years with a range of 50 to 96 years. The mean
(SD) number of follow-up years was 2.8 (1.9) with a range of 0.3 to 20 years, and a median
(IQR) number of 4 (3-5) visits. Progression to at least one consecutive stage was apparent in
981 (32% of 3,034) participants. Table 1 shows how participants in the baseline stages
differed in sex, APOE &4 genotype, abnormal CSF t-tau, follow-up length and mortality
(Suppl. table B.5 for subgroups with data on APOE and CSF t-tau available).

3.1. Transition rates

In the model that included age, sex and setting, all transition rates to subsequent disease
were significantly influenced by age, except mortality in the preclinical AD stage and
progression from prodromal AD to mild AD dementia (suppl. table B.2 for all estimates of
the models). Compared to data collected in a research setting, data from clinical settings was
associated with a higher progression rate (HR=4.40 [95% CI, 2.80-6.94]) and reversion rate
(HR=1.98 [95% CI, 1.15-3.39]) between preclinical and prodromal AD. Additionally, in the
clinical setting the progression rates from the prodromal AD to the mild AD dementia stage
(HR=1.48 [95% CI, 1.34-1.92]) and from the mild AD to the moderate AD dementia stage
(HR=1.41[95% CI,1.16-1.72]) were higher. Females had a higher progression rate from
mild AD to moderate AD dementia, compared to males (HR=1.24 [95% CI, 1.04-1.47]),
while their mortality risk in moderate AD dementia was lower (HR=0.60 [95% CI,
0.46-0.80]).

3.2. AD stage duration according to age, sex, and setting

The predicted total disease duration, based on the model with age, for an individual with
preclinical AD at age 70 was 20 years (95% ClI, 17-21), consisting of a preclinical stage of
10 years (95% Cl, 8-11), followed by a prodromal stage of 4 years (95% Cl, 3-5), mild AD
dementia for 3 years (95% CI, 2-3), and moderate AD dementia for 3 years (95% ClI, 2-3,
Table 2). Figure 2A shows for those with preclinical AD a lower predicted overall disease
duration at older age, which ranged from 24 years (95% ClI, 22-25) at age 60 to 15 years
(95% ClI, 11-17) at age 80. The duration of preclinical AD at age 70 was shorter in a clinical
setting (4 years [95% CI, 3-5]) than in a research setting (11 years [95% CI, 9-13]). In the
clinical setting, for individuals with prodromal AD, the stage duration of prodromal AD was
also shorter, and while the dementia stage duration for these individuals was equal between
settings, more time was spent in the moderate AD stage (Suppl. table B.7a and b). The
estimated total duration with starting stage preclinical AD ranged in the clinical setting 19
years (95% CI, 17-20) at age 60 to 11 years (95% CI, 10-12) at age 80 and in the research
setting from 26 years (95% CI, 23-28) at age 60 to 15 years (95% CI, 12-17) at age 80. In
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females the moderate AD dementia stage duration was longer than in males (e.g. 2.1 years
(95% Cl, 1.1-3.2, p<0.0001 at age 70 in a clinical setting; Figure 2B, suppl. table B.3).

3.3. APOE effect

APOE &4 carriers had, compared to non-carriers, an increased rate of progression from the
preclinical AD to prodromal AD stage (HR=1.63 [95% ClI, 1.11-2.41]) and from the
prodromal AD to mild AD dementia stage (HR=1.50 [95% ClI, 1.18-1.90]), and a trend for
slower decline from the mild to the moderate AD dementia stage (HR 0.77 [95% Cl,
0.60-1.00]). When compared to a non-carrier, an APOE e4 carrier aged 70 in the clinical
setting had a 1.6 years (95% CI, 0.4-3.3; p=0.0295) shorter estimated preclinical AD stage
duration, and 1.1 years (95% CI, 0.3-2.1; p=0.0110) shorter prodromal AD stage duration,
but 1.0 year (95% Cl, 0.3-1.8; p=0.0050) longer mild dementia stage duration (suppl. table
B.4). Figure 2C shows how the total predicted disease duration ranged from 12 to 25 years
depending on APOE e4 genotype, age and setting.

3.4. Tau effect

As normal CSF t-tau level may become abnormal over time only the estimated duration of
the starting stages are presented in Table 3. Individuals with preclinical AD and abnormal
CSF t-tau showed a trend for an increased progression rate from preclinical to prodromal
AD (HR=1.49 [95% Cl, 0.95-2.35]). In prodromal AD, abnormal tau associated with a
decreased reversion rate to preclinical AD stage (HR=0.41 [95% ClI, 0.23-0.71]) and
increased progression rate to the mild AD dementia stage (HR=1.91 [95% CI, 1.48-2.48]).
The estimated preclinical AD stage was shortened by around 3 years and the prodromal AD
stage by around 2.5 years (Table 3). There was no association of baseline abnormal t-tau
with the duration of the dementia stages.

3.5. Sensitivity analyses

Consecutively removing each of the cohorts did not affect the estimates (Suppl. table B.6).
When all variables were combined in one model, most estimates remained unchanged. In the
additional analysis of the same models in the subset of individuals with all covariates
(n=1518, see Suppl. Table B.8), the effects were similar. Varying the mortality assumptions
for unknown mortality dates of those who died, did not change the results.

4. DISCUSSION

We estimated the duration of the preclinical, prodromal, mild dementia, and moderate
dementia stages of AD using a multi-state model. Depending on age, sex, APOE genotype,
baseline CSF t-tau and setting, the total disease duration varied between 12 and 25 years, the
preclinical stage between 2 and 15, the prodromal stage between 3 to 7, mild AD dementia
stage between 2 and 6 and moderate AD dementia stage between 1 and 7 years.

4.1. Effect of age

Age had the strongest effect on the duration of the preclinical and dementia stages, which
could be explained by higher progression and mortality rates. The decrease of disease
duration of the preclinical AD stage could also be due to a reduction in resilience to AD
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pathology at higher age, for example due to co-morbid brain disorders, resulting in a faster
clinical progression [38]. Alternatively, older individuals may have spent a longer period in
the preclinical AD stage before inclusion in the study. Our estimated duration of the
combined preclinical and prodromal stage for a 70-year-old (17 years) was very similar to
the estimated duration of 17 years pre-dementia AD based on differential equation modeling
of the amyloid accumulation rate in individuals aged 72 years on average [21].

4.2. Effect of setting

The shorter duration of the preclinical and prodromal stage in the clinical compared to the
research setting could be explained by the fact that individuals who present in a clinical
setting are in a more advanced stage of the disease. An alternative explanation is that
individuals who present in a clinical setting have a more aggressive disease form of the
disease, whereas those with a slower progressive variant would be picked up in the research
setting [39]. The estimated differences between settings may be underestimated in the
current study, as part of the individuals from the AIBL and ADNI research cohorts were
recruited in memory clinics. The effects of setting on disease progression are consistent with
other AD studies [40, 41].

4.3. Effect of APOE genotype

The shorter age-specific duration of the preclinical stage in APOE e4 carriers is consistent
with the observed earlier onset of dementia due to AD in epidemiological studies and the
faster cognitive decline of APOE e4 carriers with preclinical AD in research studies [11,
42-44]. While the prodromal stage was shorter in APOE e4 carriers, the dementia stage was
longer which would imply that the total symptomatic disease duration is similar, but
differently divided over the stages. These findings are important for clinical trials. For
example, exclusion of e4 carriers during a trial, what happened in the high-dose group of the
BAN2401 trial, may affect rate of progression and possibly the power of the study [45].

4.4. Effect of sex

The dementia stage duration was longer in women, which was driven by lower mortality in
this group. The study did not reveal significant sex differences in the duration of preclinical
and prodromal AD stages.

4.5. Effect of tau

The presence of increased CSF t-tau was associated with a shorter pre-dementia disease
duration, which confirms that increased tau is associated with faster disease progression.
Unlike previous studies, no effect of tau on mortality and duration of the AD dementia stage
were found, which may be explained by dichotomization of CSF t-tau in our analysis [16,
17].

4.6. Duration and mortality

The estimation of total disease duration estimates were in some cases longer than the
residual life expectancies of population data [46]. For example, the residual life expectancy
at age 80 was reported to be 8-10 years in the USA and Australia (data from 2010-2012),
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while in our study this ranged from 4 years for those with moderate AD to 15 years for
individuals with preclinical AD. One explanation for the longer duration is that we may have
overestimated disease duration because mortality had not been checked systematically in all
studies. On the other hand, mortality rates in our study cohorts may also be lower because
both volunteers participating in studies and memory clinic patients may be healthier at study
entry than individuals not participating in research or attending memory clinics.

4.7. Strengths and limitations

A strength of the study is the large sample of participants with amyloid accumulation. The
multi-state model approach is another strength, because it enabled the incorporation of
multiple clinical stages, including fluctuations between stage, and the mortality risk in a data
driven manner. A limitation of the modeling approach is the underlying assumption that
progression risk is independent on the previous time spend in a stage, while progression risk
may actually change after being in a stage for a longer period of time. This was addressed by
taking age as the time-dependent covariate, which has been applied before to overcome this
issue [22, 47]. To estimate the disease duration, we had to combine data of multiple cohorts
across the disease spectrum. As such, the sample consisted of over 3000 individuals, still not
all the effects were estimable. Combining cohort data leads to heterogeneity, i.e. due to
different application of diagnostic criteria, cognitive testing and amyloid status. Another
limitation was that amyloid status and APOE genotype were unknown for AD-type dementia
patients of the ICTUS study, but the sensitivity analysis without the ICTUS, yielded very
similar results. Additionally, we used the old criteria for the preclinical AD definition, while
the recent research criteria also require tau positivity [8]. Finally, our sample is not
representative of the general population, but may be representative of the patients who
physicians need to inform, and volunteers that participate in clinical trials.

4.8. Implications

Our estimates are of practical use to clinicians needing to provide prognostic information to
research participants and patients. For instance, in a research study with disclosure of
abnormal amyloid status, these estimates can give an indication of the prognosis, often asked
for by the trial participants before joining the study. The estimates of AD duration are also
useful to define target populations for trials. Furthermore, these estimates can be used to
indicate how a preventive treatment in the early stage of the disease could impact total
disease duration.

4.9. Conclusion

We provided age-specific disease estimates of the duration of AD, including the long pre-
dementia stage, according to setting, sex, APOE genotype, and presence of tau pathology.
Our findings will be useful to provide patients a prognosis, to inform clinical trial design,
and can help to model how interventions in early stage AD may influence long-term
outcome.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

. First age-specific estimates of the duration of AD, including pre-dementia
stages

. Overall AD duration ranged from 24 years at age 60 to 15 years at age 80.

. Preclinical AD stage was much shorter in a clinical compared to a research
setting.
. Females had a longer dementia duration.

. APOE &4 and CSF tau abnormality shortened the preclinical and prodromal
AD stages.
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Research in context

Systematic review: Articles on the duration of each part of the Alzheimer disease (AD)
spectrum showed that the dementia stage was 3-10 years and the estimate of the
preclinical and prodromal AD stage combined 17 years. Although several studies
reported on the effect of age, sex, tau and APOE genotype on disease progression, this
was not translated to subgroup- and age-specific disease duration estimates.

Interpretation: We improved previous estimates, by combining data from cognitive
aging cohorts, to estimate the age-specific duration of preclinical, prodromal, and
dementia stages of AD in a single multi-state model, taking mortality into account, as
well as age, sex, APOE and/or tau abnormality.

Future directions: Our findings are useful prognostic information for the different stages
of AD, can help to select individuals for clinical trials, and to model how interventions in
early stage AD may influence long-term outcome. Long-term follow-up studies are
needed to confirm our findings and are currently ongoing.
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Preclinical AD Prodromal AD Mild Moderate
amyloid accumulation & | e amyloid accumulation & | ) AD dementia — AD dementia
normal cognitive ¢ mild cognitive
function impairment x x CDR global >=2
Death

Figure 1. Multi-state Model
Arrows indicate fitted progression and reversion rates between stages in the multi-state

model. Moderate to severe AD dementia is shortened to moderate AD dementia for
readability.
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a. Duration per stage by age b. Duration per stage by sex and setting
Clinical Research
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Estimated duration (years) Estimated duration (years)
c. Duration per stage by APOE and setting
Clinical Research
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Figure 2. Estimated Stage-specific Duration for Starting Stage Preclinical AD
The panels show the predicted time spend in each stage stacked and stratified for (a) age

(model 1); for (b) age, sex, and setting (model 3); and for (c) age, APOE genotype, and
setting (model 4). Models include age as continues, and (b) sex or (c) APOE, and setting as
dichotomous covariates.

The age refers to the starting stage with preclinical AD and the estimated duration the
predicted duration in the subsequent stages in years.

The 95% confidence intervals and p-values for estimate comparison can be found for (a) in
table 2, for panel (b) in suppl. table B.3, and for panel (c) in suppl. table B.4)
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Table 2.

Estimated stage-specific duration of Alzheimer Disease

Starting stage Duration, timein Age 60 Age 70 Age 80
years (95% CI)

Preclinical AD Preclinical AD 13 (10.4, 14.9) 7 9.9(84,115) 7.6 (56,9.7) 7
Prodromal AD 4.4 (3.7, 4.8) 4.0 (3.3, 4.7) 35 (2.3Y 45) *
Mild AD dementia 35 (3, 3.) § 2.9(2.4,3.3) 2.1 (14, 2.5) §
Moderate AD dementia 35(28,4.1) § 26(21,33) 17 (11, 2.4) §
Total duration 241(21.8 254) 19.5(17.3 20.8) 150 (11.0, 16.9)
Preclinical AD 32(22,43) + 16(11,21) 0.7 (04, 12) §

Prodromal AD Prodromal AD 4.6 (4.0,5.3) 4.4(3.9,4.8) 4.0(3.4,4.7)
Mild AD dementia 45(4.0,4.9) 7 39(5,42) 3.0 (25, 3.4) §
Moderate AD dementia , o (4.2,55) § 39(33,45) 27(22,35) §
Total duration 17.2(158 183) 13.6(12.7,14.5) 10.3(9.3 11.5)

Mild AD dementia Mild AD dementia 50 (43, 5.7)7‘ 4.3(4.0,4.7) 36 (3.2 3.9) §
Moderate AD dementia 6.0 (5.1, 6.7) 7 48(4.2,55) 3.6 (3.0, 4.5) §
Total duration 10.9(10.1,11.8) 9.0(84,9.7) 71(64,7.9)

Moderate AD dementia Moderate AD dementia 6.5 (5.4, 7.5) 7 5.2 (4.0, 6.0) 41(35,51) 7

Page 19

Estimates based on model including age as covariate (Model 1 in suppl. table B.2). Moderate AD dementia = Moderate to severe AD dementia.
Stage estimates significantly different from estimates at age 70:

*
p<0.05

fp<0.01;

70<0.001:

$1<0.0001.
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Table 3.

Estimated stage-specific duration stratified for baseline CSF total tau by setting at age 70

Clinical setting

Research setting

Starting stage Duration, in Tau Tau Difference Tau Tau Difference
years (95% CI) normal abnormal (95%Cl; normal abnormal (95%Cl;
p-value) p-value)
Preclinical AD Preclinical AD 5.6 3 2.6 11.6 7.7 3.7
(3.7,89) (1.9,4.3) (0.7,5.5; (8.3,14.3) (5.6,9.9 0.4,7.3;
p=0.034) p=0.033)
Prodromal AD Prodromal AD 5.4 3 24 6.8 3.9 29
(4.0,70) (2.3,3.7) (1.2,3.7; (5.5,8.1) (3.3,4.6) (1.4,4.2;
p=0.0002) p=0.0001)
Mild AD dementia Mild AD dementia 4.4 3.6 0.8 6.4 5.4 11
(3.2,5.9) (2.9,44) (-0.4,2.2; (4.7,7.9) (4.2,6.5) (-0.5,2.7;
p=0.230) p=0.197)
Moderate AD dementia Moderate AD dementia 4.9 59 -0.9 2.8 35 -0.6
(31,7.7) (41,87 (-3.0,1.6; (1.8,4.1) (2.5,4.7) (-2.0,1.0;
p=0.439) p=0.438)

Page 20

Tau = baseline CSF total tau. Abbreviations: Moderate AD = moderate to severe AD. Estimates based on model including age as continues and
baseline CSF t-tau and setting as dichotomous covariates (Model 5 in suppl. table B.2).
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