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Abstract

Background: Leukocyte telomere length (LTL) has been shown to predict Alzheimer's disease (AD), albeit
inconsistently. Failing to account for the competing risks between AD, other dementia types, and mortality, can be
an explanation for the inconsistent findings in previous time-to-event analyses. Furthermore, previous studies
indicate that the association between LTL and AD is non-linear and may differ depending on apolipoprotein E
(APOE) €4 allele carriage, the strongest genetic AD predictor.

Methods: We analyzed whether baseline LTL in interaction with APOE €4 predicts AD, by following 1306 initially
non-demented subjects for 25 years. Gender residualized LTL (rLTL) was categorized into tertiles of short,
medium, and long rLTLs. Two complementary time-to-event models that account for competing risks were used;
the Fine-Gray model to estimate the association between the rLTL tertiles and the cumulative incidence of AD, and
the cause-specific hazard model to assess whether the cause-specific risk of AD differed between the rLTL groups.
Vascular dementia and death were considered competing risk events. Models were adjusted for baseline lifestyle-
related risk factors, gender, age, and non-proportional hazards.

Results: After follow-up, 149 were diagnosed with AD, 96 were diagnosed with vascular dementia, 465 died
without dementia, and 596 remained healthy. Baseline rLTL and other covariates were assessed on average 8 years
before AD onset (range 1-24). APOE e4-carriers had significantly increased incidence of AD, as well as increased
cause-specific AD risk. A significant rLTL-APOE interaction indicated that short rLTL at baseline was significantly
associated with an increased incidence of AD among non-APOE e4-carriers (subdistribution hazard ratio = 3.24, Cl
1404-7.462, P = 0.005), as well as borderline associated with increased cause-specific risk of AD (cause-specific
hazard ratio = 1.67, Cl 0.947-2.964, P = 0.07). Among APOE e4-carriers, short or long rLTLs were not significantly
associated with AD incidence, nor with the cause-specific risk of AD.
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participants in AD biomarker research.

dementia, Death

Conclusions: Our findings from two complementary competing risk time-to-event models indicate that short rLTL
may be a valuable predictor of the AD incidence in non-APOE g4-carriers, on average 8 years before AD onset. More
generally, the findings highlight the importance of accounting for competing risks, as well as the APOE status of

Keywords: Leukocyte telomere length, Dementia, Risk factors, Time-to-event analysis, Competing risks, Vascular

Introduction

Two thirds of dementia cases are diagnosed with Alzhei-
mer’s disease (AD), characterized by neuronal deposition
of amyloid-p plaques and neurofibrillary tau tangles, in-
flammatory activation of glia, reduced synaptic capacity,
and neuronal loss [1]. These pathologic processes in the
brain emerge from interactions among genetic and life-
style factors [2]. AD has a long prodromal phase, as sug-
gested by amyloid-B deposition that may start 15 years
before the onset of dementia symptoms in some individ-
uals [3]. Thus, successful prevention and treatment strat-
egies require accurate prediction of individuals’ risk of
the disease.

The apolipoprotein E (APOE) €4 allele is the strongest
genetic predictor of AD [1, 4], although among autopsy-
or biopsy-confirmed AD cases the proportion of individ-
uals not carrying the €4 risk-allele ranges from 35 to
57% [5], which highlights the need for additional pre-
dictive markers. To date, only approximately 29% of AD
heritability can be estimated by genome-wide association
studies, whereas the APOE €4 allele alone accounts for
24% [6]. Due to its well-documented relationship with
cellular aging [7, 8], telomere length is a proposed bio-
marker of mortality and aging-related diseases such as
dementia. Telomeres are protein-DNA complexes at the
chromosome ends that prevent loss of coding DNA, as
chromosomes are shortened with every cell division due
to the “end replication problem” [8, 9]. Some cells, i.e.,
stem cells and germ cells escape telomere shortening by
activating the telomerase enzyme complex, which adds
telomeric repeats to the chromosome ends [8, 9]. How-
ever, telomeres may also shorten as a consequence of
oxidative stress and inflammation processes derived
from lifestyle factors [8, 9]. There is robust evidence
from large-scale studies and meta-analyses associating
leukocyte telomere length (LTL) shortening with aging,
aging-related diseases, and mortality [10-13]. Even
though short LTL is predictive of these events and pro-
cesses, it is yet to be established whether it is a cause,
consequence, or mere correlate of them [14].

LTL’s association with dementia, and more specifically
with AD risk, is inconsistent. Case-control and meta-
analytic evidence based on case-control studies demon-
strate short LTL in individuals diagnosed with AD [15-
19], while other similar studies found no associations

[20-23]. Furthermore, cross-sectional case-control study
designs cannot estimate the potential role of LTL as a
predictive AD risk marker if pre-diagnosis measure-
ments are not available. Reports on LTL association with
AD using prospective time-to-event analyses also show
conflicting results. Short baseline LTL has been associ-
ated with a higher probability to develop AD [24] and
all-cause dementia [10], while null associations with AD
have also been found [25]. Noteworthy, another longitu-
dinal time-to-event analysis study found a non-linear
LTL association with AD, with both short and long LTL
being associated with elevated AD risk [26]. In accord-
ance, a similar short and long LTL risk association was
observed for amnestic mild cognitive impairment, con-
sidered a prodromal stage to AD [27]. Such non-
linearity may have led to divergent results or may have
precluded observing significant associations between
LTL and AD in the past. Other limitations of prior time-
to-event studies, such as limited sample sizes, ranging
from 20 to 81 demented participants [24, 25, 28], limited
follow-up times, ranging from 2.5 to 11 years [10, 24—
26, 28], or not accounting for genetic and lifestyle fac-
tors [24] may also underlie divergent findings.

Another reason behind discrepant results could be that
the abovementioned studies employing time-to-event
analyses to estimate associations between LTL and AD
have not accounted for competing risks. However, the
well-established association between short LTL and the
risk of death [12] is a clear competing risk, especially in
studies with a long follow-up time. Consequently, partic-
ipants with short LTL will be removed from the AD risk
set because of death, which may impede the detection of
significant associations between LTL and AD. Accord-
ingly, when subjects are diagnosed with another demen-
tia disorder they are also removed from the AD risk set.
For this reason, competing risk time-to-event models
may access LTL association with AD not detected in
classical time-to-event analysis.

Group-level LTL-AD associations may also be ob-
scured by heterogeneous associations for certain sub-
groups. Previous studies on LTL associations with AD
[26] and age-related cognitive decline, a possible pro-
dromal symptom of dementia [29-32], have observed in-
teractions between LTL and APOE €4, such that LTL is
more strongly associated with AD in APOE e4-carriers.
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This suggests that LTL may predict AD and cognitive
decline differently among carriers and non-carriers of
APOE &4.

The present study aims to investigate whether baseline
LTL, alone or in interaction with APOE €4, predicts the
onset of AD in a well-characterized population-based
sample of older individuals followed for 25 years [33,
34]. To achieve this, we performed time-to-event ana-
lyses controlling for lifestyle-related markers of obesity,
diabetes, hypertension, and inflammation, as lifestyle fac-
tors affect both dementia progression [33, 35, 36] and
TL dynamics [7, 8]. We employed two complementary
time-to-event models accounting for competing risks of
mortality and vascular dementia (VaD), as opposed to
the standard Cox regression model [37-39]. First, the
Fine-Gray model [40, 41] was used to assess the effect of
LTL on AD incidence, which reflects covariate effects on
the expected proportion of subjects with AD in the
population over time. Second, the cause-specific hazard
model [37] was used to estimate the effect of LTL on
the specific risk of AD and reflects covariate effects on
the instantaneous rate of occurrence in individuals who
are currently alive and dementia-free. By considering
both models side-by-side, we obtain a more complete
understanding of the effect of LTL on competing risk
endpoints. Notably, to our knowledge, the present study
is the first one accounting for competing risks to evalu-
ate LTL for AD prediction.

Methods

Study population

The Betula project is a longitudinal population-based
prospective study initiated in 1988 (total n = 4425), with
the objectives to examine cognition, health, social, and
physiological parameters from adulthood to older age
[33, 34]. The recruitment procedures have been exten-
sively described elsewhere [34, 42], but participants were
required to be non-demented native Swedish speakers
without congenital or acquired intellectual disabilities, or
severe hearing/vision impairments at recruitment. The
observation scheme in the study is fixed, in which indi-
viduals are examined at five years intervals (T1-T7 test
waves). The presence of dementia has been evaluated
adjacent to each test wave, most recently in 2016/2017.

Clinical characterization and dementia diagnosis
assessments

Dementia diagnoses were based on multiple sources of
clinical information, comprising written, and computer-
ized medical records, supplemented by outcomes from
the Betula study health and cognitive assessments (for
detailed description see [33]). The Diagnostic and Statis-
tical Manual of Mental Disorders 4th edition (DSM-IV)
was used for dementia classification [43].
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All diagnosed AD and VaD cases showed a progressive
cognitive and functional decline as evident by symptoms
attributable to each dementia type. Participants receiving
an AD diagnosis showed an insidious onset and progres-
sive cognitive decline as well as other symptoms typically
attributable to clinical AD. Individuals with cardiovascu-
lar burden accompanied with neurological signs and a
fluctuating cognitive symptomatology with stepwise pro-
gression were diagnosed with VaD. Less common de-
mentia disorders such as Parkinson’s disease, Lewy body
dementia, frontotemporal dementia, progressive supra-
nuclear paralysis, and corticobasal degeneration were al-
ways extensively examined by the Departments of
Geriatric Medicine and Neurology, and diagnoses were
set using established criteria [44]. Individuals presenting
symptoms of cognitive impairment close to death, often
accompanied by severe somatic conditions and delirious
episodes, were not diagnosed as demented; neither were
individuals exhibiting a long-term low cognitive capacity
after e.g., trauma, tumor, or subarachnoid hemorrhage.

Inclusion and exclusion criteria
Participants aged 45 years or older (n = 1842) from sam-
ples 1 and 3 of the Betula project, enrolled at the second
(1993-1995) test wave, were initially considered for the
present study. The first test wave was not included here,
as LTL was measured from the second test wave on-
wards. As the study intended to follow late-onset AD
onset for participants not demented at study entry, par-
ticipants with dementia diagnostic before the second test
wave or participants with early onset of dementia (de-
mented before being 60 years old, n = 1) were excluded,
as well as individuals deceased at the year of study entry
or at a young age (deceased before 60 years old, n = 21).
Subjects younger than 45 years old at baseline were
excluded, as they were unlikely to develop dementia dur-
ing the studied period. Other dementia types were also
excluded due to low numbers precluding treating them
as competing events, e.g., dementia not-otherwise
specified (n = 15), dementia due to Parkinson’s disease
(n = 5), Lewy body dementia (n = 6), frontotemporal de-
mentia (n = 2), progressive supranuclear paralysis (n =
1), and corticobasal degeneration (n = 1). Lost to follow-
up individuals (n = 121) were excluded, and comprised
those that moved from the region, had insufficient as-
sessment basis, or did not leave consent for reading their
medical record. Subjects with missing values for telo-
mere length (n = 107) and APOE genotyping (n = 45)
were excluded from the final sample. APOE €2/APOE €4
genotype participants were not included in our study (n
= 42, of which n = 6 were diagnosed with AD, and n = 3
with VaD). The reason for this was that in contrast to
APOE €4, the APOE €2 allele may have a protective role
in AD [45]. At the end of the selection procedure (see
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also Supplementary Fig 1), the final sample included
1306 individuals (see Table 1 for further description).

Leukocyte telomere length

Genomic DNA from peripheral blood leukocytes was
used to measure the LTL, applying the Cawthon
quantitative polymerase chain reaction (PCR) method
with minor modifications [46, 47]. Briefly, separate
telomere (TEL) and hemoglobin subunit beta (HBB)
gene were used to calculate the T/S (TEL/HBB)
values using the 2-ACt method, in which ACt
= CtTEL-CtHBB. The relative LTL values were ob-
tained by dividing the T/S value of each sample with
the T/S value of DNA from the CCRF-CEM cell line
as reference. A comprehensive protocol of normaliza-
tions and quality controls was employed, as described
in detail in ref. [48]. All LTLs were measured in
2014. LTL from 626 samples of the third Betula test
wave (1998-2000) were used to replace non-measured
LTL in the second test wave.

APOE genotyping and other covariates

APOE genotypes were determined by PCR (for a detailed
description, see [49]). Resting diastolic and systolic pres-
sure were assessed concomitantly with clinical lab tests
for serum cholesterol, plasma glucose, erythrocyte sedi-
mentation rate, and differential white blood cell counts.
High serum cholesterol was considered when serum
levels were > 240 mg/dL [50]. Pulse pressure was calcu-
lated by subtracting diastolic pressure from systolic pres-
sure. Blood lymphocyte proportion was calculated as
lymphocyte count divided by the sum of all white blood
cells count (sum of neutrophils, eosinophils, basophils,
lymphocytes, and monocytes). All covariates were re-
corded from the baseline time-point.
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Statistical analyses

LTL was residualized against gender using a linear
regression model, to remove variance associated with
gender; hereafter referred to as residualized leukocyte
telomere length (rLTL). Initial analyses revealed a
nonlinear relationship between rLTL and AD risk,
where the most parsimonious description of the rLTL
profile was found for a tertile division, evidenced by
natural splines (based on lowest Bayesian information
criteria - BIC, see Supplementary Fig 2) [51]. For this
reason, rLTL was used in the regression analyses
divided in tertiles of length, where medium rLTL was
used as the reference group for the short and long
rLTL groups.

We employed two different time-to-event models,
both accounting for competing risks. First, the Fine-
Gray model, which estimates the subdistribution haz-
ard function (and corresponding subdistribution haz-
ard ratios) can be used to correctly predict the
cumulative incidence function for an event. In the
model, those who experienced a competing event are
still in the risk set, and only those who experienced
the event of interest or those who are truly censored
(i.e., event-free at last follow-up) are removed [37, 40,
41]. The second model was the cause-specific hazard
model. In contrast to the Fine-Gray model, the cause-
specific hazard model estimates the instantaneous risk
of an event among those subjects who are currently
event-free and can be used to correctly assess the ef-
fect of covariates on the risk of an event. Here, those
who have already experienced the event or who have
experienced a competing event are no longer in the
risk set [37, 38]. The equations for the subdistribution
hazard and cause-specific hazard functions [37, 41],
and the cumulative incidence function [41, 52] can be
seen in the Supplementary material.

Table 1 Baseline characteristics and health markers among study groups (n = 1306)

Healthy Alzheimer's disease Vascular dementia Deceased

Number 596 (45.6%) 149 (11.4%) 96 (7.3%) 465 (35.7%)
Gender, male 249 (41.8%) 34 (22.8%) 42 (43.7%) 246 (37.1%)
Age at the event, years 76 (10) * 82 (9) 83 (7) 83 (13)

Age at study entry, years 55(11) 71(11) 71 (7) 75 (15)

rLTL 0.026 (0.16) -0.045 (0.17) -0.046 (0.18) -0.055 (0.14)
APOE e4-carriers 152 (25.5%) 78 (52.3%) 31 (32.3%) 102 (15.4%)
Serum cholesterol, mg/dL 25096 (57.9) 270.27 (54.1) 26255 (54.1) 254.83 (65.6)
Pulse pressure, mmHg 50 (20) 65 (25) 70 (20) 65 (25)
Plasma glucose, mg/dL 93.69 (16.2) 93.69 (14.4) 97.29 (21.6) 97.29 (18.1)
Sedimentation rate, mm/h 9 (8) 14 (15) 125(11) 14 (12)
Lymphocyte proportion 0.316 (0.09) 0.306 (0.09) 0.277 (0.10) 0.290 (0.10)

Data are expressed as counts (percentage) or medians (interquartile range). APOE €4 apolipoprotein E €4, rLTL residualized leukocyte telomere length. *Age at the

last-follow-up of event-free participants
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Time from baseline (in years) was used as the time
scale. The time-to-event models were adjusted for
lifestyle-related risk factors at baseline; high choles-
terol, pulse pressure, plasma glucose, erythrocyte sedi-
mentation rate, and lymphocyte proportion, while
controlling for gender, age, and age squared. Carriers
of the APOE €4 allele, high cholesterol, and gender
were included in the models as binary indicator vari-
ables. We restricted the number of selected independ-
ent variables to ten events-per-variable (EPV) ratio,
combined with a backward selection of variables by
the lowest Akaike information criteria (AIC) in the
cause-specific hazard model for AD. To analyze if the
effect of rLTL depends on the APOE €4 allele carriage
(considering both APOE €3/e4 and APOE e4/e4 geno-
types as APOE e4-carriers), we included interaction
terms, which were included in the models when sig-
nificant (P < 0.05). In addition, the proportional haz-
ards assumption was assessed by testing for time-by-
covariate interactions in the multivariable analyses.
Validation of the models used the area under the re-
ceiver operating characteristic (ROC) curve (AUC)
over the study time-course, assessing the prediction
ability of both Fine-Gray and cause-specific models.
Bootstrap cross-validation was based on 100 bootstrap
samples. An AUC above 0.8 indicates a model with
good discriminatory accuracy [53]. Competing risk
analyses, validation, and plots were carried out using

Page 5 of 13

the cmprsk, ggplot2, riskRegression, splines, and sur-
vival packages in R (RStudio Inc. Vesion 1.2.5033,
2019) [52, 53].

Results

After 25 years of follow-up, 596 individuals remained
healthy, 149 were diagnosed with AD, 96 were diagnosed
with VaD, and 465 non-demented individuals were de-
ceased. The median age at baseline was 65 years (range
45-86 years), whereas the median age of AD onset was
circa 82 years. This was similar for the competing risk
events, as the median age at the VaD onset and at the time
of death was 83 years (Table 1). The proportion of APOE
ed-carriers in the whole sample was 27.8% and, as ex-
pected, there was a higher prevalence of females (77.2%)
and APOE e4-carriers (52.3%) among AD cases (Table 1).
The number of APOE e4-carriers was similar among short
(n = 127), medium (n = 100), and long (n = 136) rLTL
groups (Supplementary Table 1).

LTL effect on AD incidence

Fine-Gray models were first used to estimate the inci-
dence of AD while considering VaD and death as com-
peting events. Model validation using AUC curves over
the study time-course showed that the full model had
good discriminatory accuracy (> 0.8; Supplementary Fig
3). In the model, APOE €4 and short rLTL were signifi-
cantly associated with an increased incidence of AD

Table 2 Fine-Gray models predicting the incidence of AD, VaD, and death [sHR (95% Cl); P value] (n = 1306)

Alzheimer’s disease (n = 149)

Vascular dementia (n = 96)

Death (n = 465)

Short rLTL

Long rLTL

APOE g4-carriers

Short rLTL/APOE €4 interaction
Long rLTL/APOE €4 interaction
High cholesterol (= 240 mg/dL)
Pulse pressure, mmHg

Plasma glucose, mg/dL
Sedimentation rate, mm/h
Lymphocyte proportion
Gender, male

Age at baseline, years

Age squared

Short rLTL time interaction

Sedimentation rate time interaction

Lymphocyte proportion time interaction

Gender time interaction

324 (1.404-7.462); P = 0.005
142 (0.751-2.697); P = 0.28
6.61 (3.592-12.168); P < 0.0001
041 (0.181-0.920); P = 0.03
040 (0.169-0.948); P = 0.03
1.62 (1.061-2.463); P = 0.02
0.99 (0.986-1.006); P = 0.47
0.99 (0.980-1.000); P = 0.04
0.99 (0.984-1.014); P = 0.89
0.002 (0.00004-0.156); P = 0.004
0.37 (0.249-0.552); P < 0.0001
2.29 (1.719-3.051); P < 0.0001
0.995 (0.992-0.997); P < 0.0001
0.92 (0.869-0.972); P = 0.003

1.76 (1.266-2.447); P = 0.0007

Pseudo likelihood ratio = 241

1.09 (0.668-1.780); P = 0.72
1.27 (0.758-2.120); P = 0.37
1.28 (0.841-1.960); P = 0.26

0.736-1.830);
1.005-1.030);

5 ( ); P =055
1.02 ( ); P = 0.005
1.00 (0.994-1.010); P = 0.97
1.03 (0.977-1.040); P = 0.03

9 (0.012-2.870); P = 0.25
235 (0.666-3.600); P = 0.03
364 (2.571-23.640); P < 0.0001
0.991 (0.981-0.990); P < 0.0001

0.996 (0.995-1.000); P = 0.006

0.92 (0.850-0.986); P = 0.02
Pseudo likelihood ratio = 123

1.82 (1.234-2.682); P = 0.002
0.82 (0.637-1.056); P = 0.12
0.70 (0.556-0.882); P = 0.002

1.82 (1.234-2.682); P = 0.002
0.82 (0.637-1.056); P = 0.12
0.70 (0.556-0.882); P = 0.002
1.03 (1.017-1.042); P < 0.0001
0.58 (0.166-2.057); P = 0.40
1.87 (1.531-2.274); P < 0.0001
1 (1.087-1.345); P = 0.0004
0.999 (0.998-1.000); P = 0.04
0.95 (0.922-0.983); P = 0.002
0.998 (0.997-0.999); P = 0.005

Pseudo likelihood ratio = 480

APOE €4 apolipoprotein E €4, CI confidence interval, rLTL residualized leukocyte telomere length, sHR ratio of the subdistribution hazards of Fine-Gray model,

accounting for competing risks. Time from baseline, in years, was used as the time scale
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(Table 2). In addition, significant interactions were
present for short and long rLTL and APOE €4, as well as
for short rLTL and time. The significant covariate-
covariate interactions between both short and long rLTL
with APOE €4 evidence that rLTL predicts AD incidence
differently among APOE e4-carriers and non-carriers
(Table 2). For a clearer interpretation of the rLTL-APOE
interaction, we repeated the Fine-Gray model dummy-
coding short, medium, and long rLTL groups among
APOE e€4-carriers and non-carriers into six separate
groups (see Supplementary Table 2). With medium
rLTL as reference group, both short and long rLTL
showed an increased AD incidence for non-APOE &4-
carriers, although only statistically significant for short
rLTL (Table 2 and Supplementary Table 2). Among the
carriers of the APOE €4 allele, these associations were
inverted, as both short and long rL'TL had a tendency of
association with a decreased AD incidence when com-
pared with medium rLTL APOE e4-carriers (see Supple-
mentary Table 2).

This profile can be observed in the cumulative inci-
dence plots from the Fine-Gray hazard function (Fig. 1).
For a representative 65-year-old female non-APOE &4-
carrier, short and long rLTL increased the AD cumula-
tive incidences when compared with medium rLTL (Fig.
1a); however, if she was a carrier of the APOE ¢4 allele,
the associations were inverted, and short and long rLTLs
decreased AD cumulative incidences in comparison with
the medium rLTL group (Fig. 1b; see also Supplemen-
tary Table 2). Moreover, we found a significant time-by-
covariate interaction for short rLTL among non-carriers.
This indicates that the estimated association of short
rLTL with increased AD incidence is present at baseline,
i.e., at time 0 (sHR = 3.24, CI = 1.404-7.462, P = 0.005),
and decreases with time (sHR = 0.92, CI = 0.869-0.972, P
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= 0.003), because the time-interaction sHR < 1 (Table 2).
As can be seen in the cumulative incidence plot, the ele-
vated cumulative incidence close to baseline (i.e., ca. 0-5
years) attenuates over the study period for non-carriers
with short rLTL (Fig. 1a). Finally, AUC curves were esti-
mated to assess the prediction ability for models with and
without rLTL for the non-APOE e4-carriers (n = 943),
which showed a small but consistent increase in predic-
tion ability across the study (Supplementary Fig 4).

LTL effect on the incidence of competing events

In the Fine-Gray model, short rLTL was also signifi-
cantly associated with an increased incidence of death,
but not with VaD. Notably, similar to the profile for AD,
both short and long rLTL were non-significantly associ-
ated with increased VaD incidence in the Fine-Gray
models for (sHR > 1). In contrast to these non-linear U-
shaped associations for AD and VaD, short rLTL was
significantly associated with an increased incidence of
death, while long rLTL showed a non-significant trend
of a decreased death incidence (Table 2), i.e., a linear as-
sociation. Notably, there were no significant interactions
between rLTL and APOE in the Fine-Gray models for
VaD or death (Table 2).

LTL effect on the cause-specific risk of AD

Subsequently, the cause-specific hazard model was used
to assess the effect of covariates on the cause-specific
risk of AD. Again, model validation using the AUC
curve showed good discriminatory accuracy (> 0.8)
across the study time-course (Supplementary Fig 3).
Similar to the findings from the Fine-Gray model, APOE
e4-carriers presented a 6.64 times higher cause-specific
risk of AD compared to non-carriers (Table 3). Short
rLTL showed a non-significant trend of increased AD

a Non-APOE e4-carriers b APOE e4-carriers
0.61 — LongrLTL 0.6 — LongrLTL
Medium rLTL Medium rLTL

a — Short rLTL a — Short rLTL
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Fig. 1 Cumulative incidence plots estimating the incidence of individuals progressing to Alzheimer's disease (AD) for (a) non-apolipoprotein E
g4-carriers (non-APOE e4-carriers) and (b) APOE e4-carriers according to residualized leukocyte telomere length (rLTL) tertiles. The Fine-Gray hazard
function was estimated for a representative 65-year-old female with high levels of cholesterol (> 240 mg/dL), and median values of pulse
pressure, plasma glucose, erythrocyte sedimentation rate, lymphocyte proportion, and age squared, including time interactions for short telomere
length and lymphocyte proportion in non-APOE e4-carriers
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Table 3 Cause-specific hazard models predicting the risk of AD, VaD, and death [csHR (95% Cl); P value] (n = 1306)

Alzheimer’s disease (n = 149)

Vascular dementia (n = 96)

Death (n = 465)

Short rLTL 1.67 (0.947-2.964); P = 0.07
Long rLTL 1.38 (0.728-2615); P = 0.32
APOE €4-carriers 6.64 (3.651-12.087); P < 0.0001
Short rLTL/APOE €4 interaction 0.43 (0.197-0.945); P = 0.03
Long rLTL/APOE €4 interaction 042 (0.178-0.984); P = 0.04
High cholesterol (= 240 mg/dL) 1.49 (1.001-2.243); P = 0.05
Pulse pressure, mmHg 1.00 (0.990-1.011); P = 0.89
Plasma glucose, mg/dL 0.99 (0.984-1.001); P = 0.08
Sedimentation rate, mm/h 1.01 (0.992-1.023); P = 035
Lymphocyte proportion 041 (0.042-4.104); P = 045
Gender, male 046 (0.306-0.691); P = 0.0001
Age at baseline, years 1.95 (1.448-2.633); P < 0.0001

Age squared 0.991 (0.994-0.998); P = 0.0002
Gender time interaction -
Age at baseline time interaction -
Age squared time interaction -

AIC = 1770

1.29 (0.784-2.119); P = 0.31
2 (0.657-1912); P =067
1.54 (0.992-2.379); P = 0.05

5(0.730-1.827); P = 0.53
1.02 (1.007-1.029); P = 0.001
1.002 (0.997-1.008); P = 0.38
1.005 (0.985-1.026); P = 0.63
0.07 (0.004-1.097); P = 0.05

6 (0.752-1.800); P = 049
3.36 (1.999-5.639); P < 0.0001
0.99 (0.989-0.996); P < 0.0001

1.17 (0.976-1.406); P = 0.08
0.85 (0.688-1.047); P = 0.12
1.32 (1.115-1.575); P = 0.001

1.06 (0.902-1.261); P = 045
1.005 (1.001-1.010); P = 0.01
1.003 (1.002-1.005); P = 0.0002
1.01 (1.008-1.022); P < 0.0001
0.24 (0.083-0.672); P = 0.006
0.85 (0.535-1.357); P = 0.50
2.96 (1.807-4.841); P = 0.02
0.993 (0.990-0.997); P < 0.0001
1.26 (1.028-1.555); P = 0.001

- 0.73 (0.606-0.885); P < 0.0001
- 1.002 (1.001-1.003); P = 0.001
AIC = 1153 AIC = 7964

AIC Akaike information criteria; APOE €4 apolipoprotein E €4; C/ confidence interval; csHR cause-specific hazard ratio of cause-specific hazard model, accounting for
competing risks; rLTL residualized leukocyte telomere length. Time from baseline, in years, was used as the time scale

risk in non-carriers of APOE €4 and, according to the
model estimates, short rLTL increases the cause-specific
risk of AD by 67% (Table 3). Significant interactions
were also present for short and long rLTL and APOE &4
in the cause-specific hazard model. The significant
covariate-covariate interactions between both short and
long rLTL with APOE €4 evidence that rLTL predicts
AD cause-specific risk differently among APOE e4-
carriers and non-carriers (Table 3). For a clearer inter-
pretation of the rLTL-APOE interaction, we repeated the
cause-specific hazard model dummy-coding the short,
medium, and long rLTL groups among APOE e4-
carriers and non-carriers into six groups (Supplementary
Table 2). In agreement with our Fine-Gray model find-
ings, short and long rLTL showed a trend of a decreased
cause-specific risk of AD among APOE e4-carriers, when
compared with medium rLTL APOE e4-carriers (Supple-
mentary Table 2).

The cause-specific hazard ratios for AD from the
model were plotted to better understand the associations
of short and long rLTLs and AD risk, as well the inter-
action between rLTL tertiles and APOE &4 allele. For a
representative 65-year old female non-APOE e4-carrier,
the risk of AD is non-significantly higher if she has short
and long rLTL compared with medium rLTL, with short
rLTL showing a more pronounced risk of AD, in accord-
ance with the trends from the cause-specific hazard
model (Fig. 2 and Supplementary Table 2). However, if
she was an APOE e4-carrier, short and long rLTL shows

a less pronounced risk of AD, being slightly but non-
significantly lower when compared with medium rLTL
(Fig. 2 and Supplementary Table 2). Supplementary Fig
4 shows the AUC curves for cause-specific models with
and without rL'TL for the APOE €4 non-carriers, indicat-
ing a small but consistent improvement in prediction
ability when including rLTL.

LTL effect on the cause-specific risk of competing events
Cause-specific hazard models were also used to assess
the effect of covariates on the risk of the competing risks
events VaD or death (Table 3). In agreement with our
Fine-Gray model findings (Table 2) and similar to AD,
short and long rLTL were associated with numerically,
but non-significantly, increased cause-specific risk of
VaD (Table 3). In the association between rLTL and
death, short rLTL had a non-significant trend of in-
creased cause-specific risk and, accordingly, long rLTL
had a trend of decreased death risk. According to the
model estimates, short rLTL increased the cause-specific
risk of death by 17% (Table 3).

Covariate effects on the incidence and cause-specific risk
of AD and competing events

Some covariates used to adjust the Fine-Gray and cause-
specific hazard models showed significant associations
with AD, VaD, and death. Although we did not have hy-
potheses regarding specific covariates, we report them
for completeness. Statistically significant covariate
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Fig. 2 Cause-specific hazard ratio plot estimating the risk of individuals to progress to Alzheimer’s disease (AD) in (@) non-apolipoprotein E €4-
carriers (non-APOE e4-carriers) and (b) APOE e4-carriers, according to residualized leukocyte telomere length (rLTL) tertiles. The cause-specific
hazard function was estimated for a representative female of 65 years old, with high cholesterol levels (> 240 mg/dL), and median values of pulse
pressure, plasma glucose, erythrocyte sedimentation rate, lymphocyte proportion, and age squared
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associations with AD incidence were seen for high blood
cholesterols, low plasma glucose, low lymphocyte pro-
portion, female gender, and older age (Table 2). Similar
covariate associations for female gender and higher age
were found for the cause-specific risk of AD (Table 3).
Some covariates also had significant associations with
the incidence of VaD, such as high pulse pressure, high
sedimentation rate, male gender, and older age (Table
2). Of these, high pulse pressure and older age were sig-
nificant for the cause-specific risk of VaD (Table 3).
Most of the analyzed covariates were significantly associ-
ated with death incidence, such as high cholesterol, low
plasma glucose, high sedimentation rate, male gender,
and older age (Table 2). APOE &4 carriage was associated
with a decreased incidence of death. For the cause-
specific risk of death, significant covariate associations
were found for high pulse pressure, high plasma glucose,
high sedimentation rate, low lymphocyte proportion,
and older age (Table 3). APOE &4 carriage was associated
with a higher cause-specific risk of death.

Sensitivity and control analyses

To test potential bias from APOE €2 putative protective
role, we repeated the AD analyses excluding APOE €2
homo- and heterozygotes (e2/e2 n = 8, €2/e3 n = 166),
but no significant changes were found in the sHR and
csHR profiles. Both competing risk time-to-event models
were also repeated combining both dementia types to an
all-cause dementia category (Supplementary Table 3),
which rendered no significant associations between de-
mentia and rLTL. The number of APOE e4/e4 homozy-
gotes among short, medium, and long rLTL were 9, 8,
and 9, respectively, evidencing that these participants
with elevated AD risk were not overrepresented in any
rLTL group.

Previous Betula project studies found longer LTL
among APOE e4-carriers [31, 54]. Here, after gender
residualization, the mean rLTL did not differ be-
tween APOE e4-carriers vs. non-carriers (means of
-0.009 and -0.004, respectively; P = 0.54).

Discussion

After 25 years of follow-up of 1306 healthy participants
older than 45 years, our findings indicate that short LTL
significantly predicts an increased AD incidence in non-
carriers of the APOE e4 risk-allele, while also non-
significantly increasing its cause-specific risk. A different
hazards profile was seen among APOE e4-carriers, in
which both short and long LTLs showed a trend of a de-
creased incidence and cause-specific risk of AD. For our
competing risk events, no evidence was obtained for an
LTL association with VaD, while short LTL was signifi-
cantly associated with an increased incidence of death,
and borderline associated with an
specific risk of death.

Our finding on LTL as an AD predictor is in agree-
ment with some previous studies [10, 24—26], but fur-
ther elaborated on the nature of its predictive ability by
showing that it was differentially predictive in non-
carriers vs. carriers of the APOE €4 allele. Past time-to-
event studies observing divergent AD-LTL relationships
may have been limited by not accounting for competing
risks or non-linearity of risk-associations, limited sample
sizes, and follow-up times, or failing to account for
APOE interactions [10, 24-26, 28]. As in our analyses,
APOE €4 has consistently been found to be the strongest
genetic predictor of AD [6]; however, the non-APOE &4-
carriers, which are more prevalent worldwide (69-94%)
and constitute a sizeable proportion (35-57%) of con-
firmed AD-cases [5], remain without good predictive
markers. Our findings thus hold clinical value in that

increased cause-
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they indicate that LTL may improve AD prediction for
non-carriers. Thanks to our long follow-up time, we
were able to measure LTL on average 8 years before AD
onset (median: 8; min-max: 1-24 years), which further
highlights the predictive value of LTL in relation to AD
in non-APOE e4-carriers. Moreover, our estimates of
AD incidence indicate that the predictive value of short
rLTL among non-carriers is higher when measured earl-
ier in the prodromal phase, as indicated by the signifi-
cant time-interaction in the statistical model and the
plotted cumulative incidence curve. Another result re-
inforcing short LTL as a predictive marker for partici-
pants not carrying the APOE €4 allele is its predictive
ability for AD incidence over and above commonly avail-
able lifestyle risk markers previously associated with
neurodegenerative disorders, which we discuss below.

Although differential predictive power of LTL for
APOE €4-carriers and non-carriers was expected, the dif-
ferent directions of associations in this study were not.
Prior studies have observed differential LTL-effects for
dementia and age-related cognitive dysfunction for e4-
carriers and non-carriers [26, 29-32], but our study is
the first to observe a stronger predictive effect in non-
carriers. Given that LTL is a non-specific biomarker as-
sociated with multiple processes in the body, such as
oxidative stress, inflammation, immune function, cardio-
vascular function [7, 8, 55], any mechanistic proposals
on the relationship between APOE €4 carriage and LTL
in AD etiology would be premature based on the present
observational findings. With that said, evidence for po-
tentially differential disease mechanisms for AD in
APOE e4-carriers and non-carriers has been reported [1,
56, 57], and it cannot be ruled out that LTL is associated
with a different mechanistic pathway in non-carriers
than in carriers. For instance, gene expression analyses
have identified modules of genes related to immuno-
logical and cardiovascular pathways to be expressed in
AD brain samples of APOE €4 non-carriers [57], pro-
cesses which have also been linked to LTL [7, 8, 55]. In
contrast, LTL may be relatively less related to neuro-
pathological processes shown to be accelerated in APOE
e4-carriers [1, 4, 56, 58], such as neuronal amyloid-§ and
tau deposition, blood-brain barrier dysfunction, or neur-
onal atrophy (but see [59-61]). APOE e4-carriers and
non-carriers have also been shown to be differentially
represented in identified subcategories of AD [62, 63],
reinforcing the notion of potentially differential disease
mechanisms. However, more research into how LTL re-
lates to different AD-related disease mechanisms and
disease heterogeneity is warranted to gain a better un-
derstanding of the mechanistic basis of the present
findings.

Both the Fine-Gray and the cause-specific hazard
models showed similar association profiles between LTL
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and AD, as well as for VaD and death. The cause-
specific hazard model for AD among APOE €4 non-
carriers with short rL'TL did not however reach conven-
tional levels of significance (P = 0.07). As the two
models reflect different types of hazard functions, their
combined use has been advocated to reach a more
complete understanding of the associations [37-39]. The
differences in findings across models should not be seen
as surprising and are merely a result of considering dif-
ferent risk sets. Specifically, the cause-specific hazard
model reflects covariate effects on the instantaneous rate
of occurrence in individuals who are currently alive and
dementia-free, whereas the Fine-Gray model reflects co-
variate effects across all participants who have not expe-
rienced the event-of-interest at the time. Furthermore,
the two models serve complementary purposes in that
cause-specific hazard models are considered more ap-
propriate for estimating etiological associations between
covariates and the event, while the Fine-Gray model is
considered more appropriate for estimating incidence or
predicting prognosis [37, 40]. Our findings support the
use of the Fine-Gray and cause-specific models side-by-
side, to obtain a more complete understanding of covari-
ates effect on AD in the presence of competing risks.
Taken together, our results suggest that short LTL may
be a valuable predictor or biomarker of the AD inci-
dence in non-carriers of the APOE ¢4 allele, but the as-
sociation does not answer the question of whether LTL
is mechanistically contributing to AD etiology or it is
merely a predictive AD biomarker.

Significant non-linearity of the LTL association with
AD was evidenced in our study, as showed by the spline
analyses used to estimate the best fitting shape of covari-
ate associations in a model [51]. Accordingly, both short
and long LTL were associated with increased incidence
and cause-specific risk of AD among non-APOE &4-
carriers (sHR and csHR > 1), although the effect for lon-
ger than average LTL was not significant. This was rein-
forced by the profiles shown in the cumulative incidence
and csHR plots. A similar profile can be observed for the
LTL-VaD sHR and csHR, although non-significant. For
APOE e4-carriers, short and long rLTLs showed a trend
of decreased incidence and cause-specific risk of AD,
when compared with medium rLTL APOE e4-carriers.
Again, these opposing patterns could be indicative of
LTL being associated with different disease pathways in
carriers and non-carriers. Similar opposing effects of
short TL was seen in an experimental rodent study,
where TL shortening reduced amyloid plaque pathology
and cognitive deficits in the AD mouse model, whereas
it was associated with poorer neurocognitive outcomes
in the non-AD mouse [64]. Previous studies on amnestic
mild cognitive impairment and AD also converge with
our findings on non-linear associations between TL and
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neurocognitive outcomes, with short and long LTL being
associated with increased disease risk [26, 27]. In con-
trast, the observed linear association profile of rLTL with
death, with increased (sHR and c¢sHR > 1) association
with short rLTL and decreased (sHR and csHR < 1) with
long rLTL, are in accordance with relevant mortality
studies [10, 12, 13]. LTL associations with AD or other
dementia disorders may have gone undetected in previ-
ous studies where the association was assumed to be
monotonic. Thus, our results highlight the importance
of testing for potential non-linearities in LTL-dementia
associations.

We showed here that LTL was predictive of AD inci-
dence in non-APOE e4-carriers, over and above a large
set of commonly available markers modifiable by envir-
onmental factors and lifestyle. The sizable number of
lifestyle-related risk factors and other relevant covariates
selected for our analyses is one of the strengths of our
study, being greater than prior time-to-event studies for
AD or dementia prediction [10, 2426, 28]. Our covari-
ate effects largely replicate previous literature findings
and thereby further validate our results. For instance,
the association of blood cholesterols with increased AD
incidence is in accordance with the well-known associ-
ation with AD risk [35]. The weak association of plasma
glucose with a decreased incidence of AD could reflect
the previously established relationship of hypoglycemia,
malnutrition, muscle weight loss, and low BMI with AD
progression, especially in older cohorts [36, 65]. Also,
our findings reinforce previous knowledge that being fe-
male increases the incidence and the cause-specific risk
of AD [1, 66]. A full discussion of covariate effects is be-
yond the scope of the paper, as complex covariate asso-
ciations may arise across the two statistical models
employed, for the abovementioned reasons. This is par-
ticularly evidenced by the opposing associations of
APOE €4 carriage (or plasma glucose) with death in the
two models. In the Fine-Gray model, we found a strong
positive association between APOE e4-carriers and AD.
This is expected and further explains the opposing nega-
tive association between APOE e4-carriers and deaths. In
this model, all demented, and therefore more APOE e4-
carriers, are at risk to progress to death, hence, creating
a hypothetical overall population at risk. Since the model
does not consider death with dementia, the higher pro-
portion of APOE e4-carriers among the “immortal” de-
mentia cases in this risk population causes an apparent
decrease in the sHR of death for APOE. Nevertheless,
the results are still valid for estimating the incidence
for APOE e4-carriers and describe the predictive per-
formance of the covariate. In contrast, the cause-
specific hazard model estimates the risk of death for
APOE e4-carriers among healthy and non-demented
participants. By excluding those who have progressed
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to dementia, the model considers a more narrow
population at risk and avoids the influence of “im-
mortals” in the risk estimation. However, this risk set
is not valid for estimating incidences in the overall
population [37, 67].

We did not observe an association between LTL and
VaD in our study sample, analyzed as a competing risk
event for AD in our models. Although this could be due
to the lower power for the relatively smaller subset of
VaD cases, in combination with the null effects for the
all-cause dementia sensitivity analyses (Supplementary
Table 3), the pattern of findings suggests that LTL may
be specifically related with AD prediction. There are
strong a priori reasons to hypothesize an LTL-VaD rela-
tionship, given the strong association between short LTL
and cardiovascular disease [55]; however, prior studies
are scarce and show inconsistent findings. Evidence from
a case-control study indicated that VaD cases have short
LTL [68] while a similar study found no evidence [20].
Evidence of LTL’s role as a VaD predictor is even more
limited, but one time-to-event analysis study showed a
weak association of short LTL with increased VaD inci-
dence [25]. Thus, the value of LTL for the prediction of
VaD remains to be elucidated. VaD has a multifactorial
etiology, with a less clear genetic background than AD;
therefore, its association with lifestyle risk factors as
hypertension, inflammation, and obesity that leads to
cerebrovascular disease are expected to stand out as pre-
dictors [35, 50, 68, 69]. Some of our covariate associa-
tions, such as the effects of pulse pressure and
erythrocyte sedimentation rate on increased VaD haz-
ards are in accordance with the abovementioned expec-
tations. Also, the observed association of male gender
with increased VaD incidence may reflect the higher
prevalence of cerebrovascular disease among males [50].
Importantly, our time-to-event models evidenced a dif-
ferent set of covariates with significant effects on VaD
and AD, validating our clinical differential diagnosis of
dementia subtypes.

Limitations

A limitation of this study is the lack of a neuropathologi-
cally confirmed dementia diagnoses. Nevertheless, the
diagnostic procedure was comprehensive, considering
long-term medical documentation from multiple clinical
disciplines combined with health and cognitive assess-
ments, and clear differences in observed covariate associ-
ations were observed for the AD and VaD categories,
reinforcing their validity. Although caution should be
exercised in considering the significance threshold as P
< 0.05, the careful employment of two complementary
time-to-event models strengthens the validity of our
findings and follows a recommendation of prior authors
[38, 39]. Nevertheless, replication of the present findings
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in larger samples is desirable. Furthermore, some selec-
tion bias could have been present in our data because
some participants with short LTL may have died before
study enrolment, or become demented and thereby ful-
filled study exclusion criteria. Such biases likely lead to
an underestimation of the LTL-AD association, but
should not invalidate the significant effects that we did
observe.

Conclusions

Our findings indicate that short LTL may be a valuable
predictor of AD for the non-carriers of the APOE &4
allele, who constitute up to half of the AD cases. The
present findings also highlight the importance of ac-
counting for competing risks of mortality and other
dementia types, as well as non-linearities in LTL associa-
tions with dementia pathogeneses and outcomes. More
generally, improved knowledge of the type of genotype-
biomarker interactions observed here is highly relevant
for personalized prediction strategies, an important sub-
goal of personalized medicine. In the long run, advances
in genome technology and more accessible costs for gen-
ome analyses may enable the combination of genotype
and LTL measurements to be used in routine risk as-
sessment for AD.
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