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Abstract 19 

Background: Leukocyte telomere length (LTL) has been shown to predict Alzheimer's disease 20 

(AD), albeit inconsistently. Failing to account for the competing risks between AD, other dementia 21 

types, and mortality, can be an explanation for the inconsistent findings in previous time-to-event 22 

analyses. Furthermore, previous studies indicate that the association between LTL and AD is non-23 

linear and may differ depending on apolipoprotein E (APOE) ε4 allele carriage, the strongest 24 

genetic AD predictor. 25 

Methods: We analysed whether baseline LTL in interaction with APOE ε4 predicts AD, by 26 

following 1306 initially non-demented subjects for 25 years. Gender- and age-residualized LTL 27 

(rLTL) was categorized into tertiles of short, medium, and long rLTLs. Two complementary time-28 

to-event models that account for competing risks were used; the Fine-Gray model to estimate the 29 

association between the rLTL tertiles and the cumulative incidence of AD, and the cause-specific 30 

hazard model to assess the cause-specific risk of AD between rLTL groups. Vascular dementia and 31 

death were considered competing risk events. Models were adjusted for baseline lifestyle-related 32 

risk factors, gender, age, and non-proportional hazards. 33 

Results: After follow-up, 149 were diagnosed with AD, 96 were diagnosed with vascular dementia, 34 

465 died without dementia, and 596 remained healthy. Baseline rLTL and other covariates were 35 

assessed on average 8 years before AD onset (range 1-24). APOE ε4-carriers had significantly 36 

increased incidence of AD, as well as increased cause-specific AD risk. A significant rLTL-APOE 37 

interaction indicated that short rLTL at baseline was significantly associated with an increased 38 

incidence of AD among non-APOE ε4-carriers (subdistribution hazard ratio = 3.24, CI 1.404–7.462, 39 

P = 0.005), as well as borderline associated with increased cause-specific risk of AD (cause-specific 40 

hazard ratio = 1.67, CI 0.947–2.964, P = 0.07). Among APOE ε4-carriers, short or long rLTLs were 41 

not significantly associated with AD incidence, nor with the cause-specific risk of AD. 42 

Conclusions: Our findings from two complementary competing risk time-to-event models indicate 43 

that short rLTL may be a valuable predictor of the AD incidence in non-APOE ε4-carriers, on 44 
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average 8 years before AD onset. More generally, the findings highlight the importance of 45 

accounting for competing risks, as well as the APOE status of participants in AD biomarker 46 

research. 47 

 48 

Keywords 49 

Leukocyte telomere length; dementia; risk factors; time-to-event analysis; competing risks; vascular 50 

dementia; death. 51 

 52 

Introduction 53 

Two-thirds of dementia cases are diagnosed with Alzheimer’s disease (AD), characterized by 54 

neuronal deposition of amyloid-β plaques and neurofibrillary tau tangles, inflammatory activation 55 

of glia, reduced synaptic capacity, and neuronal loss [1]. These pathologic processes in the brain 56 

emerge from interactions among genetic and lifestyle factors [2]. AD has a long prodromal phase, 57 

as suggested by amyloid-β deposition that may start 15 years before the onset of dementia 58 

symptoms in some individuals [3]. Thus, successful prevention and treatment strategies require 59 

accurate prediction of individuals’ risk of the disease. 60 

The apolipoprotein E (APOE) ε4 allele is the strongest genetic predictor of AD [1,4], although 61 

among autopsy- or biopsy-confirmed AD cases the proportion of individuals not carrying the ε4 62 

risk-allele ranges from 35 to 57% [5], which highlights the need for additional predictive markers. 63 

To date, only approximately 29% of AD heritability can be estimated by genome-wide association 64 

studies, whereas the APOE ε4 allele alone accounts for 24% [6]. Due to its well-documented 65 

relationship with cellular aging [7,8], telomere length is a proposed biomarker of mortality and 66 

aging-related diseases such as dementia. Telomeres are protein-DNA complexes at the chromosome 67 

ends that prevent loss of coding DNA, as chromosomes are shortened with every cell division due 68 

to the “end replication problem” [8,9]. Some cells, i.e. stem cells and germ cells escape telomere 69 

shortening by activating the telomerase enzyme complex, which adds telomeric repeats to the 70 
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chromosome ends [8,9]. However, telomeres may also shorten as a consequence of oxidative stress 71 

and inflammation processes derived from lifestyle factors [8,9]. There is robust evidence from 72 

large-scale studies and meta-analyses associating leukocyte telomere length (LTL) shortening with 73 

aging, aging-related diseases, and mortality [10-13]. Even though short LTL is predictive of these 74 

events and processes, it is yet to be established whether it is a cause, consequence, or mere correlate 75 

of them [14]. 76 

 LTL’s association with dementia, and more specifically with AD risk, is inconsistent. Case-control 77 

and meta-analytic evidence based on case-control studies demonstrate short LTL in individuals 78 

diagnosed with AD [15-19], while other similar studies found no associations [20-23]. Furthermore, 79 

cross-sectional case-control study designs cannot estimate the potential role of LTL as a predictive 80 

AD risk marker if pre-diagnosis measurements aren’t available. Reports on LTL association with 81 

AD using prospective time-to-event analyses also show conflicting results. Short baseline LTL has 82 

been associated with a higher probability to develop AD [24] and all-cause dementia [10], while 83 

null associations with AD have also been found [25]. Noteworthy, another longitudinal time-to-84 

event analysis study found a non-linear LTL association with AD, with both short and long LTL 85 

being associated with elevated AD risk [26]. In accordance, a similar short and long LTL risk 86 

association was observed for amnestic mild cognitive impairment, considered a prodromal stage to 87 

AD [27]. Such non-linearity may have led to divergent results or may have precluded observing 88 

significant associations between LTL and AD in the past. Other limitations of prior time-to-event 89 

studies, such as limited sample sizes, ranging from 20 to 81 demented participants [24,25,28], 90 

limited follow-up times, ranging from 2.5 to 11 years [10,24-26,28], or not accounting for genetic 91 

and lifestyle factors [24] may also underlie divergent findings. 92 

Another reason behind discrepant results could be that the above-mentioned studies employing 93 

time-to-event analyses to estimate associations between LTL and AD have not accounted for 94 

competing risks. However, the well-established association between short LTL and the risk of death 95 

[12] is a clear competing risk, especially in studies with a long follow-up time. Consequently, 96 
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participants with short LTL will be removed from the AD risk set because of death, which may 97 

impede the detection of significant associations between LTL and AD. Accordingly, when subjects 98 

are diagnosed with another dementia disorder they are also removed from the AD risk set. For this 99 

reason, competing risk time-to-event models may access LTL association with AD not detected in 100 

classical time-to-event analysis. 101 

Group-level LTL-AD associations may also be obscured by heterogeneous associations for certain 102 

subgroups. Previous studies on LTL associations with AD [26] and age-related cognitive decline, a 103 

possible prodromal symptom of dementia [29-32], have observed interactions between LTL and 104 

APOE ε4, such that LTL is more strongly associated with AD in APOE ε4-carriers. This suggests 105 

that LTL may predict AD and cognitive decline differently among carriers and non-carriers of 106 

APOE ε4. 107 

The present study aims to investigate whether baseline LTL, alone or in interaction with APOE ε4, 108 

predicts the onset of AD in a well-characterized population-based sample of older individuals 109 

followed for 25 years [33,34]. To achieve this, we performed time-to-event analyses controlling for 110 

lifestyle-related markers of obesity, diabetes, hypertension and inflammation, as lifestyle factors 111 

affect both dementia progression [33,35,36] and TL dynamics [7,8]. We employed two 112 

complementary time-to-event models accounting for competing risks of mortality and vascular 113 

dementia (VaD), as opposed to the standard Cox regression model [37-39]. First, the Fine-Gray 114 

model [40,41] was used to assess the effect of LTL on AD incidence, which reflects covariate 115 

effects on the expected proportion of subjects with AD in the population over time. Second, the 116 

cause-specific hazard model [37] was used to estimate the effect of LTL on the specific risk of AD, 117 

and reflects covariate effects on the instantaneous rate of occurrence in individuals who are 118 

currently alive and dementia-free. By considering both models side-by-side we obtain a more 119 

complete understanding of the effect of LTL on competing risk endpoints. Notably, to our 120 

knowledge the present study is the first one accounting for competing risks to evaluate LTL for AD 121 

prediction. 122 
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 123 

Methods 124 

Study population 125 

The Betula project is a longitudinal population-based prospective study initiated in 1988 (total n = 126 

4425), with the objectives to examine cognition, health, social, and physiological parameters from 127 

adulthood to older age [33,34]. The recruitment procedures have been extensively described 128 

elsewhere [34,42], but participants were required to be non-demented native Swedish speakers 129 

without congenital or acquired intellectual disabilities, or severe hearing/vision impairments at 130 

recruitment. The observation scheme in the study is fixed, in which individuals are examined at five 131 

years intervals (T1-T7 test waves). The presence of dementia has been evaluated adjacent to each 132 

test wave, most recently in 2016/2017. 133 

Clinical characterization and dementia diagnosis assessments 134 

Dementia diagnoses were based on multiple sources of clinical information, comprising written and 135 

computerized medical records, supplemented by outcomes from the Betula study health and 136 

cognitive assessments (for detailed description see [33]). The Diagnostic and Statistical Manual of 137 

Mental Disorders 4th edition (DSM-IV) was used for dementia classification [43]. 138 

All diagnosed AD and VaD cases showed a progressive cognitive and functional decline as evident 139 

by symptoms attributable to each dementia type. Participants receiving an AD diagnosis showed an 140 

insidious onset and progressive cognitive decline as well as other symptoms typically attributable to 141 

clinical AD. Individuals with cardiovascular burden accompanied with neurological signs and a 142 

fluctuating cognitive symptomatology with stepwise progression were diagnosed with VaD. Less 143 

common dementia disorders such as Parkinson's disease, Lewy body dementia, frontotemporal 144 

dementia, progressive supranuclear paralysis, and corticobasal degeneration were always 145 

extensively examined by the Departments of Geriatric Medicine and Neurology, and diagnoses 146 

were set using established criteria [44]. Individuals presenting symptoms of cognitive impairment 147 
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close to death, often accompanied by severe somatic conditions and delirious episodes, were not 148 

diagnosed as demented; neither were individuals exhibiting a long-term low cognitive capacity 149 

after e.g., trauma, tumor, or subarachnoid hemorrhage. 150 

Inclusion and exclusion criteria 151 

Participants aged 45 years or older (n=1842) from samples 1 and 3 of the Betula project, enrolled at 152 

the second (1993–1995) test wave, were initially considered for the present study. The first test 153 

wave was not included here, as LTL was measured from the second test wave onwards. As the 154 

study intended to follow late-onset AD onset for participants not demented at study entry, 155 

participants with dementia diagnostic before the second test wave or participants with early onset of 156 

dementia (demented before being 60 years old, n = 1) were excluded, as well as individuals 157 

deceased at the year of study entry or at a young age (deceased before 60 years old, n = 21). 158 

Subjects younger than 45 years old at baseline were excluded, as they were unlikely to develop 159 

dementia during the studied period. Other dementia types were also excluded due to low numbers 160 

precluding treating them as competing events, e.g., dementia not-otherwise specified (n = 15), 161 

dementia due to Parkinson's disease (n = 5), Lewy body dementia (n = 6), frontotemporal dementia 162 

(n = 2), progressive supranuclear paralysis (n = 1), and corticobasal degeneration (n = 1). Lost to 163 

follow-up individuals (n = 121) were excluded, and comprised those that moved from the region, 164 

had insufficient assessment basis, or did not leave consent for reading their medical record. Subjects 165 

with missing values for telomere length (n = 107) and APOE genotyping (n = 45) were excluded 166 

from the final sample. APOE ε2/APOE ε4 genotype participants were not included in our study (n = 167 

42, of which n = 6 were diagnosed with AD, and n = 3 with VaD). The reason for this was, that in 168 

contrast to APOE ε4, the APOE ε2 allele may have a protective role in AD [45]. At the end of the 169 

selection procedure (see also Supplementary Fig 1), the final sample included 1306 individuals (see 170 

Table 1 for further description). 171 

Leukocyte telomere length 172 
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Genomic DNA from peripheral blood leukocytes was used to measure the LTL, applying the 173 

Cawthon quantitative polymerase chain reaction (PCR) method with minor modifications [46,47]. 174 

Briefly, separate telomere (TEL) and hemoglobin subunit beta (HBB) gene were used to calculate 175 

the T/S (TEL/HBB) values using the 2−ΔCt method, in which ΔCt =CtTEL-CtHBB. The relative 176 

LTL values were obtained by dividing the T/S value of each sample with the T/S value of DNA 177 

from the CCRF-CEM cell line as reference. A comprehensive protocol of normalizations and 178 

quality controls was employed, as described in detail in ref. [48]. All LTLs were measured in 2014. 179 

LTL from 626 samples of the third Betula test wave (1998–2000) were used to replace non-180 

measured LTL in the second test wave. 181 

APOE genotyping and other covariates 182 

APOE genotypes were determined by PCR (for a detailed description, see [49]). Resting diastolic 183 

and systolic pressure were assessed concomitantly with clinical lab tests for serum cholesterol, 184 

plasma glucose, erythrocyte sedimentation rate, and differential white blood cell counts. High 185 

serum cholesterol was considered when serum levels were ≥ 240 mg/dL [50]. Pulse pressure was 186 

calculated by subtracting diastolic pressure from systolic pressure. Blood 187 

lymphocyte proportion was calculated as lymphocyte count divided by the sum of all white blood 188 

cells count (sum of neutrophils, eosinophils, basophils, lymphocytes and monocytes). All covariates 189 

were recorded from the baseline time-point. 190 

Statistical analyses 191 

LTL was residualized against age at LTL measure and gender using a linear regression model, to 192 

remove variance associated with age and gender; hereafter referred to as residualized leukocyte 193 

telomere length (rLTL). Initial analyses revealed a nonlinear relationship between rLTL and AD 194 

risk, where the most parsimonious description of the rLTL profile was found for a tertile division, 195 

evidenced by natural splines (based on lowest Bayesian information criteria - BIC, see 196 

Supplementary Fig 2) [51]. For this reason, rLTL was used in the regression analyses divided in 197 
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tertiles of length, where medium rLTL was used as the reference group for the short and long rLTL 198 

groups. 199 

We employed two different time-to-event models, both accounting for competing risks. First, the 200 

Fine-Gray model, which estimates the subdistribution hazard function (and corresponding 201 

subdistribution hazard ratios), and can be used to correctly predict the cumulative incidence 202 

function for an event. In the model, those who experienced a competing event are still in the risk 203 

set, and only those who experienced the event of interest or those who are truly censored (i.e., 204 

event-free at last follow-up) are removed [37,40,41]. The second model was the cause-specific 205 

hazard model. In contrast to the Fine-Gray model, the cause-specific hazard model estimates the 206 

instantaneous risk of an event among those subjects who are currently event-free, and can be used 207 

to correctly assess the effect of covariates on the risk of an event. Here, those who have already 208 

experienced the event or who have experienced a competing event are no longer in the risk set 209 

[37,38]. 210 

Time from baseline (in years) was used as the time scale. The time-to-event models were adjusted 211 

for lifestyle-related risk factors at baseline; high cholesterol, pulse pressure, plasma glucose, 212 

erythrocyte sedimentation rate, lymphocyte proportion, while controlling for gender, age, and age 213 

squared. Carriers of the APOE ε4 allele, high cholesterol, and gender were included in the models 214 

as binary indicator variables. We restricted the number of selected independent variables to ten 215 

events-per-variable (EPV) ratio, combined with a backward selection of variables by the lowest 216 

Akaike information criteria (AIC) in the cause-specific hazard model for AD. To analyze if 217 

the effect of rLTL depends on the APOE ε4 allele carriage (considering both APOE ε3/ε4 and APOE 218 

ε4/ε4 genotypes as APOE ε4-carriers), we included interaction effect terms, which were included in 219 

the models when significant (P < 0.05). In addition, the proportional hazards assumption was 220 

assessed by testing for time-by-covariate interactions in the multivariable analyses. Competing risk 221 

analyses and plots were carried out using the cuminc, ggplot2, splines and survival packages in R 222 

[52]. 223 
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 224 

Results 225 

After 25 years of follow-up, 596 individuals remained healthy, 149 were diagnosed with AD, 96 226 

were diagnosed with VaD, and 465 non-demented individuals were deceased. The median age at 227 

baseline was 65 years (range 45-86 years), whereas median age of AD onset was circa 82 years. 228 

This was similar for the competing risk events, as the median age at the VaD onset and at the time 229 

of death was 83 years (Table 1). The proportion of APOE ε4-carries in the whole sample was 27.8% 230 

and, as expected, there was a higher prevalence of females (77.2%) and APOE ε4-carries (52.3%) 231 

among AD cases (Table 1). The number of APOE ε4-carriers was similar among short (n = 127), 232 

medium (n = 100) and long (n = 136) rLTL groups (Supplementary Table 1). 233 

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 ε4-carriers 152 (25.5%) 78 (52.3%) 31 (32.3%) 102 (15.4%) 

Serum cholesterol, mg/dL 250.96 (57.9) 270.27 (54.1) 262.55 (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) 12.5 (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 ε4, apolipoprotein E ε4; rLTL, 
residualized leukocyte telomere length. * Age at the last-follow-up of event-free participants.  

 234 

LTL effect on AD incidence 235 

Fine-Gray models were first used to estimate the incidence of AD while considering VaD and death 236 

as competing events (Table 2). APOE ε4 and short rLTL were significantly associated with an 237 

increased incidence of AD. In addition, significant interactions were present for short and long rLTL 238 

and APOE ε4, as well as for short rLTL and time. The significant covariate-covariate interactions 239 

between both short and long rLTL with APOE ε4 evidence that rLTL predicts AD incidence 240 
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differently among APOE ε4-carriers and non-carriers (Table 2). For a clearer interpretation of the 241 

rLTL-APOE interaction, we repeated the Fine-Gray model dummy-coding short, medium and long 242 

rLTL groups among APOE ε4-carriers and non-carriers into six separate groups (see Supplementary 243 

Table 2). With medium rLTL as reference group, both short and long rLTL showed an increased AD 244 

incidence for non-APOE ε4-carriers, although only statistically significant for short rLTL (Table 2 245 

and Supplementary Table 2). Among the carriers of the APOE ε4 allele these associations were 246 

inverted, as both short and long rLTL had a tendency of association with a decreased AD incidence 247 

when compared with medium rLTL APOE ε4-carriers (see Supplementary Table 2). 248 

 249 

Table 2. Fine-Gray models predicting the incidence of AD, VaD and death [sHR (95% CI); P-value]  (n = 1306) 
   Alzheimer's disease (n = 149) Vascular dementia (n = 96) Death (n = 465) 

Short rLTL 3.24 (1.404–7.462); P = 0.005 1.09 (0.668–1.780); P = 0.72 1.82 (1.234–2.682); P = 0.002 

Long rLTL 1.42 (0.751–2.697); P = 0.28 1.27 (0.758–2.120); P = 0.37 0.82 (0.637–1.056); P = 0.12 

APOE ε4-carriers 6.61 (3.592–12.168); P < 0.0001  1.28 (0.841–1.960); P = 0.26 0.70 (0.556–0.882); P = 0.002 

Short rLTL / APOE ε4 interaction 0.41 (0.181–0.920); P = 0.03                         –                         – 

Long rLTL / APOE ε4 interaction 0.40 (0.169–0.948); P = 0.03                         –                         – 

High cholesterol (≥ 240 mg/dL) 1.62 (1.061–2.463); P = 0.02 1.15 (0.736–1.830); P = 0.55 1.82 (1.234–2.682); P = 0.002 

Pulse pressure, mmHg 0.99 (0.986–1.006); P = 0.47 1.02 (1.005–1.030); P = 0.005 0.82 (0.637–1.056); P = 0.12 

Plasma glucose, mg/dL 0.99 (0.980–1.000); P = 0.04 1.00 (0.994–1.010); P = 0.97 0.70 (0.556–0.882); P = 0.002 

Sedimentation rate, mm/h 0.99 (0.984–1.014); P = 0.89 1.03 (0.977–1.040); P = 0.03 1.03 (1.017–1.042); P < 0.0001 

Lymphocyte proportion 0.002 (0.00004–0.156); P = 0.004 0.19 (0.012–2.870); P = 0.25 0.58 (0.166–2.057); P = 0.40 

Gender, male 0.37 (0.249–0.552); P < 0.0001  2.35 (0.666–3.600); P = 0.03 1.87 (1.531–2.274); P < 0.0001 

Age at baseline, years 2.29 (1.719–3.051); P < 0.0001  3.64 (2.571–23.640); P < 0.0001 1.21 (1.087–1.345); P = 0.0004 

Age squared  0.995 (0.992–0.997); P < 0.0001  0.991 (0.981–0.990);  P < 0.0001 0.999 (0.998–1.000); P = 0.04 

Short rLTL time interaction 0.92 (0.869–0.972); P = 0.003                         – 0.95 (0.922–0.983); P = 0.002 

Sedimentation rate time interaction                         – 0.996 (0.995–1.000); P =  0.006 0.998 (0.997–0.999); P = 0.005 

Lymphocyte proportion time interaction 1.76 (1.266–2.447); P = 0.0007                         –                         – 

Gender time interaction                         – 0.92 (0.850–0.986); P = 0.02                         – 

  Pseudo likelihood ratio = 241 Pseudo likelihood ratio = 123 Pseudo likelihood ratio = 480 

APOE ε4, apolipoprotein E ε4; 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. 

 250 

This profile can be observed in the cumulative incidence plots from the Fine-Gray hazard function 251 

(Fig 1). For a representative 65-year-old female non-APOE ε4-carrier, short and long rLTL 252 

increased the AD cumulative incidences when compared with medium rLTL (Fig 1a); however, if 253 
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she was a carrier of the APOE ε4 allele, the associations were inverted, and short and long rLTLs 254 

decreased AD cumulative incidences in comparison with the medium rLTL group (Fig 1b; see also 255 

Supplementary Table 2). Moreover, we found a significant time-by-covariate interaction for short 256 

rLTL among non-carriers. This indicates that the estimated association of short rLTL with increased 257 

AD incidence is present at baseline, i.e., at time 0 (sHR = 3.24, CI = 1.404–7.462, P = 0.005), and 258 

decreases with time (sHR = 0.92, CI = 0 .869–0.972, P = 0.003), because the time-interaction sHR 259 

< 1 (Table 2). As can be seen in the cumulative incidence plot, the elevated cumulative incidence 260 

close to baseline (i.e., ca. 0-5 years) attenuates over the study period for non-carriers with short 261 

rLTL (Fig 1a). 262 

 263 

 264 

Fig 1. Cumulative incidence plots estimating the incidence of individuals progressing to 265 

Alzheimer’s disease (AD) for (a) non-apolipoprotein E ε4-carriers (non-APOE ε4-carriers) and (b) 266 

APOE ε4-carriers according to residualized leukocyte telomere length (rLTL) tertiles. The Fine-267 

Gray hazard function was estimated for a representative 65-year old female with high levels of 268 

cholesterol (> 240 mg/dL), and median values of pulse pressure, plasma glucose, erythrocyte 269 
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sedimentation rate, lymphocyte proportion, and age squared, including time-interactions for short 270 

telomere length and lymphocyte proportion in non-APOE ε4-carriers. 271 

 272 

LTL effect on the incidence of competing events 273 

In the Fine-Gray model short rLTL was also significantly associated with an increased incidence of 274 

death, but not with VaD. Notably, similar to the profile for AD, both short and long rLTL were non-275 

significantly associated with increased VaD incidence in the Fine-Gray models for (sHR > 1). In 276 

contrast to these non-linear U-shaped associations for AD and VaD, short rLTL was significantly 277 

associated with an increased incidence of death, while long rLTL showed a non-significant trend of 278 

a decreased death incidence (Table 2), i.e., a linear association. Notably, there were no significant 279 

interactions between rLTL and APOE in the Fine-Gray models for VaD or death (Table 2). 280 

LTL effect on the cause-specific risk of AD 281 

Subsequently, the cause-specific hazard model was used to assess the effect of covariates on the 282 

cause-specific risk of AD (Table 3). Similar to the findings from the Fine-Gray model, APOE ε4-283 

carriers presented a 6.64 times higher cause-specific risk of AD compared to non-carriers. Short 284 

rLTL showed a non-significant trend of increased cause-specific AD by 67% risk in non-carriers of 285 

APOE ε4 and (Table 3). Significant interactions were also present for short and long rLTL and 286 

APOE ε4 in the cause-specific hazard model. The significant covariate-covariate interactions 287 

between both short and long rLTL with APOE ε4 evidence that rLTL predicts AD cause-specific 288 

risk differently among APOE ε4-carriers and non-carriers (Table 3). For a clearer interpretation of 289 

the rLTL-APOE interaction, we repeated the cause-specific hazard model dummy-coding the short, 290 

medium and long rLTL groups among APOE ε4-carriers and non-carriers into six groups 291 

(Supplementary Table 2). In agreement with our Fine-Gray model findings, short and long rLTL 292 

showed a trend of a decreased cause-specific risk of AD among APOE ε4-carriers, when compared 293 

with medium rLTL APOE ε4-carriers (Supplementary Table 2). 294 
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 295 

Table 3. Cause-specific hazard models predicting the risk of AD, VaD and death [csHR (95% CI); 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 1.29 (0.784–2.119); P = 0.31 1.17 (0.976–1.406); P = 0.08 

Long rLTL 1.38 (0.728–2.615); P = 0.32 1.12 (0.657–1.912); P = 0.67 0.85 (0.688–1.047); P = 0.12 

APOE ε4-carriers 6.64 (3.651–12.087); P < 0.0001  1.54 (0.992–2.379); P = 0.05 1.32 (1.115–1.575); P = 0.001 

Short rLTL / APOE ε4 interaction 0.43 (0.197–0.945); P = 0.03                         –                         – 

Long rLTL / APOE ε4 interaction 0.42 (0.178–0.984); P = 0.04                         –                         – 

High cholesterol (≥ 240 mg/dL) 1.49 (1.001–2.243); P = 0.05 1.15 (0.730–1.827); P = 0.53 1.06 (0.902–1.261); P = 0.45 

Pulse pressure, mmHg 1.00 (0.990–1.011); P = 0.89 1.02 (1.007–1.029); P = 0.001 1.005 (1.001–1.010); P = 0.01 

Plasma glucose, mg/dL 0.99 (0.984–1.001); P = 0.08 1.002 (0.997–1.008); P = 0.38 1.003 (1.002–1.005); P = 0.0002 

Sedimentation rate, mm/h 1.01 (0.992–1.023); P = 0.35 1.005 (0.985–1.026); P = 0.63 1.01 (1.008–1.022); P < 0.0001 

Lymphocyte proportion 0.41 (0.042–4.104); P = 0.45 0.07 (0.004–1.097); P = 0.05 0.24 (0.083–0.672); P = 0.006 

Gender, male 0.46 (0.306–0.691); P = 0.0001 1.16 (0.752–1.800); P = 0.49 0.85 (0.535–1.357); P = 0.50 

Age at baseline, years 1.95 (1.448–2.633); P < 0.0001 3.36 (1.999–5.639); P < 0.0001 2.96 (1.807–4.841); P = 0.02 

Age squared  0.991 (0.994–0.998); P = 0.0002 0.99 (0.989–0.996); P < 0.0001 0.993 (0.990–0.997); P < 0.0001 

Gender time interaction                         –                         – 1.26 (1.028–1.555); P = 0.001 

Age at baseline time interaction                         –                         – 0.73 (0.606–0.885); P < 0.0001 

Age squared time interaction                         –                         – 1.002 (1.001–1.003); P = 0.001 

 AIC = 1770  AIC = 1153 AIC =  7964 

AIC, Akaike information criteria; APOE ε4, apolipoprotein E ε4; CI, 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. 

 296 

The cause-specific hazard ratios for AD from the model were plotted to better understand the 297 

associations of short and long rLTLs and AD risk, as well the interaction between rLTL tertiles and 298 

APOE ε4 allele. For a representative 65-year old female non-APOE ε4-carrier, the risk of AD is 299 

non-significantly higher if she has short and long rLTL compared with medium rLTL, with short 300 

rLTL showing a more pronounced increased risk of AD, in accordance with the trends from the 301 

cause-specific hazard model (Fig 2 and Supplementary Table 2). However, if she was an APOE ε4-302 

carrier, short and long rLTL shows a less pronounced decreased risk of AD, being slightly but non-303 

significantly lower when compared with medium rLTL (Fig 2 and Supplementary Table 2). 304 

 305 
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 306 

Fig 2. Cause-specific hazard ratio plot estimating the risk of individuals to progress to Alzheimer’s 307 

disease (AD) in (a) non-apolipoprotein E ε4-carriers (non-APOE ε4-carriers) and (b) APOE ε4-308 

carriers, according to residualized leukocyte telomere length (rLTL) tertiles. The cause-specific 309 

hazard function was estimated for a representative female of 65 years old, with high cholesterol 310 

levels (> 240 mg/dL), and median values of pulse pressure, plasma glucose, erythrocyte 311 

sedimentation rate, lymphocyte proportion and age squared. 312 

 313 

LTL effect on the cause-specific risk of competing events 314 

Cause-specific hazard models were also used to assess the effect of covariates on the risk of the 315 

competing risks events VaD or death (Table 3). In agreement with our Fine-Gray model findings 316 

(Table 2) and similar to AD, short and long rLTL were associated with numerically, but non-317 

significantly, increased cause-specific risk of VaD (Table 3). In the association between rLTL and 318 

death, short rLTL had a non-significant trend of increased cause-specific risk and, accordingly, long 319 

rLTL had a trend of decreased death risk. According to the model estimates, short rLTL increased 320 

the cause-specific risk of death by 17% (Table 3). 321 

Covariate effects on the incidence and cause-specific risk of AD and competing events 322 
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Some covariates used to adjust the Fine-Gray and cause-specific hazard models showed significant 323 

associations with AD, VaD and death. Although we did not have hypotheses regarding specific 324 

covariates, we report them for completeness. Statistically significant covariate associations with AD 325 

incidence were seen for high blood cholesterols, low plasma glucose, low lymphocyte proportion, 326 

female gender, and older age (Table 2). Similar covariate associations for female gender and higher 327 

age were found for the cause-specific risk of AD (Table 3). Some covariates also had significant 328 

associations with the incidence of VaD, such as high pulse pressure, high sedimentation rate, male 329 

gender, and older age (Table 2). Of these, high pulse pressure and older age were significant for the 330 

cause-specific risk of VaD (Table 3). Most of the analyzed covariates were significantly associated 331 

with death incidence, such as high cholesterol, low plasma glucose, high sedimentation rate, male 332 

gender, and older age (Table 2). APOE ε4-carriage was associated with a decreased incidence of 333 

death. For the cause-specific risk of death, significant covariate associations were found for high 334 

pulse pressure, high plasma glucose, high sedimentation rate, low lymphocyte proportion, and older 335 

age (Table 3). APOE ε4-carriage was associated with a higher cause-specific risk of death. 336 

Sensitivity and control analyses 337 

To test potential bias from APOE ε2 putative protective role, we repeated the AD analyses 338 

excluding APOE ε2 homo- and heterozygotes (ε2/ε2 n = 8, ε2/ε3 n = 166), but no significant 339 

changes were found in the sHR and csHR profiles. Both competing risk time-to-event models were 340 

also repeated combining both dementia types to an all-cause dementia category (Supplementary 341 

Table 3), which rendered no significant associations between dementia and rLTL. The number of 342 

APOE ε4/ε4 homozygotes among short, medium, and long rLTL were 9, 8, and 9, respectively, 343 

evidencing that these participants with elevated AD risk were not overrepresented in any rLTL 344 

group. 345 

Previous Betula project studies found longer LTL among APOE ε4-carriers [31,53]. Here, after 346 

gender and age residualization, the mean rLTL did not differ between APOE ε4-carriers vs. non-347 

carriers (means of -0.009 and -0.004, respectively; P = 0.54). 348 
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 349 

Discussion 350 

After 25 years of follow-up of 1306 healthy participants older than 45 years, our findings indicate 351 

that short LTL significantly predicts an increased AD incidence in non-carriers of the APOE ε4 risk-352 

allele, while also non-significantly increasing its cause-specific risk. A different hazards profile was 353 

seen among APOE ε4-carriers, in which both short and long LTLs showed a trend of a decreased 354 

incidence and cause-specific risk of AD. For our competing risk events, no evidence was obtained 355 

for an LTL association with VaD, while short LTL was significantly associated with an increased 356 

incidence of death, and borderline associated with an increased cause-specific risk of death. 357 

Our finding on LTL as an AD predictor is in agreement with some previous studies [10,24-26], but 358 

further elaborated on the nature of its predictive ability by showing that it was differentially 359 

predictive in non-carriers vs. carriers of the APOE ε4 allele. Past time-to-event studies observing 360 

divergent AD-LTL relationships may have been limited by not accounting for competing risks or 361 

non-linearity of risk-associations, limited sample sizes and follow-up times, or failing to account for 362 

APOE interactions [10,24-26,28]. As in our analyses, APOE ε4 has consistently been found to be 363 

the strongest genetic predictor of AD [6]; however, the non-APOE ε4-carriers, which are more 364 

prevalent worldwide (69-94%) and constitute a sizeable proportion (35-57%) of confirmed AD-365 

cases [5], remain without good predictive markers. Our findings thus hold clinical value in that they 366 

indicate that LTL may improve AD prediction for non-carriers. Thanks to our long follow-up time, 367 

we were able to measure LTL on average 8 years before AD onset (median: 8; min-max: 1-24 368 

years), which further highlights the predictive value of LTL in relation to AD in non-APOE ε4-369 

carriers. Moreover, our estimates of AD incidence indicate that the predictive value of short rLTL 370 

among non-carriers is higher when measured earlier in the prodromal phase, as indicated by the 371 

significant time-interaction in the statistical model and the plotted cumulative incidence curve. 372 

Another result reinforcing short LTL as a predictive marker for participants not carrying the APOE 373 
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ε4 allele is its predictive ability for AD incidence over and above commonly available lifestyle risk 374 

markers previously associated with neurodegenerative disorders, which we discuss below. 375 

Although differential predictive power of LTL for APOE ε4-carriers and non-carriers was expected, 376 

the different directions of associations in this study were not. Prior studies have observed 377 

differential LTL-effects for dementia and age-related cognitive dysfunction for ε4-carriers and non-378 

carriers [26,29-32], but our study is the first to observe a stronger predictive effect in non-carriers. 379 

Given that LTL is a non-specific biomarker associated with multiple processes in the body, such as 380 

oxidative stress, inflammation, immune function, cardiovascular function [7,8,54], any mechanistic 381 

proposals on the relationship between APOE ε4-carriage and LTL in AD etiology would be 382 

premature based on the present observational findings. With that said, evidence for potentially 383 

differential disease mechanisms for AD in APOE ε4-carriers and non-carriers has been reported 384 

[1,55,56], and it cannot be ruled out that LTL is associated with a different mechanistic pathway in 385 

non-carriers than in carriers. For instance, gene expression analyses have identified modules of 386 

genes related to immunological and cardiovascular pathways to be expressed in AD brain samples 387 

of APOE ε4 non-carriers [56], processes which have also been linked to LTL [7,8,54]. In contrast, 388 

LTL may be relatively less related to neuropathological processes shown to be accelerated in APOE 389 

ε4-carriers [1,4,55,57], such as neuronal amyloid-β and tau deposition, blood-brain barrier 390 

dysfunction, or neuronal atrophy (but see [58-60]). APOE ε4-carriers and non-carriers have also 391 

been shown to be differentially represented in identified subcategories of AD [61,62], reinforcing 392 

the notion of potentially differential disease mechanisms. However, more research into how LTL 393 

relates to different AD-related disease mechanisms and disease heterogeneity is warranted to gain a 394 

better understanding of the mechanistic basis of the present findings. 395 

Both the Fine-Gray and the cause-specific hazard models showed similar association profiles 396 

between LTL and AD, as well as for VaD and death. The cause-specific hazard model for AD 397 

among APOE ε4 non-carriers with short rLTL did not however reach conventional levels of 398 

significance (P = 0.07). As the two models reflect different types of hazard functions, their 399 
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combined use has been advocated to reach a more complete understanding of the associations [37-400 

39]. The differences in findings across models should not be seen as surprising and are merely a 401 

result of considering different risk sets. Specifically, the cause-specific hazard model reflects 402 

covariate effects on the instantaneous rate of occurrence in individuals who are currently alive and 403 

dementia-free, whereas the Fine-Gray model reflects covariate effects across all participants who 404 

have not experienced the event-of-interest at the time. Furthermore, the two models serve to 405 

complement purposes in that cause-specific hazard models are considered more appropriate for 406 

estimating etiological associations between covariates and the event, while the Fine-Gray model is 407 

considered more appropriate for estimating incidence or predicting prognosis [37,40]. Our findings 408 

support the use of the Fine-Gray and cause-specific models side-by-side, to obtain a more complete 409 

understanding of covariates effect on AD in the presence of competing risks. Taken together, our 410 

results also suggest that short LTL may be a valuable predictor or biomarker of the AD incidence in 411 

non-carriers of APOE ε4 allele, but the association does not answer the question of whether LTL is 412 

mechanistically contributing to AD etiology or it is merely a predictive AD biomarker. 413 

Significant non-linearity of the LTL association with AD was evidenced in our study, as showed by 414 

the spline analyses used to estimate the best fitting shape of covariate associations in a model [51]. 415 

Accordingly, both short and long LTL were associated with increased incidence and cause-specific 416 

risk of AD among non-APOE ε4-carriers (sHR and csHR > 1), although the effect for longer than 417 

average LTL was not significant. This was reinforced by the profiles shown in the cumulative 418 

incidence and csHR plots. A similar profile can be observed for the LTL-VaD sHR and csHR, 419 

although non-significant. For APOE ε4-carriers, short and long rLTLs showed a trend of decreased 420 

incidence and cause-specific risk of AD, when compared with medium rLTL APOE ε4-carriers. 421 

Again, these opposing patterns could be indicative of LTL being associated with different disease 422 

pathways in carriers and non-carriers. Similar opposing effects of short TL was seen in an 423 

experimental rodent study, where TL shortening reduced amyloid plaque pathology and cognitive 424 

deficits in the AD mouse model, whereas it was associated with poorer neurocognitive outcomes in 425 
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the non-AD mouse [63]. Previous studies on amnestic mild cognitive impairment and AD also 426 

converge with our findings on non-linear associations between TL and neurocognitive outcomes, 427 

with short and long LTL being associated with increased disease risk [26,27]. In contrast, the 428 

observed linear association profile of rLTL with death, with increased (sHR and csHR > 1) 429 

association with short rLTL and decreased (sHR and csHR < 1) with long rLTL, are in accordance 430 

with relevant mortality studies [10,12,13]. LTL associations with AD or other dementia disorders 431 

may have gone undetected in previous studies where the association was assumed to be monotonic. 432 

Thus, our results highlight the importance of testing for potential non-linearities in LTL-dementia 433 

associations. 434 

We showed here that LTL was predictive of AD incidence in non-APOE ε4-carriers, over and 435 

above a large set of commonly available markers modifiable by environmental factors and lifestyle. 436 

The sizable number of lifestyle-related risk factors and other relevant covariates selected for our 437 

analyses is one of the strengths of our study, being greater than prior time-to-event studies for AD 438 

or dementia prediction [10,24-26,28]. Our covariate effects largely replicate previous literature 439 

findings and thereby further validate our results. For instance, the association of blood cholesterols 440 

with increased AD incidence is in accordance with the well-known association with AD risk [35]. 441 

The weak association of plasma glucose with a decreased incidence of AD could reflect the 442 

previously established relationship of hypoglycemia, malnutrition, muscle weight loss and low BMI 443 

with AD progression, especially in older cohorts [36,64]. Also, our findings reinforce previous 444 

knowledge that being female increases the incidence and the cause-specific risk of AD [1,65]. A 445 

full discussion of covariate effects is beyond the scope of the paper, as complex covariate 446 

associations may arise across the two statistical models employed, for above-mentioned reasons. 447 

This is particularly evidenced by the opposing associations of APOE ε4-carriage (or plasma 448 

glucose) with death in the two models. In the Fine-Gray model, we found a strong positive 449 

association between APOE ε4-carriers and AD. This is expected and further explains the opposing 450 

negative association between APOE ε4-carriers and deaths. In this model, all demented, and 451 
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therefore more APOE ε4-carriers, are at risk to progress to death, hence, creating a hypothetical 452 

overall population at risk. Since the model does not consider death with dementia, the higher 453 

proportion of APOE ε4-carriers among the “immortal” dementia cases in this risk population causes 454 

an apparent decrease in the sHR of death for APOE. Nevertheless, the results are still valid for 455 

estimating the incidence for APOE ε4-carriers and describes the predictive performance of the 456 

covariate. In contrast, the cause-specific hazard model estimates the risk of death for APOE ε4-457 

carriers among healthy and non-demented participants. By excluding those who have progressed to 458 

dementia the model considers a more narrow population at risk, and avoids the influence of 459 

“immortals” in the risk estimation. However, this risk set is not valid for estimating incidences in 460 

the overall population [66]. 461 

We did not observe an association between LTL and VaD in our study sample, analysed as a 462 

competing risk event for AD in our models. Although this could be due to the lower power for the 463 

relatively smaller subset of VaD cases; in combination with the null effects for the all-cause 464 

dementia sensitivity analyses (Supplementary Table 3), the pattern of findings suggests that LTL 465 

may be specifically related with AD prediction. There are strong a priori reasons to hypothesize an 466 

LTL-VaD relationship, given the strong association between short LTL and cardiovascular disease 467 

[54]; however, prior studies are scarce and show inconsistent findings. Evidence from a case-468 

control study indicated that VaD cases have short LTL [67] while a similar study found no evidence 469 

[20]. Evidence of LTL’s role as a VaD predictor is even more limited, but one time-to-event 470 

analysis study showed a weak association of short LTL with VaD increased incidence [25]. Thus, 471 

the value of LTL for the prediction of VaD remains to be elucidated. VaD has a multifactorial 472 

etiology, with a less clear genetic background than AD, therefore its association with lifestyle risk 473 

factors as hypertension, inflammation and obesity that leads to cerebrovascular disease are expected 474 

to stand out as predictors [35,50,67,68]. Some of our covariate associations, such as the effects of 475 

pulse pressure and erythrocyte sedimentation rate on increased VaD hazards are in accordance with 476 

the above-mentioned expectations. Also, the observed association of male gender with increased 477 
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VaD incidence may reflect the higher prevalence of cerebrovascular disease among males [50]. 478 

Importantly, our time-to-event models evidenced a different set of covariates with significant 479 

effects on VaD and AD, validating our clinical differential diagnosis of dementia subtypes. 480 

Limitations 481 

A limitation of this study is the lack of a neuropathologically confirmed dementia diagnoses. 482 

Nevertheless, the diagnostic procedure was comprehensive, considering long-term medical 483 

documentation from multiple clinical disciplines combined with health and cognitive assessments, 484 

and clear differences in observed covariate associations were observed for the AD and VaD 485 

categories, reinforcing their validity. Although caution should be exercised in considering the 486 

significance threshold as P < 0.05, the careful employment of two complementary time-to-event 487 

models strengthens the validity of our findings and follows a recommendation of prior authors 488 

[38,39]. Nevertheless, replication of the present findings in larger samples is desirable. 489 

Furthermore, some selection bias could have been present in our data because some participants 490 

with short LTL may have died before study enrolment, or become demented and thereby fulfilled 491 

study exclusion criteria. Such biases likely lead to an underestimation of the LTL-AD association, 492 

but should not invalidate the significant effects that we did observe. 493 

Conclusions 494 

Our findings indicate that short LTL may be a valuable predictor of AD for the non-carriers of the 495 

APOE ε4 allele, who constitute up to half of the AD cases. The present findings also highlight the 496 

importance of accounting for competing risks of mortality and other dementia types, as well as non-497 

linearities in LTL associations with dementia pathogeneses and outcomes. More generally, 498 

improved knowledge of the type of genotype-biomarker interactions observed here is highly 499 

relevant for personalized prediction strategies, an important subgoal of personalized medicine. In 500 

the long run, advances in genome technology and more accessible costs for genome analyses may 501 
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enable the combination of genotype and LTL measurements to be used in routine risk assessment 502 

for AD. 503 
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Supplementary Table 1. Descriptive characteristics of the rLTL tertiles 

  Short rLTL (tertile 1) Medium rLTL (tertile 2) Long rLTL (tertile 3) 

Number 439 436 431 

APOE ε4-carriers 127 (28.9%) 100 (22.9%) 136 (31.6%) 

Non-APOE ε4-carriers 312 (71.1%) 336 (77.1%) 295 (68.4%) 

AD 61 (13.9%)  45 (10.3%) 43 (10%) 

AD carriers/non-carriers 28/33 26/19 24/19 

VaD 40 (9.1%) 28 (6.4%) 28 (6.5%) 

Deceased non-demented 207 (47.2%) 156 (35.8%) 102 (23.6%) 

Healthy 131 (29.8%) 207 (47.5%) 258 (59.9%) 

AD, Alzheimer's disease; APOE ε4, apolipoprotein E ε4; rLTL, residualized leukocyte telomere length; 
VaD, vascular dementia. 

 741 

Fine-Gray and cause-specific hazard models with medium telomere as reference group 742 

Supplementary Table 2. Fine-Gray and cause-specific hazard models for Alzheimer's disease  

  sHR P-value   csHR P-value 

Non-APOE ε4-carriers with medium rLTL 1 (reference)  1 (reference)    1 (reference)  1 (reference)  

Non-APOE ε4-carriers with short rLTL 2.40 0.03 *   1.67 0.07 

Non-APOE ε4-carriers with long rLTL 1.42 0.28  1.38 0.32 

APOE ε4-carriers with medium rLTL 1 (reference)  1 (reference)    1 (reference)  1 (reference)  

APOE ε4-carriers with short rLTL 0.61 0.08  0.72 0.24 

APOE ε4-carriers with long rLTL 0.57 0.05   0.57 0.05 

Models with dummy-coding the short, medium and long rLTL groups among APOE ε4-carriers and non-carriers into 

six groups. Two different models with the same variables were employed, one with non-APOE ε4-carriers with 

medium rLTL as the reference group, and another with APOE ε4-carriers with medium rLTL as the reference group. 

All models were adjusted by high cholesterol, pulse pressure, plasma glucose, erythrocyte sedimentation rate, 

lymphocyte proportion, age and age squared. Time-interaction for short telomere and lymphocyte proportion in non-

APOE ε4-carriers were included for the Fine-Gray model. APOE ε4, apolipoprotein E ε4; csHR, cause-specific 

hazard ratio of cause-specific hazard model; rLTL, residualized leukocyte telomere length; sHR, ratio of the 

subdistribution hazards of Fine-Gray model. Time from baseline, in years, was used as time scale. (Total n = 1306, 

Alzheimer's disease n = 149). * P < 0.05. 
 743 

All-cause dementia Fine-Gray and cause-specific hazard models 744 

Supplementary Table 3. Fine-Gray and cause-specific hazard models predicting the risk of all-cause dementia [HR (95% 

CI); P-value] (n = 1306) 

  Fine-Gray model 

[sHR (95% CI); P-value] 

Cause-specific hazard model 

[csHR (95% CI); P-value] 

 All-cause dementia (n=245) 

Short residualized telomere length 0.99 (0.725–1.349); P = 0.94 1.16 (0.856–1.587); P = 0.33 

Long residualized telomere length 1.02 (0.737–1.420); P = 0.89 0.97 (0.693–1.349); P = 0.84 

Apolipoprotein E ε4-carriers 2.56 (1.975–3.331); P < 0.0001 2.64 (2.035–3.417); P < 0.0001 

High cholesterol (≥ 240 mg/dL) 1.40 (1.029–1.917); P = 0.03 1.37 (0.973–1.780); P = 0.07 

Pulse pressure, mmHg 1.00 (0.997–1.012); P = 0.21 1.01 (1.001–1.016); P = 0.03 

Plasma glucose, mg/dL 0.99 (0.989–1.001); P = 0.11 0.998 (0.994–1.003); P = 0.47 

Sedimentation rate, mm/h 0.99 (0.987–1.010); P = 0.85 1.00 (0.994–1.019); P = 0.27 



34 

 

Lymphocyte proportion 0.30 (0.053–1.739); P = 0.18 0.21 (0.036–1.204); P = 0.07 

Gender, male 0.56 (0.419–0.747); P < 0.0001 0.68 (0.511–0.912); P = 0.009 

Age at baseline, years 2.71 (2.107–3.499); P < 0.0001 2.33 (1.797–3.029); P < 0.0001 

Age squared  0.993 (0.992–0.995); P < 0.0001 0.995 (0.993–0.996); P < 0.0001 

  Pseudo likelihood ratio = 320 Akaike information criteria = 2937 

CI, confidence interval; csHR, cause-specific hazard ratio of cause-specific hazard model, accounting for competing risks; 

sHR, ratio of the subdistribution hazards of Fine-Gray model. Time from baseline, in years, was used as the time scale. 

There were no significant rLTL vs. apolipoprotein E ε4 interactions or time-interactions in the all-cause dementia models. 
 

 745 

Non-linear association between rLTL and AD risk 746 

 747 

Supplementary Fig 2. The non-linear association between residualized leukocyte telomere length 748 

(rLTL) and the risk of Alzheimer’s disease (AD) was investigated by including (a) one-knot, (b) 749 

two-knots, and (c) three-knots natural splines. The cause-specific hazard models were estimated for 750 

a representative female non-APOE ε4-carrier and normal cholesterol levels, with median values of 751 

pulse pressure, plasma glucose, erythrocyte sedimentation rate, lymphocyte proportion, and age 752 

squared. The lowest Bayesian information criteria (BIC) was used to identify the best-fitted model. 753 



Figures

Figure 1

Cumulative incidence plots estimating the incidence of individuals progressing to Alzheimer’s disease
(AD) for (a) non-apolipoprotein E ε4-carriers (non-APOE ε4-carriers) and (b) APOE ε4-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 13 sedimentation rate, lymphocyte proportion, and age
squared, including time-interactions for short telomere length and lymphocyte proportion in non-APOE ε4-
carriers.



Figure 2

Cause-speci�c hazard ratio plot estimating the risk of individuals to progress to Alzheimer’s disease (AD)
in (a) non-apolipoprotein E ε4-carriers (non-APOE ε4-carriers) and (b) APOE ε4-carriers, according to
residualized leukocyte telomere length (rLTL) tertiles. The cause-speci�c 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.


