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Abstract

Background: Shorter leukocyte telomere length (LTL) is associated with aging and dementia. Impact of lifestyle changes on LTL, and relation 
to cognition and genetic susceptibility for dementia, has not been investigated in randomized controlled trials (RCTs).
Methods: Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and Disability is a 2-year RCT enrolling 1260 participants 
at risk for dementia from the general population, aged 60–77 years, randomly assigned (1:1) to multidomain lifestyle intervention or control 
group. The primary outcome was cognitive change (Neuropsychological Test Battery z-score). Relative LTL was measured using quantitative 
real-time polymerase chain reaction (trial registration: NCT01041989).
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Results: This exploratory LTL substudy included 756 participants (377 intervention, 379 control) with baseline and 24-month LTL 
measurements. The mean annual LTL change (SD) was −0.016 (0.19) in the intervention group and −0.023 (0.17) in the control group. 
Between-group difference was nonsignificant (unstandardized β-coefficient 0.007, 95% CI −0.015 to 0.030). Interaction analyses indicated 
better LTL maintenance among apolipoprotein E (APOE)-ε4 carriers versus noncarriers: 0.054 (95% CI 0.007 to 0.102); younger versus older 
participants: −0.005 (95% CI −0.010 to −0.001); and those with more versus less healthy lifestyle changes: 0.047 (95% CI 0.005 to 0.089). 
Cognitive intervention benefits were more pronounced among participants with better LTL maintenance for executive functioning (0.227, 
95% CI 0.057 to 0.396) and long-term memory (0.257, 95% CI 0.024 to 0.489), with a similar trend for Neuropsychological Test Battery 
total score (0.127, 95% CI −0.011 to 0.264).
Conclusions: This is the first large RCT showing that a multidomain lifestyle intervention facilitated LTL maintenance among subgroups of older 
people at risk for dementia, including APOE-ε4 carriers. LTL maintenance was associated with more pronounced cognitive intervention benefits.

Clinical Trials Registration Number: NCT01041989

Keywords:  Behavioral intervention, Dementia prevention, Older adults, Telomeres

Telomeres are segments of DNA located at the ends of eukaryotic 
chromosomes, with an essential role in protecting chromosomes 
from damage and ensuring genome stability (1). Telomere short-
ening during cell divisions is counteracted by a complex mainten-
ance system including the enzyme telomerase (1). Shorter telomere 
length is a biomarker of cellular aging and may be involved in the 
pathophysiology of aging-related conditions including dementia and 
cognitive impairment (2–8). Although telomere length and its age-
dependent attrition rate are heritable, environmental factors may 
contribute to ≈72% of the variability in telomere length (9). Ample 
evidence from observational studies emphasizes the importance of a 
healthy lifestyle for telomere maintenance. Lifestyle factors associ-
ated with shorter telomeres include, for example, smoking, obesity, 
physical inactivity, and unhealthy diet (10,11).

The impact of lifestyle interventions on telomere length has 
so far been investigated in a small number of trials focusing pri-
marily on other conditions and predominantly targeting unimodal 
interventions. A 6-month randomized controlled pilot trial in 33 
older individuals with mild cognitive impairment suggested that 
telomere shortening was attenuated by ω-3 polyunsaturated fatty 
acid supplementation (12). In the randomized controlled Finnish 
Diabetes Prevention Study, a multidomain lifestyle intervention 
including weight loss, diet, and exercise did not have a significant 
effect on 5-year leukocyte telomere length (LTL) change compared 
with controls in 311 middle-aged participants with impaired glu-
cose tolerance; LTL increased in both intervention and control 
groups (13). Some randomized controlled trials of meditation or 
mindfulness for stress reduction indicated improved telomerase 
activity (14). Comprehensive lifestyle intervention including diet, 
exercise, stress management, and increased social support was re-
ported to increase LTL 5 years after the intervention in 10 men 
with low-risk prostate cancer compared with 25 controls (15). 
However, the majority of multidomain lifestyle interventions 
aiming to prevent or delay cognitive impairment have not included 
LTL as an outcome (16). To date, no trials have assessed whether 
multidomain lifestyle interventions affect LTL among older indi-
viduals at risk for dementia.

The Finnish Geriatric Intervention Study to Prevent Cognitive 
Impairment and Disability (FINGER) has previously reported cog-
nitive benefits for a 2-year multidomain lifestyle intervention versus 
health advice control in 1260 older individuals at risk for dementia 
(17). The FINGER exploratory LTL substudy aimed to investigate 
(a) impact of the lifestyle intervention on change in LTL; (b) poten-
tial effect modification by the apolipoprotein E (APOE)-ε4 allele, age, 
sex, and lifestyle changes; and (c) associations between intervention 

benefits on cognition and change in LTL. The hypothesis was that 
the intervention would attenuate LTL shortening, and that better 
LTL maintenance would be associated with cognitive benefits.

Method

Study Design
FINGER is a 2-year multidomain randomized controlled trial car-
ried out in 6 sites in Finland and enrolled at-risk participants from 
the general population. The trial protocol and primary findings have 
been previously described (17,18). FINGER was approved by the 
coordinating ethics committee of the Hospital District of Helsinki 
and Uusimaa. Participants gave written informed consent at the 
screening and baseline visits.

Participants
This exploratory LTL substudy included 756 of the 1260 trial 
participants with LTL measurements at both baseline and 2-year 
visit (377 in the intervention group and 379 in the control group, 
Figure 1). The LTL subpopulation was selected according to the 
order of randomization (the first 800 participants randomized), 
provided that blood samples were available, and DNA could 
be extracted. FINGER participants were recruited from former 
nonintervention population-based surveys. Eligibility criteria in-
cluded age 60–77 years and Cardiovascular Risk Factors, Aging 
and Dementia (CAIDE) risk score ≥6 points (19). Cognitive 
screening using the Consortium to Establish a Registry for 
Alzheimer’s Disease battery (20) selected individuals with cogni-
tive performance at the mean level or slightly lower than expected 
for age according to Finnish population norms (17). Exclusion 
criteria were previously diagnosed dementia, suspected dementia 
following clinical assessment at the screening visit, Mini-Mental 
State Examination less than 20 points, disorders affecting safe par-
ticipation/cooperation, severe loss of sensory capacities, and con-
current participation in another intervention trial.

Randomization and Masking
FINGER participants were randomly assigned to the multidomain 
intervention or the regular health advice (control) group in a 1:1 
ratio. Allocations were computer-generated in blocks of 4 (2 individ-
uals randomly allocated to each group) at each site after the baseline 
assessment by the study nurse. Outcome assessors and lab techni-
cians analyzing biological samples were blinded to allocation and 
were not involved in intervention tasks.

492 Journals of Gerontology: MEDICAL SCIENCES, 2021, Vol. 76, No. 3



Procedures
The intervention protocol has been described in detail (17,18). In 
brief, the control group received regular health advice according 
to established guidelines. The multidomain lifestyle intervention 
included 4 components. The nutritional component based on the 
Finnish Nutrition Recommendations was carried out by study nu-
tritionists in individual and group sessions with the participants. 
The exercise training program followed international guidelines, 
was led by study physiotherapists, and included aerobic training 
as well as strength and balance training at the gym (17). Cognitive 
training included psychologist-led group sessions and individual 
computer-based training (web-based in-house developed computer 
program adapted from previous trial protocols (21)). Management 
of metabolic and vascular risk factors followed national evidence-
based guidelines and included additional meetings with the study 
nurse and physician (body mass index, blood pressure, hip and waist 
circumference measurements, physical examinations, and lifestyle 
recommendations (17)).

Outcomes
LTL measurement
Relative LTL (exploratory outcome) was measured from DNA ex-
tracted from peripheral blood collected at baseline and 2-year visits. 
As a relative measure, LTL does not have a specific measurement unit.

Blood samples for DNA were collected in 
ethylenediaminetetraacetic acid (EDTA) tubes, tubes were turned a 
few times and then immediately stored at −20°C at the study cen-
ters. The blood samples were shipped monthly in dry ice to the la-
boratory at the Finnish Institute for Health and Welfare, where they 
were stored at −20°C until the time of DNA extraction. Genomic 

DNA was extracted from venous blood samples with Chemagic 
MSM1 from PerkinElmer using magnetic beads according to the 
manufacturer’s protocol. Prior to genotyping, DNA quality was de-
termined using NanoDrop and PicoGreen, and DNA concentration 
normalized to 50 ng/µL.

Relative LTL measurements and quality control were conducted 
at the laboratory of Professor Iiris Hovatta at the Molecular and 
Integrative Biosciences Research Program, University of Helsinki, 
Finland.

Samples from each participant (baseline and follow-up) were as-
sayed on the same 384-well plate. There was a random distribution 
between plates, but ensuring that the age, sex, and group allocation 
of participants (intervention vs control) were similar across plates. 
A quantitative polymerase chain reaction (qPCR)-based method was 
used as described previously (22,23), with β-hemoglobin (Hgb) as a 
single copy reference gene. Separate reactions for telomere and Hgb 
reaction were carried out in paired 384-well plates in which matched 
sample well positions were used. Ten nanograms of DNA were used 
for each reaction, performed in triplicate. Every plate included a 
7-point standard curve, which was used to create a standard curve 
and to perform absolute quantification of each sample. Samples and 
standard dilutions were transferred into the plates using a multi-
channel pipet and dried overnight at room temperature. Specific 
reaction mix for telomere reaction included 270 nM tel1b primer 
(5′-CGGTTT(GTTTGG)5GTT-3′) and 900  nM tel2b primer 
(5′-GGCTTG(CCTTAC)5CCT-3′), 0.2X SYBR Green I (Invitrogen), 
5 mM DTT (Sigma–Aldrich), 1% DMSO (Sigma–Aldrich), 0.2 mM 
of each dNTP (Fermentas), and 1.25 U AmpliTaq Gold DNA poly-
merase (Applied Biosystems) in a total volume of 15 µL AmpliTaq 
Gold Buffer II supplemented with 1.5 mM MgCl2. Hgb reaction mix 

Figure 1. Trial profile for the exploratory LTL substudy. CERAD = Consortium to Establish a Registry for Alzheimer’s disease; LTL = relative leucocyte telomere 
length.
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included 300 nM Hgb1 primer (5′-GCTTCTGACACAACTGTGTT
CACTAGC-3′) and Hgb2 primer (5′-CACCAACTTCATCCACGTT
CACC-3′) in a total volume of 15 µL of iQ SyBrGreen supermix (Bio-
Rad). Cycling conditions for telomere amplification were 10 minutes 
at 95°C followed by 25 cycles at 95°C for 15 seconds and 54°C for 
2 minutes with signal acquisition. Cycling conditions for Hgb ampli-
fication were 95°C for 10 minutes followed by 35 cycles at 95°C for 
15 seconds, 58°C for 20 seconds, 72°C for 20 seconds with signal ac-
quisition. Reactions were performed with CFX384 Real-Time PCR 
Detection System (Bio-Rad). Melt-curve analysis was carried out at 
the end of the run to ensure specific primer binding.

Bio-Rad CFX Manager software was used to perform quality 
control, and samples with SD greater than 0.5 between triplicates 
were omitted from the analysis. Plate effect was controlled for 
by analyzing 5 genomic DNA control samples on every plate. We 
normalized the telomere and Hgb signal values separately to the 
mean of these control samples before taking the relative telomere to 
single-copy gene (T/S) ratio. The control samples were used for cal-
culating the coefficient of variation value that was 8.35%.

Cognitive outcomes
Participants were assessed with an extended version of the 
Neuropsychological Test Battery (NTB) (24) at baseline, 12- and 
24-month visits. The primary FINGER outcome was a change in 
NTB total score, a composite score based on 14 tests (calculated 
as z-scores standardized to the baseline mean and SD, with higher 
scores suggesting better performance) (18). Secondary cognitive out-
comes included NTB domain z-scores for memory, processing speed, 
and executive functioning calculated as described previously (16,17).

Statistical Analyses
The FINGER LTL exploratory substudy was planned with no avail-
able effect size references from clinical trials testing the impact of 
multidomain lifestyle interventions on LTL in older adults at risk for 
dementia. No power calculations were thus conducted specifically 
for the LTL substudy.

Chi-square and t tests were used to compare baseline character-
istics of FINGER participants with and without available LTL meas-
ures, and intervention and control groups in the LTL subpopulation.

Intervention effects on change in relative LTL
Change in relative LTL was calculated as the difference between 
2-year and baseline LTL, divided by time. Positive values indi-
cated an observed increase, and negative values indicated a de-
crease in relative LTL. A  linear regression model was used, with 
change in relative LTL as a dependent variable, and randomiza-
tion group, baseline relative LTL, age, sex, study site, and healthy 
lifestyle change index as independent variables. Healthy lifestyle 
change was calculated for all participants as a composite index 
based on measures of diet (Recommended Finnish Diet Score (25)), 
exercise frequency (days per week), and cardiovascular factors (in-
verse of age- and sex-specific relative cardiovascular risk based 
on the FINRISK score (26)). Z-scores for each index component 
were standardized to the baseline mean and SD, and the difference 
between 24-month and baseline visit was calculated. The overall 
index was calculated as the mean z-score change (with higher 
values indicating healthier change) if data were available in at least 
2 of the 3 lifestyle domains.

Potential effect modification by 4 factors highly relevant for LTL 
and/or cognition (APOE-ε4 allele carrier vs noncarrier status, sex, 

baseline age, and healthy lifestyle change index) was also investi-
gated. For each factor, the linear regression model described above 
additionally included (a) APOE and randomization group × APOE 
interaction, (b) group × sex interaction, (c) group × age (continuous) 
interaction, and (d) lifestyle index (continuous) and group × index 
interaction.

Results are reported as unstandardized β-coefficients (95% CIs) 
and p values.

Change in relative LTL and change in cognition
Zero-skewness log-transformations were applied to skewed NTB 
components. Mixed effects regression models with maximum like-
lihood estimation were performed to assess the change in cognitive 
scores as a function of randomization group, time, LTL change, their 
2-way interactions, and a group × time × LTL change interaction. 
All models were adjusted for age, sex, study site, baseline LTL, and 
healthy lifestyle change index. Results are reported as estimates from 
the xtmixed command in Stata, with 95% CI and p values. Group 
× time × LTL change interactions with p < .10 are also presented as 
graphs showing intervention effects on cognition (intervention–con-
trol difference) for different levels of change in LTL.

We use the term “intervention benefit” to refer to differences 
between the intervention and control groups that favored the 
intervention group.

Level of significance was less than 5% in all analyses. Stata soft-
ware version 13 (Stata Statistical Software: Release 13; StataCorp 
LP, College Station, TX) was used.

The FINGER trial is registered with ClinicalTrials.gov, number 
NCT01041989.

Results

Between September 7, 2009 and November 24, 2011, 2654 individ-
uals were screened and 1260 were randomly assigned to the inten-
sive intervention group (n  =  631) or control group (n  =  629). The 
full trial profile has been previously described (17). There were no 
significant differences in baseline characteristics between interven-
tion and control groups in the LTL subpopulation (Table 1). The LTL 
subpopulation (n = 756) had a higher education level (p = .039), lower 
systolic blood pressure (p = .003), and better cognitive performance 
on the total NTB (p =  .001), executive functioning (p ≤ .001), and 
processing speed (p =  .035) domains compared with the rest of the 
FINGER participants (n = 504; Supplementary Table S1).

Mean relative LTL (SD) at baseline was 1.075 (0.325) for par-
ticipants aged 60–70 years and 1.042 (0.338) for participants aged 
70–77 years. Because there is no “general reference scale” for the 
size of change in relative LTL values over time, and LTL decreases 
with age, these mean baseline values per age decade are provided as 
reference.

FINGER Intervention Effects on Change in 
Relative LTL
On average, relative LTL decreased over time. Observed mean an-
nual LTL change (SD) was −0.016 (0.19) in the intervention and 
−0.023 (0.17) in the control group (unadjusted p  =  .58). Increase 
in relative LTL was observed in 45.4% of the intervention group 
and 42.5% of the control group. No significant difference between 
intervention and control groups in change in relative LTL was found 
after adjusting for age, sex, baseline LTL, study site, and lifestyle 
change index (unstandardized β-coefficient 0.007, 95% CI −0.015 
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to 0.030, p = .53). However, effect modifications on LTL mainten-
ance by APOE-ε4 allele, age, and lifestyle changes were observed 
(Table 2). The intervention had significantly more pronounced ef-
fects on LTL maintenance among APOE-ε4 carriers compared with 
noncarriers (unstandardized β-coefficient for randomization group 
× APOE interaction 0.054, 95% CI 0.007–0.102, p = .026), younger 
versus older participants (unstandardized β-coefficient for group × 
age interaction −0.005, 95% CI −0.010 to −0.001, p =  .031), and 
participants with more pronounced versus less pronounced healthy 
lifestyle changes (unstandardized β-coefficient for group × lifestyle 
interaction 0.047, 95% CI 0.005–0.089, p = .029; Table 2). No sig-
nificant effect modification by sex was found (group × sex inter-
action −0.019, 95% CI −0.065 to 0.026, p  =  .40). Findings were 
similar when analyses were re-run without adjustment for baseline 
LTL (Supplementary Table S2).

Change in Relative LTL and Change in Cognition
The intervention benefit on the primary cognitive outcome (NTB 
total score) tended to be more pronounced with increasing relative 
LTL (Figure  2A). The randomization group × time × LTL change 
interaction (95% CI) was 0.127 (−0.011 to 0.264), p  =  .070. 
Intervention benefits on executive functioning and long-term 
memory were significantly more pronounced with increasing rela-
tive LTL (Figure 2B and C). The randomization group × time × LTL 

change interaction (95% CI) was 0.227 (0.057–0.396), p  =  .009 
for executive functioning and 0.257 (0.024–0.489), p  =  .031 for 
long-term memory. No significant randomization group × time × 
LTL change interactions were found for processing speed: −0.087 
(−0.268 to 0.094), p =  .347 or memory: 0.152 (−0.074 to 0.378), 
p = .187. Findings were similar when analyses were re-run without 
adjustment for baseline LTL (Supplementary Table S3).

No serious intervention-related adverse events were reported (17).

Discussion

FINGER is so far the largest clinical trial investigating the effects of a 
multidomain lifestyle intervention on change in LTL and the first to re-
late the change in LTL to change in cognition in older adults at risk 
for dementia from the general population. Overall, LTL change during 
2 years was not significantly different between the intervention and con-
trol groups. However, there were significant intervention benefits on LTL 
maintenance in APOE-ε4 carriers, younger individuals, and participants 
with healthier lifestyle changes during the 2-year trial. No differences 
were found between men and women. Intervention benefits on the pri-
mary cognitive outcome (NTB total score) were more pronounced with 
better LTL maintenance. Intervention benefits on long-term memory and 
executive functioning, but not memory or processing speed, were signifi-
cantly more pronounced with better LTL maintenance.

Table 1. Baseline Characteristics of Participants in the FINGER LTL Exploratory Substudy

Characteristics at Baseline

Total Intervention Control

n n = 377 n = 379

Demographic characteristics
 Age at the baseline visit (years) 756 69.4 ± 4.6 69.0 ± 4.8
 Sex (women, %) 756 164 (43.5) 188 (49.6)
 Education (years) 755 10.1 ± (3.4) 10.2 ± (3.4)
Baseline leukocyte telomere length (LTL) 756 1.06 ± 0.3 1.06 ± 0.3
APOE-ε4 carriers 724  111(31.1)  133(36.2)
Vascular factors    
 Systolic blood pressure (mmHg) 747 139.2 ± 16.7 138.7 ± 15.8
 Diastolic blood pressure (mmHg) 747 80.1 ± 9.8 80.2 ± 9.2
 Serum total cholesterol (mmol/L) 754 5.1 ± 1.0 5.2 ± 1.0
 Serum HDL-cholesterol (mmol/L) 754 1.4 ± 0.4 1.5 ± 0.4
 Fasting plasma glucose (mmol/L) 756 6.1 ± 0.8 6.1 ± 0.9
 Body mass index (kg/m2) 747 28.4 ± 4.7 27.9 ± 4.8
 History of hypertension (%) 747 250 (67.0) 231 (61.8)
 History of diabetes (%) 753 54 (14.4) 47 (12.4)
Lifestyle factors
 Physical activity 2 or more times/week (%) 750 272 (72.5) 268 (71.5)
 Current smokers (%) 754 40 (10.6) 27 (7.2)
 Alcohol drinking at least once/week (%) 751 179 (47.1) 164 (43.7)
 Fish intake at least twice/week (%) 752 204 (54.3) 188 (50.0)
 Daily intake of vegetables (%) 754 239 (63.6) 241 (63.8)
 Recommended Finnish Diet Score points 752 12.8 ± 3.4 12.7 ± 3.3
Baseline cognition*
 NTB total score 755 0.00 ± 0.6 0.07 ± 0.6
 Executive functioning 755 −0.00 ± 0.8 0.08 ± 0.8
 Processing speed 755 −0.00 ± 0.8 0.08 ± 0.8
 Memory 755 −0.01 ± 0.7 0.07 ± 0.6
 Long-term memory 743 −0.02 ± 0.8 0.07 ± 0.7

Notes: FINGER = Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and Disability; NTB = Neuropsychological Test Battery. Values are 
means ± SD unless otherwise specified. Differences between intervention and control groups were analyzed with chi-square and t tests as appropriate.

*Scores on the NTB total score, executive functioning, processing speed, memory, and long-term memory are mean values of z-scores of the cognitive tests in-
cluded in each cognitive outcome. Higher scores indicate better performance.
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These findings add to the sparse literature on multidomain life-
style interventions and LTL. For ethical reasons, the FINGER con-
trol group also received advice on lifestyle, metabolic, and vascular 
risk factors, and this may have diluted the effects compared with a 
“do-nothing” control group. Mean LTL decreased during the 2-year 
trial, which was expected given the participants’ age. Intervention 
effects on LTL maintenance were also less pronounced with older 
age at baseline. This suggests that LTL maintenance through healthy 
lifestyle changes may decrease with age and thus emphasizes the im-
portance of early interventions.

Improvement in lifestyle among FINGER participants was dir-
ectly associated with LTL maintenance. This finding is consistent 
with previous observational studies on lifestyle and LTL, and most 
importantly with the notion that healthy behaviors act in synergy to 
affect LTL positively (27). In the Nurses’ Health Study, the combin-
ation of 5 healthy lifestyle factors (non-current smoking, maintaining 
optimal body weight, healthy diet, exercise, and moderate alcohol 

consumption) was cross-sectionally associated with longer LTL. 
However, associations with LTL were much weaker when each life-
style factor was assessed separately (28). Similarly, healthy behav-
iors regarding diet, physical activity, and sleep have a joint effect in 
buffering against the deleterious impact of stress on LTL, while the 
individual effects of these health behaviors are modest (29). Such evi-
dence highlights the importance of sufficiently intensive multidomain 
healthy lifestyle intervention for facilitating LTL maintenance.

Interestingly, there were more pronounced FINGER intervention 
benefits on LTL maintenance in APOE-ε4 carriers. The APOE-ε4 al-
lele is the strongest known genetic risk factor for AD, and it has 
also been linked to other neurological and cardiovascular condi-
tions (http://www.alzgene.org/). APOE-ε4 carriers also have a more 
rapid LTL attrition rate (30) and are more sensitive to the detri-
mental effects of unhealthy lifestyle (31). It has also been shown that 
among Alzheimer’s disease patients, those who were homozygous 
for APOE-ε4 had shorter LTL than those who were heterozygous 

Figure 2. Intervention effects on cognition for different levels of change in relative leucocyte telomere length (LTL). The x-axis shows the annual change in 
relative LTL. The y-axis shows the FINGER intervention effect (ie, intervention–control difference) on the annual change in cognitive outcomes (standardized 
z-scores). Positive values indicate cognitive benefit (ie, the intervention effect on cognition favors the intervention group). Error bars are 95% CIs. Average 
marginal effects are estimated from linear mixed models including randomization group, time, change in LTL, their 2-way interactions, the group × time × change 
in LTL interaction, age, sex, study site, baseline LTL, and healthy lifestyle change index. An increase in cognitive benefit is seen with an increase in relative LTL 
(p values are shown for the group × time × change in LTL interaction). (A) Intervention effect on NTB score. (B) Intervention effect on NTB executive functioning. 
(C) Intervention effect on NTB long-term memory.

Table 2. FINGER Intervention Effect on Change in LTL—Impact of APOE-ε4 Allele, Age, Sex, and Healthy Lifestyle Changes

Factor

Difference Between Intervention and Control Groups* Randomization Group × Factor Interaction†

Unstandardized β-coefficient (95% CI), p value

APOE-ε4 allele Carriers 0.049 (0.006 to 0.092), p = .025 0.054 (0.007 to 0.102), p = .026
Noncarriers −0.006 (−0.033 to 0.021), p = .654

Baseline age ≤69 years 0.035 (0.001 to 0.069), p = .046 −0.005 (−0.010 to −0.001), p = .031
>69 years −0.017 (−0.048 to 0.013), p = .258

Healthy lifestyle change index >Mean 0.022 (−0.010 to 0.055), p = .179 0.047 (0.005 to 0.089), p = .029
≤Mean −0.007 (−0.038 to 0.023), p = .643

Sex Women −0.004 (−0.038 to 0.031), p = .834 −0.019 (−0.065 to 0.026), p = .40
Men 0.016 (−0.015 to 0.046), p = .321

Notes: FINGER = Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and Disability; LTL =  leukocyte telomere length. Unstandardized 
β-coefficients (95% CIs) and p values are shown from linear regression models with change in relative LTL as a dependent variable, and randomization group, 
baseline relative LTL, age, sex, study site, and healthy lifestyle change index as independent variables. Bold font indicates p values less than .05.

*Positive coefficients indicate intervention benefit (intervention–control differences in LTL change favoring the intervention group). For the descriptive purpose, 
analyses were stratified by factor group: APOE-ε4 carriers and noncarriers; baseline age below and above the rounded mean value; healthy lifestyle change index 
above and below the mean value (ie, more vs less improvement); and women and men.

†Unstandardized coefficients, 95% CIs, and p values are shown for randomization group × factor interactions where age and healthy lifestyle change index were 
entered as continuous variables.

Full color version is available within the online issue.
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for APOE-ε4 or noncarriers (32). Consistent with previous find-
ings (33), the current FINGER LTL results showed that having the 
APOE-ε4 allele did not compromise intervention benefits in this gen-
etically susceptible high-risk group. The results also showed that the 
FINGER intervention benefits on LTL maintenance were more pro-
nounced among younger-old participants. LTL tends to shorten with 
advancing age (1), and it may be that lifestyle-related change in LTL 
is more effective among younger-old participants who have not yet 
undergone more extensive LTL shortening.

Several mechanisms have been suggested for LTL shortening, 
including, for example, oxidative stress, inflammation, chronic 
stress, and hyperactivation of the hypothalamic–pituitary–adrenal 
axis (34–36). These seem to be at least partly influenced by lifestyle-
related factors (10). While the present study cannot pinpoint the 
exact mechanisms behind the observed effects on LTL change, the 
FINGER intervention targeted multiple lifestyle factors simultan-
eously, with a potential impact on several of these mechanisms.

Mechanisms related to LTL shortening have also been linked to 
pathophysiological processes in dementia-related conditions and 
cognitive decline (34), which may explain the associations between 
change in cognition and LTL change in this study. Our findings are in 
line with previous observational studies where shorter LTL was as-
sociated with Alzheimer’s disease and poorer cognitive performance 
in various domains (2,4,5,7,8). While FINGER participants with 
increasing LTL had significantly more intervention benefits on ex-
ecutive functioning and long-term memory, we cannot fully confirm 
whether such effects are domain-specific.

This study has some limitations. LTL was only measured in a 
subsample of FINGER participants, although this subsample was 
very similar to the rest of the target population. The FINGER 
trial was not powered to detect intervention effects on cognition 
by change in LTL. LTL was only measured at baseline and at the 
2-year follow-up, limiting a more detailed assessment of change tra-
jectories. For example, previous evidence suggested that while the 
annual LTL decline is linear among older adults, it is more accel-
erated after approximately age 69 years (37), which could not be 
assessed with our current measures. Although previous studies have 
shown inter/intra-individual LTL variation, as well as gradual lon-
gitudinal declines in LTL (37,38), it is difficult to directly compare 
the rate of LTL change in FINGER with previous reports. This is 
due to the different FINGER trial design, that is, older adults with a 
higher risk for dementia (according to the CAIDE risk score) selected 
for a multidomain lifestyle intervention to prevent cognitive decline. 
FINGER LTL measurements were conducted using previously pub-
lished methods. However, there is no “general reference scale” for 
relative LTL values, which can vary between different studies, and 
may not be directly comparable between studies. This makes the size 
of the observed relative LTL changes more difficult to interpret. Also, 
the coefficient of variation value of 8.35% based on 5 genomic DNA 
control samples may be somewhat higher than in studies using larger 
numbers of genomic DNA controls.

Strengths of the study include the large sample of older individ-
uals at risk for dementia, the multidomain lifestyle intervention with 
a long duration, carefully controlled LTL measurements pre- and 
post-intervention, and the comprehensive neuropsychological test 
battery. The 2-year FINGER trial did not have dementia as outcome, 
but indicators derived from the cognitive test battery were used. The 
ongoing extended follow-up will facilitate analyses of LTL changes 
and dementia incidence.

In conclusion, findings from the FINGER exploratory LTL 
substudy support the beneficial effects of a multidomain lifestyle 

intervention on LTL maintenance particularly among individuals 
genetically susceptible to Alzheimer’s disease, that is, APOE-ε4 allele 
carriers, younger-old individuals, and those who succeed in making 
healthier lifestyle changes. In addition, better LTL maintenance was 
associated with more pronounced intervention benefits on cognition 
in individuals at risk for dementia from the general population. LTL 
is a suitable biomarker for inclusion in lifestyle interventions and may 
aid in identifying subgroups that benefit from such interventions.

Supplementary Material

Supplementary data are available at The Journals of Gerontology, 
Series A: Biological Sciences and Medical Sciences online.

Funding
S.S.  receives research support from Alzheimerfonden, Demensförbundet, 
and Karolinska Institute Foundation and Funds and received postdoc-
toral funding from the Fonds de la recherche en santé du Québec (FRSQ) 
(27139), including its renewal (31819). A.S.  receives research funding from 
the European Research Council grant 804371, Academy of Finland (287490, 
294061, 319318), Yrjö Jahnsson Foundation (Finland), Alzheimerfonden, and 
Region Stockholm ALF (Sweden). M.K.  receives research support from the 
Alzheimer’s Research & Prevention Foundation, Academy of Finland (SALVE 
and 278457, 305810, 317465), Finnish Social Insurance Institution, Finnish 
Ministry of Education and Culture, Juho Vainio Foundation (Finland), Joint 
Programme—Neurodegenerative Disease Research (MIND-AD and EURO-
FINGERS), Alzheimerfonden (Sweden), Swedish Research Council, Center 
for Innovative Medicine (CIMED) at Karolinska Institutet, Region Stockholm 
(ALF, NSV), AXA Research Fund, Knut and Alice Wallenberg Foundation 
(Sweden), Stiftelsen Stockholms sjukhem (Sweden), Konung Gustaf V:soch 
Drottning Victorias Frimurarstiftelse (Sweden), and Swedish Research Council 
for Health, Working Life and Welfare (FORTE). H.S. receives funding from 
EU 7th framework collaborative project grant (HATICE), Academy of Finland 
for Joint Program of Neurodegenerative Disorders—prevention (MIND-AD), 
UEF Strategic funding for UEFBRAIN (Finland), and EVO/VTR funding from 
Kuopio University Hospital (Finland). R.A. EVO grants of Oulu University 
Hospital and Oulu City Hospital (Finland). T.N.  receives research support 
from EU Joint Programme—Neurodegenerative Disease Research (EURO-
FINGERS) and Finnish Cultural Foundation, Juho Vainio Foundation; Jalmari 
and Rauha Ahokas Foundation, Finland.

Role of the funding source: The funding sources had no role in study de-
sign, data collection, data analysis, data interpretation, or writing of the re-
port. A.S., T.N., E.L., M.K., and the corresponding author S.S. had full access 
to all data in this study. The manuscript was approved for submission by all 
authors. The corresponding author had final responsibility for the decision to 
submit for publication.

Acknowledgments
The authors would like to thank the entire FINGER study group for all their 
valuable contributions to the design and implementation of the FINGER trial. 
The authors would also like to thank the FINGER participants for their time 
and efforts. Jenni Lahtinen is thanked for her help in telomere length meas-
urement.

Conflict of Interest
None declared.

References
 1. Blackburn EH, Epel ES, Lin J. Human telomere biology: a contributory 

and interactive factor in aging, disease risks, and protection. Science. 
2015;350:1193–1198. doi:10.1126/science.aab3389

Journals of Gerontology: MEDICAL SCIENCES, 2021, Vol. 76, No. 3 497

https://doi.org/10.1126/science.aab3389


 2. Der G, Batty GD, Benzeval M, et al. Is telomere length a biomarker for 
aging: cross-sectional evidence from the west of Scotland? PLoS One. 
2012;7:e45166. doi:10.1371/journal.pone.0045166

 3. Forero  DA, González-Giraldo  Y, López-Quintero  C, Castro-Vega  LJ, 
Barreto  GE, Perry  G. Meta-analysis of telomere length in Alzheimer’s 
disease. J Gerontol A Biol Sci Med Sci. 2016;71:1069–1073. doi:10.1093/
gerona/glw053

 4. Hägg  S, Zhan  Y, Karlsson  R, et  al. Short telomere length is associated 
with impaired cognitive performance in European ancestry cohorts. Transl 
Psychiatry. 2017;7:e1100. doi:10.1038/tp.2017.73

 5. Ma  SL, Lau  ES, Suen  EW, et  al. Telomere length and cognitive func-
tion in southern Chinese community-dwelling male elders. Age Ageing. 
2013;42a:450–455. doi:10.1093/ageing/aft036

 6. Movérare-Skrtic  S, Johansson P, Mattsson N, et  al. Leukocyte telomere 
length (LTL) is reduced in stable mild cognitive impairment but low LTL 
is not associated with conversion to Alzheimer’s disease: a pilot study. Exp 
Gerontol. 2012;47:179–182. doi:10.1016/j.exger.2011.12.005

 7. Valdes AM, Deary IJ, Gardner J, et al. Leukocyte telomere length is asso-
ciated with cognitive performance in healthy women. Neurobiol Aging. 
2010;31:986–992. doi:10.1016/j.neurobiolaging.2008.07.012

 8. Yaffe  K, Lindquist  K, Kluse  M, et  al. Telomere length and cogni-
tive function in community-dwelling elders: findings from the Health 
ABC Study. Neurobiol Aging. 2011;32:2055–2060. doi:10.1016/j.
neurobiolaging.2009.12.006

 9. Hjelmborg  JB, Dalgård  C, Möller  S, et  al. The heritability of leucocyte 
telomere length dynamics. J Med Genet. 2015;52:297–302. doi:10.1136/
jmedgenet-2014-102736

 10. Lin J, Epel E, Blackburn E. Telomeres and lifestyle factors: roles in cellular 
aging. Mutat Res. 2012;730:85–89. doi:10.1016/j.mrfmmm.2011.08.003

 11. Vidacek  NŠ, Nanic  L, Ravlic  S, et  al. Telomeres, nutrition, and lon-
gevity: can we really navigate our aging? J Gerontol A Biol Sci Med Sci. 
2017;73:39–47. doi:10.1093/gerona/glx082

 12. O’Callaghan  N, Parletta  N, Milte  CM, Benassi-Evans  B, Fenech  M, 
Howe  PR. Telomere shortening in elderly individuals with mild cog-
nitive impairment may be attenuated with ω-3 fatty acid supplementa-
tion: a randomized controlled pilot study. Nutrition. 2014;30:489–491. 
doi:10.1016/j.nut.2013.09.013

 13. Hovatta  I, de  Mello  VD, Kananen  L, et  al. Leukocyte telomere length 
in the Finnish diabetes prevention study. PLoS One. 2012;7:e34948. 
doi:10.1371/journal.pone.0034948

 14. Schutte NS, Malouff JM. A meta-analytic review of the effects of mind-
fulness meditation on telomerase activity. Psychoneuroendocrinology. 
2014;42:45–48. doi:10.1016/j.psyneuen.2013.12.017

 15. Ornish D, Lin J, Chan JM, et al. Effect of comprehensive lifestyle changes 
on telomerase activity and telomere length in men with biopsy-proven low-
risk prostate cancer: 5-year follow-up of a descriptive pilot study. Lancet 
Oncol. 2013;14:1112–1120. doi:10.1016/S1470-2045(13)70366-8

 16. Toman J, Klimova B, Valis M. Multidomain lifestyle intervention strategies 
for the delay of cognitive impairment in healthy aging. Nutrients. 2018;10. 
doi:10.3390/nu10101560.

 17. Ngandu  T, Lehtisalo  J, Solomon  A, et  al. A 2  year multidomain inter-
vention of diet, exercise, cognitive training, and vascular risk moni-
toring versus control to prevent cognitive decline in at-risk elderly people 
(FINGER): a randomised controlled trial. Lancet. 2015;385:2255–2263. 
doi:10.1016/S0140-6736(15)60461-5

 18. Kivipelto  M, Solomon  A, Ahtiluoto  S, et  al. The Finnish Geriatric 
Intervention Study to Prevent Cognitive Impairment and Disability 
(FINGER): study design and progress. Alzheimers Dement. 2013;9:657–
665. doi:10.1016/j.jalz.2012.09.012

 19. Kivipelto  M, Ngandu  T, Laatikainen  T, Winblad  B, Soininen  H, 
Tuomilehto J. Risk score for the prediction of dementia risk in 20 years 
among middle aged people: a longitudinal, population-based study. Lancet 
Neurol. 2006;5:735–741. doi:10.1016/S1474-4422(06)70537-3

 20. Morris  JC, Heyman  A, Mohs  RC, et  al. The Consortium to Establish 
a Registry for Alzheimer’s Disease (CERAD). Part I.  Clinical and 
neuropsychological assessment of Alzheimer’s disease. Neurology. 
1989;39:1159–1165. doi:10.1212/wnl.39.9.1159

 21. Dahlin E, Neely AS, Larsson A, Bäckman L, Nyberg L. Transfer of learning 
after updating training mediated by the striatum. Science. 2008;320:1510–
1512. doi:10.1126/science.1155466

 22. Cawthon RM. Telomere measurement by quantitative PCR. Nucleic Acids 
Res. 2002;30:e47. doi:10.1093/nar/30.10.e47

 23. Kananen L, Surakka I, Pirkola S, et al. Childhood adversities are associ-
ated with shorter telomere length at adult age both in individuals with an 
anxiety disorder and controls. PLoS One. 2010;5:e10826. doi:10.1371/
journal.pone.0010826

 24. Harrison J, Minassian SL, Jenkins L, Black RS, Koller M, Grundman M. A 
neuropsychological test battery for use in Alzheimer disease clinical trials. 
Arch Neurol. 2007;64:1323–1329. doi:10.1001/archneur.64.9.1323

 25. National Nutrition Council. Finnish nutrition recommendations: diet and 
physical activity in balance. 2005.

 26. Palma  JA, Urrestarazu  E, Iriarte  J. Sleep loss as risk factor for neuro-
logic disorders: a review. Sleep Med. 2013;14:229–236. doi:10.1016/j.
sleep.2012.11.019

 27. Mirabello  L, Huang  WY, Wong  JY, et  al. The association between 
leukocyte telomere length and cigarette smoking, dietary and phys-
ical variables, and risk of prostate cancer. Aging Cell. 2009;8:405–413. 
doi:10.1111/j.1474-9726.2009.00485.x

 28. Sun Q, Shi L, Prescott J, Chiuve SE, Hu FB, De Vivo I, et al. Healthy lifestyle 
and leukocyte telomere length in U.S. women. PLoS One. 2012;7:e38374. 
doi:10.1371/journal.pone.0038374.

 29. Puterman E, Lin J, Krauss J, Blackburn EH, Epel ES. Determinants of telo-
mere attrition over 1 year in healthy older women: stress and health behav-
iors matter. Mol Psychiatry. 2015;20:529–535. doi:10.1038/mp.2014.70

 30. Wikgren  M, Karlsson  T, Nilbrink  T, et  al. APOE ε4 is associated with 
longer telomeres, and longer telomeres among ε4 carriers predicts worse 
episodic memory. Neurobiol Aging. 2012;33:335–344. doi:10.1016/j.
neurobiolaging.2010.03.004

 31. Kivipelto M, Rovio S, Ngandu T, et al. Apolipoprotein E epsilon4 magni-
fies lifestyle risks for dementia: a population-based study. J Cell Mol Med. 
2008;12(6B):2762–2771. doi:10.1111/j.1582-4934.2008.00296.x

 32. Takata Y, Kikukawa M, Hanyu H, et al. Association between ApoE pheno-
types and telomere erosion in Alzheimer’s disease. J Gerontol A Biol Sci 
Med Sci. 2012;67:330–335. doi:10.1093/gerona/glr185

 33. Solomon A, Turunen H, Ngandu T, et al. Effect of the apolipoprotein E 
genotype on cognitive change during a multidomain lifestyle interven-
tion: a subgroup analysis of a randomized clinical trial. JAMA Neurol. 
2018;75:462–470. doi:10.1001/jamaneurol.2017.4365

 34. Eitan E, Hutchison ER, Mattson MP. Telomere shortening in neurological 
disorders: an abundance of unanswered questions. Trends Neurosci. 
2014;37:256–263. doi:10.1016/j.tins.2014.02.010

 35. Sanders  JL, Fitzpatrick  AL, Boudreau  RM, et  al. Leukocyte telomere 
length is associated with noninvasively measured age-related disease: the 
Cardiovascular Health Study. J Gerontol A Biol Sci Med Sci. 2012;67:409–
416. doi:10.1093/gerona/glr173

 36. Epel ES, Lithgow GJ. Stress biology and aging mechanisms: toward under-
standing the deep connection between adaptation to stress and longevity. 
J Gerontol A  Biol Sci Med Sci. 2014;69(suppl 1):10–16. doi:10.1093/
gerona/glu055

 37. Berglund  K, Reynolds  CA, Ploner  A, et  al. Longitudinal decline of 
leukocyte telomere length in old age and the association with sex and 
genetic risk. Aging (Albany NY). 2016;8:1398–1415. doi:10.18632/
aging.100995

 38. Müezzinler A, Zaineddin AK, Brenner H. A systematic review of leuko-
cyte telomere length and age in adults. Ageing Res Rev. 2013;12:509–519. 
doi:10.1016/j.arr.2013.01.003

498 Journals of Gerontology: MEDICAL SCIENCES, 2021, Vol. 76, No. 3

https://doi.org/10.1371/journal.pone.0045166
https://doi.org/10.1093/gerona/glw053
https://doi.org/10.1093/gerona/glw053
https://doi.org/10.1038/tp.2017.73
https://doi.org/10.1093/ageing/aft036
https://doi.org/10.1016/j.exger.2011.12.005
https://doi.org/10.1016/j.neurobiolaging.2008.07.012
https://doi.org/10.1016/j.neurobiolaging.2009.12.006
https://doi.org/10.1016/j.neurobiolaging.2009.12.006
https://doi.org/10.1136/jmedgenet-2014-102736
https://doi.org/10.1136/jmedgenet-2014-102736
https://doi.org/10.1016/j.mrfmmm.2011.08.003
https://doi.org/10.1093/gerona/glx082
https://doi.org/10.1016/j.nut.2013.09.013
https://doi.org/10.1371/journal.pone.0034948
https://doi.org/10.1016/j.psyneuen.2013.12.017
https://doi.org/10.1016/S1470-2045(13)70366-8
https://doi.org/10.3390/nu10101560
https://doi.org/10.1016/S0140-6736(15)60461-5
https://doi.org/10.1016/j.jalz.2012.09.012
https://doi.org/10.1016/S1474-4422(06)70537-3
https://doi.org/10.1212/wnl.39.9.1159
https://doi.org/10.1126/science.1155466
https://doi.org/10.1093/nar/30.10.e47
https://doi.org/10.1371/journal.pone.0010826
https://doi.org/10.1371/journal.pone.0010826
https://doi.org/10.1001/archneur.64.9.1323
https://doi.org/10.1016/j.sleep.2012.11.019
https://doi.org/10.1016/j.sleep.2012.11.019
https://doi.org/10.1111/j.1474-9726.2009.00485.x
https://doi.org/10.1371/journal.pone.0038374
https://doi.org/10.1038/mp.2014.70
https://doi.org/10.1016/j.neurobiolaging.2010.03.004
https://doi.org/10.1016/j.neurobiolaging.2010.03.004
https://doi.org/10.1111/j.1582-4934.2008.00296.x
https://doi.org/10.1093/gerona/glr185
https://doi.org/10.1001/jamaneurol.2017.4365
https://doi.org/10.1016/j.tins.2014.02.010
https://doi.org/10.1093/gerona/glr173
https://doi.org/10.1093/gerona/glu055
https://doi.org/10.1093/gerona/glu055
https://doi.org/10.18632/aging.100995
https://doi.org/10.18632/aging.100995
https://doi.org/10.1016/j.arr.2013.01.003

