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Oksenberg, PhD1, Jennifer S. Graves, MD, PhD, MAS1,4

1UCSF Weill Institute for Neurosciences, Department of Neurology, University of California, San 
Francisco, San Francisco, CA

2Biochemistry and Biophysics, University of California, San Francisco, San Francisco, CA

3Department of Neurology, Northwestern University, Evanston, IL
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Abstract

Objective—To assess whether biological aging as measured by leukocyte telomere length (LTL) 

is associated with clinical disability and brain volume loss in multiple sclerosis (MS).

Methods—Adults with MS/clinically isolated syndrome in the University of California, San 

Francisco EPIC cohort study were included. LTL was measured on DNA samples by quantitative 

polymerase chain reaction and expressed as telomere to somatic DNA (T/S) ratio. Expanded 

Disability Status Scale (EDSS) and 3-dimensional T1-weighted brain magnetic resonance imaging 

were performed at baseline and follow-up. Associations of baseline LTL with cross-sectional and 

longitudinal outcomes were assessed using simple and mixed effects linear regression models. A 

subset (n = 46) had LTL measured over time, and we assessed the association of LTL change with 

EDSS change with mixed effects models.

Results—Included were 356 women and 160 men (mean age = 43 years, median disease 

duration = 6 years, median EDSS = 1.5 [range = 0–7], mean T/S ratio = 0.97 [standard deviation = 

0.18]). In baseline analyses adjusted for age, disease duration, and sex, for every 0.2 lower LTL, 

EDSS was 0.27 higher (95% confidence interval [CI] = 0.13–0.42, p < 0.001) and brain volume 

was 7.4mm3 lower (95% CI = 0.10–14.7, p = 0.047). In longitudinal adjusted analyses, those with 

lower baseline LTL had higher EDSS and lower brain volumes over time. In adjusted analysis of 
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the subset, LTL change was associated with EDSS change over 10 years; for every 0.2 LTL 

decrease, EDSS was 0.34 higher (95% CI = 0.08–0.61, p = 0.012).

Interpretation—Shorter telomere length was associated with disability independent of 

chronological age, suggesting that biological aging may contribute to neurological injury in MS. 

Targeting aging-related mechanisms is a potential therapeutic strategy against MS progression.

The pathological processes underlying progression in multiple sclerosis (MS) are not yet 

understood. However, chronological age has been consistently associated with rate of non–

relapse-related disability accumulation in MS.1–3 In pediatric MS, there are very few cases 

with a primary progressive (PP) phenotype (0.9% vs 8.5% in adults) and children with 

relapsing onset MS take longer to reach the secondary progressive (SP) phase of disease (32 

vs 18 years).4 In adults, chronological age has been associated with time to disability 

milestones independent of disease duration, with older patients experiencing shorter time 

intervals to ambulatory dysfunction.2,3,5,6 The average age at diagnosis of progressive MS in 

adults is 10 years older than that of relapsing–remitting (RR) MS,7 and age at onset of 

progression is highly similar between PP and SP disease (about 45 years).5,8 Despite these 

observations suggesting that accumulation of irreversible disability appears to be age-

dependent, the role of biological aging in MS progression remains to be determined.

Investigation of telomere length is a novel strategy to assess the contribution of biological 

aging to MS disability progression. Shortened telomeres are upstream of important 

senescence-related changes in the immune system that could impact MS phenotypes. 

Improving the understanding of this relationship is important because targeting aging-related 

mechanisms may be a potential therapeutic strategy.9

Telomeres contain proteins and nucleotide repeats (TTAGGG) at the end of chromosomes 

that shorten with each cell division, making telomere shortening a marker of cellular aging.
10,11 Telomere shortening is accelerated by oxidative stress and DNA damage, whereas 

telomerase promotes telomere length replenishment.10 Lifestyle factors such as smoking, 

psychological stress, diet, and exercise are associated with telomere length.10,12 Shortened 

telomeres are observed in chronic aging-related illnesses including cardiovascular disease13 

and dementia,14 and in autoimmune diseases such as systemic lupus erythematosus and 

rheumatoid arthritis.15 Although telomere biology is not yet understood in MS, one prior 

study found that individuals with PP MS had shorter telomeres than controls. This was not 

seen for RR or SP MS.16

We aimed to assess whether biological age as measured by telomere length is associated 

with the progression of clinical disability and brain volume loss in individuals with MS, 

independent of chronological age and disease duration, in both cross-sectional and 

longitudinal analyses. We also aimed to determine the proportion of the effect of 

chronological age on disability explained by telomere length.
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Patients and Methods

Study Design and Participants

This is an observational cohort study of individuals aged 18 to 65 years meeting diagnostic 

criteria17 for MS or clinically isolated syndrome (CIS) at the University of California, San 

Francisco (UCSF). The EPIC study design and cohort characteristics were previously 

reported.18,19 Individuals seen at the UCSF MS Center between July 2004 and September 

2005 were offered enrollment. There was preferential recruitment of ambulatory individuals 

and recent onset disease, although all MS subtypes were included. Individuals were followed 

with clinical assessment and magnetic resonance imaging (MRI) yearly for 5 years, with re-

evaluation up to 10 years from baseline. Retention at years 8 to 10 in the EPIC study was 

91%.18

Protocol Approvals and Patient Consent

The UCSF Committee on Human Research approved the study, and participants provided 

informed consent.

Clinical Measures

Age, disease duration, smoking status (never, former, current), pack-years of smoking, and 

body mass index (BMI) were recorded. Disease-modifying therapy (DMT) exposure prior to 

baseline and between baseline and year 10 was classified as untreated, platform therapy 

(interferon-betas, glatiramer acetate, teriflunomide, mycophenolate mofetil, azathioprine, 

methotrexate, intravenous immunoglobulin, steroids), high-potency therapy (fingolimod, 

dimethyl fumarate, natalizumab, rituximab, ocrelizumab, alemtuzumab, mitoxantrone, 

cyclophosphamide), or platform plus high-potency therapy, as categorized in prior studies of 

this cohort.18 Trained staff performed the Expanded Disability Status Scale (EDSS) score 

and the Multiple Sclerosis Functional Composite (MSFC). The primary outcome of EDSS 

measures clinical disability with a score from 0 to 10, with normal neurologic examination 

scoring 0 and higher scores indicating more severe disability.20 The MSFC includes tests of 

neurologic disability including cognition (Paced Auditory Serial Addition Task), upper 

extremity function (9-Peg Hole Test), and ambulation (25-foot walk), combined and 

standardized with a z score.21 Relapses during follow-up were captured by patient self-

report at annual study visits.

Leukocyte Telomere Length Measure

Real-time quantitative polymerase chain reaction assays were used to measure leukocyte 

telomere length (LTL), which was expressed as the ratio of the abundance of telomere versus 

a single copy gene (T/S) with the approach described by Cawthon in 2002,22 adapted by the 

Blackburn laboratory as described by Lin et al 2010.23 The single copy gene used was 

human beta-globin. The T and S concentrations for each sample were measured in triplicate 

wells, and the averages of T and S concentrations were used to calculate the T/S ratio. This 

was done twice to obtain 2 T/S values. When the duplicate T/S values varied by >7%, the 

sample was run a 3rd time and the 2 closest values were averaged to obtain the final T/S 

ratio. All samples from the same participants were run in the same batch. The average 
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interassay coefficient of variation for this study was 3.0% (±2.2%). These assays were 

performed on stored baseline DNA samples for the entire cohort and at multiple timepoints 

for a subset of 46 individuals. These T/S ratios represent the average telomere length across 

leukocytes. Although T/S ratios were not compared to base pairs measured by Southern blot 

analysis in samples from this study, these can be converted to base pairs using a conversion 

formula derived in the same assay laboratory.24 We expect LTL to decrease by about 24 base 

pairs per year based on prior literature.25

MRI Measures

High-resolution 3-dimensional T1-weighted, T2-weighted, and proton density sequences 

were obtained on a 3T MRI scanner. SIENAX was used to determine T1-weighted volumes 

including normalized brain volume, white matter volume, gray matter volume, and cortical 

gray matter volume, which were secondary outcomes.

Statistical Analyses

For descriptive analyses, mean and standard deviation (SD) or median and range were 

reported as appropriate. LTL was compared between sexes with Student t test and by 

smoking status with analysis of variance. The relationships of chronological age, disease 

duration, BMI, and smoking pack-years (among smokers) with LTL were assessed with 

Pearson correlation (r). The primary predictor of interest, LTL (T/S ratio), was scaled by 

−0.2 for all analyses for ease of model interpretation with expression of coefficients per 

0.2U decrease in LTL. Scaling of LTL by 0.2 was chosen because this represents the SD of 

the T/S ratio in the cohort, and thus reported coefficients for LTL represent the change in 

outcomes associated with a single SD decrease in LTL.

Cross-Sectional Analyses—In primary analyses, unadjusted and adjusted linear 

regression models were used to assess the association between LTL and EDSS at baseline. 

Secondary analyses included similar models for secondary outcomes, including MSFC z 
score, total brain volume, white matter volume, gray matter volume, and cortical gray matter 

volume.

Covariates for adjusted models included confounding factors based on prior knowledge, 

including chronological age and sex as shown in the proposed causal diagram (Fig 1A). 

Although disease duration may not be a confounder, it was also adjusted for because it is a 

strong determinant of the outcome, and could potentially be a confounder if longer disease 

duration leads to shorter telomeres due to oxidative stress associated with inflammation. 

Smoking status and HLA-DRB1*15:01 were evaluated as potential confounders, and it was 

decided a priori that these variables would be included if they led to a 10% or greater change 

in the coefficient for LTL. In an additional analysis, the cohort was restricted to smokers and 

included adjustment for smoking pack-years, as this has been previously associated with 

LTL,26 with evaluation for confounding by this cumulative measure of smoking exposure. 

BMI was also evaluated as a potential confounder by evaluating for an association between 

BMI and LTL, and evaluating for a change in LTL coefficient when BMI was added to the 

models, because BMI has previously been associated with telomere length.26 It was not 

anticipated that DMT would be a confounder of the relationship between LTL and 
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disability/MRI outcomes, because there is no prior evidence that treatment would be 

associated with the predictor (LTL). To test this assumption, it was evaluated whether LTL 

values differed by level of DMT exposure by testing for an association between DMT 

exposure category (untreated, platform, high potency, platform plus high potency) and LTL 

with regression models. DMT would only be adjusted for in models of interest if associated 

with LTL in this cohort.

Disease duration was natural log transformed to satisfy the assumption of linearity, and 0 

values were coded as 0.1 before transformation to avoid missing data. The potential 

interaction between sex and LTL was evaluated based on a prior observation that suggested 

decreased maintenance of LTL in men compared to women.27 Examination of pairwise 

correlation coefficients and variance inflation factors was used to assess for colinearity 

between age, disease duration, and LTL.

Mediation Analyses—Mediation analyses of cross-sectional data were used to assess the 

proportion of the effect of chronological age on disability (EDSS) mediated by biological 

age as measured by telomere length. The proposed model is in the causal diagram (see Fig 

1B). First, the association between age and telomere length with adjustment for sex was 

assessed. Then, the overall effect of chronological age on EDSS adjusted for sex was 

calculated with a regression model. Next, the direct effect of chronological age on EDSS not 

mediated by LTL was determined by adjusting for LTL (again adjusted for sex as well). 

Finally, using the above model estimates, the indirect effect of age on EDSS mediated by 

LTL was evaluated to obtain the percentage explained. Bootstrap 95% confidence intervals 

(CIs) were calculated for the point estimate of the mediation analysis. Disease duration was 

not adjusted for in this analysis to avoid bias, given that it is considered to be a mediator in 

the hypothesized causal pathway (see Fig 1).

Longitudinal Analyses of the Entire Cohort—To assess the association of baseline 

telomere length with change in outcomes (EDSS, MSFC z score, brain volume metrics) over 

time in the whole cohort, mixed effects linear regression models with random slopes and 

intercepts with an interaction term between baseline LTL and visit were employed, with visit 

modeled as categorical, as the assumption of linearity was violated if it was modeled as 

continuous. The interaction terms and overall interaction p values were of interest, as they 

allow assessment of whether baseline telomere length predicts different slopes or rates of 

change in outcomes over time. Model results were graphed by displaying the predicted 

outcome trajectory for mean LTL and LTL 2 SDs above and below the mean to allow 

evaluation of the interaction effect. These models were also adjusted for baseline 

chronological age, sex, and disease duration.

Analyses of Matched Pairs—A nested case–control study was performed to evaluate the 

association of baseline LTL with development of SP MS, and the association of change in 

LTL with disability and MRI metrics. From the parent cohort, 23 participants who developed 

secondary progression and had DNA available at multiple timepoints were selected. These 

participants were matched 1:1 on baseline age, sex, disease duration, and EDSS score to 

participants who remained classified as having relapsing MS with DNA available at the 
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same timepoints. This subset of 46 individuals had LTL measured at multiple timepoints up 

to 10 years from baseline, in addition to longitudinal clinical and MRI metrics.

Adjusted conditional logistic regression analysis was performed in the 23 matched pairs to 

assess the association of baseline LTL with outcome status of SP versus RR MS, accounting 

for the paired nature of the data and adjusting for baseline age, disease duration, and sex. 

Unadjusted and adjusted mixed effects linear regression models with random slopes and 

intercepts were used to assess the association of telomere length as a time-varying predictor 

with change in outcomes (EDSS, MSFC z score, brain volume metrics), accounting for the 

paired nature of the data. These repeated measures models allow use of all data points over 

time, rather than only the difference in a variable between baseline and the final timepoint. 

The time-varying predictor was LTL at each visit, and the repeated measures outcome was 

the disability or MRI metric for the same visit. This preplanned analysis resulted in a single 

coefficient for time-varying LTL, which can be interpreted as the change in outcome 

associated with change in LTL.28 Baseline age, sex, and disease duration were adjusted for 

as above.

To determine whether the primary model above, with a single time-varying LTL predictor, 

accurately depicted the effect of change in LTL, sensitivity analyses were pursued. 

Additional models were performed that separated the effect of baseline LTL (between-

person differences) from change in LTL (within-person differences) by including 2 

predictors for LTL in each model (baseline LTL and time-varying LTL change from baseline 

at each visit), with methods previously described.28 Within-person changes were isolated 

from between-person differences because the latter are more subject to residual 

confounding. To determine whether the simpler, original model was not driven by between-

person differences, coefficients for change in LTL from the models including both baseline 

LTL and change in LTL as separate predictors were compared to coefficients for time-

varying LTL as a single predictor in the original models. These were compared for 

substantive differences, as well as statistically with z tests. Based on the analysis plan, if 

there were no substantive differences in the coefficients, this means the change effect is 

appropriately depicted by modeling with a single time-varying LTL predictor, and the 

original model would be reported to reduce complexity of model interpretation.

Model Assessment and Sensitivity Analyses—Stata 15 (StataCorp, College Station, 

TX) was used for all analyses, and all tests were 2-sided with alpha of 0.05. Model 

diagnostics were performed to assess assumptions of regression, and no violations were 

present in the final models. EDSS was modeled as a numerical outcome, and given the 

ordinal nature of the scale, statistical assumptions were carefully evaluated including 

assumptions of linearity for continuous predictors, normal distribution for residuals, and 

constant variance of fitted values to ensure statistical models were appropriate. As an 

additional assessment, sensitivity analyses with bootstrap CIs were performed for all models 

with EDSS as the outcome.

Sensitivity analyses excluding patients who remained with CIS over the study were also 

performed to decrease baseline heterogeneity. The association between baseline LTL and 

annualized relapse rate (ARR) was also evaluated among those with RR MS at baseline with 
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negative binomial regression, with adjustment for age, sex, and disease duration with an 

offset by follow-up duration. ARR was not adjusted for in models evaluating the association 

between LTL and disability/MRI outcomes, as relapses and recovery from relapses may be 

mediators along the causal pathway of interest.

Results

Baseline Participant Characteristics

Of 517 in the original cohort, 516 had DNA available at the baseline visit and were included 

in this study. There were 12 individuals with only a baseline visit, whereas the remainder 

contributed to longitudinal data for this study, with 434 contributing at least 5 visits.

Mean age was 42.6 years, and 68.6% were female. All MS subtypes were included. There 

was a wide range of disease duration (median = 6 years, range = 0–45 years) and disability 

(EDSS median = 1.5, range = 0–7). LTL was normally distributed in the cohort, and mean 

LTL (T/S ratio) was 0.97 (SD = 0.18), which corresponds to 5,615 base pairs when 

converted using a formula derived in the same assay laboratory (Table 1).24

Cross-Sectional Association between Telomere Length and Clinical and MRI Outcomes

Higher age (r = −0.29, p < 0.001) and disease duration (r = −0.16, p < 0.001) were 

associated with shorter telomere length, as expected. The T/S ratio was 0.01 lower for every 

year of age. Using a conversion formula between T/S ratio and base pair length derived in 

the same assay laboratory,24 there was an estimated average lower LTL of 24 base pairs per 

year. However, there was no association between LTL and sex (mean T/S ratio: female, 0.97; 

male, 0.96; p = 0.36), BMI (r = −0.02, p = 0.62), or smoking status (mean T/S ratio: 

smokers, 1.0; former smokers, 0.95; never smokers, 0.97; p = 0.12). Among current/former 

smokers (n = 221), pack-year exposure was not associated with LTL (r = −0.09, p = 0.21). 

Despite not being associated with LTL in our sample, sex was retained in adjusted models, 

given it is considered a confounder based on prior knowledge.27,29 Level of DMT exposure 

prior to baseline was not substantively or statistically associated with baseline LTL (mean 

T/S ratio: untreated, 0.99; platform, 0.96; high potency, 0.96; platform plus high potency, 

0.92) without (p = 0.28) or with (p = 0.24) adjustment for age and sex. In the subset of 46 

with longitudinal LTL measurements, LTL was also not associated with DMT exposure. Due 

to there being no statistical or substantive association between DMT and LTL in this cohort, 

DMT was not adjusted for in models of interest.

In primary unadjusted analysis, for every 0.2U lower LTL, EDSS was 0.41U higher (95% CI 

= 0.27–0.56, p < 0.001; Table 2). Remarkably, in analysis adjusted for chronological age, 

sex, and disease duration, for every 0.2U lower LTL, EDSS was 0.27U higher (95% CI = 

0.13–0.42, p < 0.001). Those with shorter telomere length had lower MSFC z score in the 

univariable analysis (β = −0.09, 95% CI = −0.16 to −0.03, p = 0.006), but this association 

was not statistically significant after adjustment (β = −0.05, 95% CI = −0.12 to 0.02, p = 

0.13).

In unadjusted analyses of MRI metrics, 0.2U lower LTL was associated with 22.3mm3 lower 

total brain volume (95% CI = 14.–30.6, p < 0.001), 7.4mm3 lower white matter volume 

Krysko et al. Page 7

Ann Neurol. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(95% CI = 3.3–11.5, p < 0.001), 14.7mm3 lower total gray matter volume (95% CI = 9.2–

20.1, p < 0.001), and 12.9mm3 lower cortical gray matter volume (95% CI = 8.3–17.5, p < 

0.001; see Table 2). After adjustment for chronological age, sex, and disease duration, 

although all point estimates suggested lower brain volumes associated with shorter LTL, 

only associations with total brain and white matter volume reached statistical significance 

(see Table 2). For every 0.2U lower LTL, there was 7.4mm3 lower total brain volume (95% 

CI = 0.10–14.7, p = 0.047) and 4.0mm3 lower white matter volume (95% CI = 0.04–8.0, p = 

0.048).

Mediation Analyses

An association between age and LTL was demonstrated. As expected, for every 10-year 

increase in age, LTL was 0.05U lower (95% CI = 0.04–0.07, p < 0.001). Age was also 

associated with EDSS. For every 10-year increase in age, EDSS was 0.51U higher (95% CI 

= 0.37–0.65, p < 0.001). The direct effect of age on EDSS not mediated by LTL was then 

estimated; for every 10-year increase in age, EDSS was 0.43U higher (95% CI = 0.29–0.58, 

p < 0.001). The indirect effect of age on EDSS mediated by LTL, or percentage explained, 

was calculated to be 15.1% (95% CI = 6.9–26.7%).

Longitudinal Analyses of the Entire

Cohort Regardless of baseline LTL, individuals tended to have worsening of EDSS and 

declining brain volume over 10 years. In unadjusted and adjusted analyses of the entire 

cohort, lower baseline LTL was associated with higher EDSS over time on average. 

However, baseline LTL was not strongly associated with the rate of change in EDSS over 

time, with similar EDSS trajectory regardless of baseline LTL (interaction p = 0.06; lack of 

interaction effect shown in Fig 2A, B; interaction coefficients are given in the 

Supplementary Table). Findings were similar for secondary outcomes (Table 3). Those with 

lower baseline LTL tended to have lower brain volumes on average over the 10 years, 

although the rates of decline did not vary by baseline LTL (interaction p = 0.33; lack of 

interaction effect is shown in Fig 2C, D with similar brain volume trajectory regardless of 

baseline LTL; interaction coefficients are given in the Supplementary Table). Although the 

interaction between baseline LTL and time since cohort entry was statistically significant in 

the model for cortical gray matter volume (p = 0.02), the trajectory or rate of change of 

cortical brain volume appeared similar regardless of baseline LTL as shown in Figure 2E and 

F, suggesting no evidence of a relevant interaction (interaction coefficients are given in the 

Supplementary Table).

Analyses of Matched Pairs

In adjusted analysis in the subset of 46 patients with LTL measured over time and modeled 

as a single time-varying LTL predictor, change in LTL was associated with change in EDSS; 

for every 0.2U lower LTL, EDSS was 0.34U higher (95% CI = 0.08–0.61, p = 0.012) over 

10 years of follow-up. There was no statistically significant association between change in 

LTL and change in MSFC z score or brain volume metrics in analyses of this subset (Table 

4). On average, LTL decreased by an estimated 24 base pairs per year in this subset.
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We performed sensitivity analyses to ensure models with LTL as a single time-varying 

predictor appropriately depicted the effect of change in LTL. Within-person changes were 

isolated from between-person differences by using 2 predictors for LTL (baseline LTL and 

time-varying change in LTL). Coefficients for time-varying change in LTL in these 

sensitivity models (including baseline LTL) were compared to coefficients for time-varying 

LTL as a single predictor in the original models. There were no substantive or statistically 

significant differences observed between the coefficients for time-varying LTL as a single 

predictor compared to coefficients for time-varying change in LTL from baseline (in the 

models also including baseline LTL) for any outcome model. Thus, as planned in advance, 

the original models were reported for ease of interpretation and are interpreted to 

demonstrate the association of change in LTL with change in outcomes.

In conditional logistic regression of the subset of 46 patients with change in LTL measured 

over time adjusted for baseline age, disease duration, and sex, for every 0.2U decrease in 

baseline LTL, individuals had 1.4 times the odds of converting to SP MS by treating 

physician assessment (95% CI = 0.61–3.4, p = 0.40), although this observation was not 

statistically significant.

Model Assumptions and Sensitivity Analyses

Model diagnostics showed no violations of assumptions of regression in the final models. 

There was careful evaluation of models with EDSS as an outcome to ensure treatment as a 

numeric variable was appropriate, with no evidence of nonlinearity and with normality of 

residuals and constant variance of fitted values. Sensitivity analyses with bootstrap 95% CIs 

for all models with EDSS as an outcome demonstrated results that did not differ 

substantively from the original models; the original models were reported. These diagnostics 

and sensitivity analyses supported that statistical models used were appropriate. Smoking 

status and HLA-DRB1*15:01 were evaluated as potential confounders in the models, 

although these did not meet the requirement for a 10% or more change in coefficient for LTL 

decided a priori, so they were not retained in final models. Among smokers, adding 

adjustment for pack-years of smoking exposure did not substantively change the LTL 

coefficients, with no evidence of confounding by pack-years, and thus this was not retained 

in final models. Additionally, when BMI was included in multivariable analyses, there was 

no substantive change in LTL coefficients, so BMI was not retained. There was no 

statistically significant interaction between sex and LTL, so this was also not retained in final 

models. There was no evidence for problematic colinearity between age, disease duration, 

and LTL, as there were no pairwise correlations greater than 0.8 between these variables and 

variance inflation factors were less than 1.5.

Sensitivity analyses excluding those who remained with CIS (n = 27) over follow-up showed 

no substantive differences in results in cross-sectional or longitudinal analyses. In 

unadjusted negative binomial regression among those with RR MS (n = 359), there was no 

statistically significant association between baseline LTL and ARR over follow-up 

(incidence rate ratio = 1.10 [95% CI = 0.95–1.26, p = 0.19] for every 0.2U decrease in LTL). 

However, after adjustment for age, disease duration, and sex, there was a statistically 
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significant association between baseline LTL and ARR. For every 0.2U decrease in LTL, 

relapse rate was 1.27 times higher (95% CI = 1.10–1.46, p = 0.001).

Discussion

Supporting the hypothesis that biological aging contributes to MS progression, shorter 

telomere length was associated with greater disability and brain atrophy. Participants with 

shorter telomere length had higher EDSS and lower brain volumes at baseline, with 

differences maintained over 10 years on average. In the subset of study participants with 

telomere length measured at multiple timepoints, decline in telomere length was associated 

with worsening EDSS. Mediation analyses28 were used to evaluate the percentage of the 

chronological age effect on disability mediated by telomere length, and 15% of the effect 

was accounted for by LTL. Together, these results link biological aging with MS phenotype 

and motivate further study of telomere length and the DNA damage response in MS 

progression.

This study suggests that individual variability in biological aging may contribute to the 

heterogeneity in MS course. Individuals with the same birthdate have been shown to have 

large differences in estimates of true biological age.30 These differences can predict risk of 

chronic illness and mortality.30 Our results further support studying biological aging 

processes independent of simple chronological age.

Potential mechanisms for the contribution of biological aging to disability progression 

include increased oxidative stress with somatic aging,10 decreased remyelination capacity,
31–33 and altered immune function associated with immune senescence.34,35 Another 

possible explanation for the observed association is that short telomeres may be a marker for 

comorbidities such as cardiovascular disease and diabetes,10 which are also associated with 

disability progression in MS.36,37 Lifestyle factors such as smoking, psychological stress, 

poor diet, and lack of exercise are associated with shortened telomeres,12 and the effect of 

lifestyle on biological aging could be a potential mechanism for their association with MS 

progression.38–40

The association of LTL with all outcome measures was attenuated after adjustment for 

chronological age. This confounding by chronological age was expected given that telomere 

length shortens with age10,25 and age is associated with disability progression.1–3,5,6 Age-

adjusted models could be considered overly conservative, because the effect of LTL 

demonstrated in these models does not include the contribution of biological aging that 

occurs under the umbrella of effects associated with chronological age. However, the 

strength of our approach was to include this conservative model adjusting for birthdate and 

disease duration. That a chronological age–independent effect of telomere length on 

disability and brain volume was observed suggests that the DNA damage response and 

resulting downstream factors play specific roles in MS disability progression beyond other 

effects of chronological aging.

Baseline telomere length did not predict the trajectories for either worsening disability or 

brain volume loss in this cohort. However, because the dataset includes a large range of ages 
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and disease durations, there may be more power to assess associations of LTL with MS 

outcomes in cross-sectional analyses than power to assess baseline LTL as a predictor of MS 

outcomes over 10 years of follow-up. It is also possible that the effect of biological age 

could be fixed by the baseline timepoint. Alternatively, the change in telomere length over 

time might alter disability trajectory rather than be dependent on the baseline telomere 

length. This finding is supported by the association between change in LTL and change in 

EDSS in the nested case–control portion of the study.

Limitations of this study include that we were unable to measure change in LTL over time 

for all individuals in this legacy cohort because DNA was not sampled at timepoints after 

baseline for most participants. We addressed this limitation by including the case–control 

subset analysis of subjects with multiple DNA timepoints available who experienced 

progression to SP MS during the study and matched them by age, sex, and disease duration 

with individuals who remained with RR MS. In this analysis, decline in telomere length over 

time was associated with worsening disability over 10 years. Although sampling in the case–

control portion was related to the outcome, selection was unrelated to the exposure (LTL 

value), and thus we do not expect selection bias to have caused the observed association. 

The small sample size of this nested case–control portion of the study was underpowered to 

detect effects on secondary MRI metrics. Additional limitations include the possibility of 

reverse causation. It is possible that greater MS severity activates mechanisms that cause 

DNA damage or impairs the ability of telomerase to maintain telomere length, thereby 

leading to telomere shortening. Furthermore, we cannot exclude the possibility of 

unmeasured confounding of the associations found in this study. It is unclear why smoking 

status, cumulative smoking exposure, and BMI were not associated with LTL in this cohort, 

as these have previously been associated in healthy individuals.26 For face validity, we still 

performed secondary analyses to determine whether including these potential confounders in 

our multivariable analyses changed our point estimates, and they did not. Additionally, 

although DMT was not associated with LTL in our cohort and thus analyses were not 

adjusted for DMT, the potential influence of more potent medications on LTL may require 

additional study, particularly given that few were on high-potency DMT at baseline in this 

cohort. Additionally, EDSS was modeled as a numeric variable, even though it is an ordinal 

scale; however, this choice was supported by the model diagnostics, which showed no 

violations of assumptions. Although these models focus on change in EDSS score, which 

may have different interpretations across the range of the scale, the main goal was to assess 

for an association between LTL and disability, which was demonstrated. Lastly, there was no 

matched control group included in the study to determine whether MS patients have 

accelerated telomere erosion; however, the rate of decline in T/S ratio per year in this study 

of MS participants is consistent with that reported in healthy individuals.25

It was also found that shorter telomere length was associated with higher relapse rate in 

adjusted analyses, suggesting that when holding chronological age fixed, those with worse 

biological age may have a greater number of relapses, and relapse rate may be a potential 

mediator of the effect of biological age on disability. However, this analysis is limited by the 

lack of adjudication of relapses in the cohort, with the possibility that fluctuations in 

symptoms or progression could be categorized as relapses. Thus, this relationship requires 

additional study.
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Strengths of this study include our novel investigation of telomere length, the ultimate 

biological clock, on disability progression in MS. We study this in a large cohort of well-

characterized participants with MS, and use both cross-sectional and longitudinal analyses 

with robust statistical models to evaluate the association of telomere length with MS 

disability and brain volume.

Both immunological and central nervous system (CNS) aging may contribute to MS 

progression. In this study, LTL was used as a general marker of biological aging as 

previously done in several conditions including cardiovascular disease and dementia,10 even 

though LTL can vary across cell types.41 This general marker of biological aging was 

associated with progression, although aging processes specific to the CNS may also be 

implicated.42

The observation that telomere length, a somatic marker of biological aging, contributes to 

MS disability is consistent with our prior work on reproductive aging in women with MS. 

Levels of anti-Mullerian hormone, which correlate with ovarian aging and function, were 

associated with disability and brain volumes in cross section and over time.43 Taken 

together, these studies suggest that targeting aging-related mechanisms may be a potential 

therapeutic strategy in MS to delay disability progression.9 Additionally, this work 

highlights the importance of treating comorbidities associated with biological aging, such as 

cardiovascular disease and diabetes, that contribute to disability progression. Finally, 

improving biological aging through lifestyle factors such as exercise, stress reduction, diet, 

and smoking avoidance might reduce disability worsening.

In conclusion, this study demonstrates that shorter telomere length is associated with greater 

disability and brain atrophy independent of chronological age and MS disease duration. 

Future directions include evaluating differences in LTL across leukocytes including 

lymphocyte subsets in MS, exploring potential mechanisms for this association, and 

identifying potential therapeutic targets aimed at biological aging.
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FIGURE 1: 
Proposed causal diagram of the association between telomere length and disability (A) and 

between age and disability mediated by telomere length (B). (A) Cumulative number of cell 

divisions, telomerase activity, genetic factors, and environmental factors affect telomere 

length, which is a marker of biological age, and we assess its association with disability. 

Chronological age and sex are considered confounders, whereas disease duration is 

hypothesized to be a mediator. (B) The same relationships are shown, but the association 

between chronological age and disability is the primary focus, with mediation by telomere 

length. Black arrows represent the relationships of interest. MS = multiple sclerosis.
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FIGURE 2: 
Predicted trajectory of Expanded Disability Status Scale (EDSS; A, B), brain volume (C, D), 

and cortical gray matter volume (E, F) over 10 years by baseline telomere length with 

longitudinal analyses in the entire cohort with unadjusted and adjusted mixed models. 

Predictions are based on longitudinal mixed effects models of the entire cohort for outcomes 

of EDSS (A, unadjusted; B, adjusted), total brain volume (C, unadjusted; D, adjusted), and 

cortical gray matter volume (E, unadjusted; F, adjusted). Leukocyte telomere length (LTL) 

was treated as continuous in the models, but key LTL values including the approximate 

mean value (1), and 2 standard deviations below (0.6) and above (1.4) the mean are shown 

graphically to display model results. Shaded areas represent 95% confidence limits. EDSS 

increased and brain volume decreased over time regardless of baseline LTL, with similar 

trajectories despite baseline LTL, and no relevant interaction between LTL and time since 

enrollment. T/S ratio = telomere to somatic DNA ratio. Adjusted models were adjusted for 

baseline age, sex, and disease duration. Year 7 was excluded from the models due to very 

few participants completing this visit.
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TABLE 1.

Baseline Characteristics of Participants (N = 516)

Characteristic Cohort

Age, mean yr (SD) 42.6 (9.8)

Female sex, n (%) 354 (68.6)

Disease duration, median yr (range) 6 (0–45)

Smoking status, n (%)

 Current 64 (12.4)

 Former 157 (30.5)

 Never 295 (57.2)

MS subtype, n (%)

 RR MS 367 (71.1)

 CIS 80 (15.5)

 SP MS 47 (9.1)

 PP MS 17 (3.3)

 PR MS 4 (0.8)

 Unclear 1 (0.2)

DMT
a
 before baseline, n (%)

 Untreated 151 (29.3)

 Platform 331 (64.2)

 High potency 6 (1.2)

 Platform plus high potency 28 (5.4)

Leukocyte telomere length, mean T/S ratio (SD) 0.97 (0.18)

EDSS, median (range) 1.5 (0.0–7.0)

Total brain volume, mean mm3 (SD) 1,506.8 (90.8)

a
Platform therapy: interferon-betas, glatiramer acetate, teriflunomide, mycophenolate mofetil, azathioprine, methotrexate, intravenous 

immunoglobulin, steroids. High-potency therapy: fingolimod, dimethyl fumarate, natalizumab, rituximab, ocrelizumab, alemtuzumab, 
mitoxantrone, cyclophosphamide.

CIS = clinically isolated syndrome; DMT = disease-modifying therapy; EDSS = Expanded Disability Status Scale; MS = multiple sclerosis; PP = 
primary progressive; PR = progressive relapsing; RR = relapsing–remitting; SD = standard deviation; SP = secondary progressive; T/S = telomere 
to somatic DNA.
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