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Abstract

Importance—Telomere length has been associated with dementia and psychological stress, but
its relationship with human brain size is unknown.

Objective—To determine if peripheral blood telomere length is associated with brain volume.

Design, Setting, and Participants—Peripheral blood leukocyte telomere length and brain
volumes were measured for 1960 individuals in the Dallas Heart Study, a population-based,
probability sample of Dallas County, Texas, residents, with a median (25th-75th percentile) age of
50 (42-58) years. Global and 48 regional brain volumes were assessed from the automated analysis
of magnetic resonance imaging.

Main Outcomes and Measures—Telomere length and global and regional brain volumes.
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Results—Leukocyte telomere length was associated with total cerebral volume (B [SE], 0.06
[0.01], P <.001) including white and cortical gray matter volume (f [SE], 0.04 [0.01], P = .002; B
[SE], 0.07 [0.02], P <.001, respectively), independent of age, sex, ethnicity, and total intracranial
volume. While age was associated with the size of most subsegmental regions of the cerebral
cortex, telomere length was associated with certain subsegmental regions. Compared with age,
telomere length (TL) explained a sizeable proportion of the variance in volume of the
hippocampus, amygdala, and inferior temporal region (hippocampus: B, [SE], 0.08 [0.02], A2,
0.91% Vs Bage [SE], -0.16 [0.02], R2, 3.80%; amygdala: Bt [SE], 0.08 [0.02], /2, 0.78% vs Bage
[SE], -0.19 [0.02], R2,4.63%; inferior temporal: Bt [SE], 0.07 [0.02], A2, 0.92% vs Bage [SEI,
-0.14 [0.02], A2, 3.98%) (P<.001 for all). The association of telomere length and the size of the
inferior and superior parietal, hippocampus, and fusiform regions was stronger in individuals older
than 50 years than younger individuals (inferior parietal: B-5q [SE], 0.13 [0.03], £<.001 vs B<sg
[SE], 0.02 [0.02], P= .51, Pfor interaction = .001; superior parietal: f-59 [SE], 0.11 [0.03], P<.
001 vs PB<sg [SE], 0.01 [0.02], P= .71, Pfor interaction = .004; hippocampus: B>5o [SE], 0.10
[0.03], P=.004 vs B<sg [SE], 0.05 [0.02], A= .07, Pfor interaction = .04; fusiform: B>sq [SE],
0.09 [0.03], A=.002, B<s5g [SE], 0.03 [0.02], P=.31, Pfor interaction = .03). The volume of the
hippocampus, amygdala, superior and inferior temporal, precuneus, lateral orbitofrontal, posterior
cingulate, thalamus and ventral diencephalon were independently associated with telomere length
after adjustment for all covariates (age, gender, ethnicity, total intracranial volume, body mass
index, blood pressure, diabetes, smoking status, and APOE genotype).

Conclusions and Relevance—To our knowledge, this is the first population-based study to
date to evaluate telomere length as an independent predictor of global and regional brain size.
Future studies are needed to determine how telomere length and anatomic structural changes are
related to cognitive function, dementia, and psychological disease.

Brain atrophy remains an ominous and incompletely understood consequence of aging.
Magnetic resonance (MR) imaging of the brain in cross-sectional and longitudinal cohort
investigations has demonstrated that brain atrophy is a sensitive indicator of mild cognitive
impairment and dementia. Whole-brain atrophy, and hippocampus atrophy in particular, is
greater in individuals with Alzheimer disease compared with healthy aged control
subjects.1-3 Findings from studies* of individuals at risk for familial Alzheimer disease
suggest that atrophy of certain brain regions may precede the generalized cerebral atrophy
seen at the time of diagnosis. The mechanisms that underlie accelerated global and regional
brain atrophy are incompletely understood.

Telomeres, the specialized structures at the ends of chromosomes, undergo shortening with
each cell division. Telomere length has emerged as a promising biomarker of biological age
and an indicator of susceptibility to age-related diseases.’ Previous studies have
demonstrated an association between shorter leukocyte telomere length and age-related
cognitive function8 and Alzheimer disease.?10 However, little is known about the
association between leukocyte telomere length and structural brain changes in humans. We
hypothesized that leukocyte telomere length would help explain interindividual differences
in age-related brain atrophy. To test this hypothesis, we measured leukocyte telomere lengths
and global and subsegmental brain volumes of participants in the Dallas Heart Study (DHS).
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Methods

Study Population

This study was approved by the institutional review board at the University of Texas
Southwestern Medical Center, and all participants provided written informed consent. The
DHS is a population-based, probability sample of Dallas County, Texas, residents, designed
to include approximately 50% African American and 50% non—African American
participants. The study was initiated in 2000 and was transformed from across-sectional
study to a longitudinal study in 2007, when all participants of the first study were invited for
a repeat evaluation. The follow-upDHS2cohortwas augmented by voluntary participation of
unrelated spouses and friends of the original cohort. It includes 2485 participants from the
original study and 916 unrelated individuals. Race/ethnicity was self-reported according to a
list of categories used in the US census. Measurement of peripheral blood leukocyte
telomere length was performed on the subset of the DHS2 participants, 18 to 85 years of
age, who submitted blood for genetic analysis (h = 3302). A subset of the total cohort (n =
2082) underwent MR imaging. Individuals were excluded from MR imaging if they were
pregnant, had any history of exposure to metal fragments, had undergone a previous surgical
procedure for a brain aneurysm, or had an implanted cardiac pacemaker, defibrillator,
cochlear device, spinal cord stimulator, or other internal electrical device. The mean (SD)
age of the cohort was 50.0 (10.6) years. Five participants were younger than 20 years, and 2
participants were older than 80 years. Most participants (approximately 95%)
wereagedbetween30and 70years, and the majority (approximately 60%) were aged between
40 and 60 years.

Determination of Telomere Length

Genomic DNA was isolated from circulating leukocytes using an automated purification
system (Autopure LS; Qiagen). Telomere lengths of genomic DNA isolated from the DHS2
cohort were measured using a quantitative polymerase chain reaction assay as previously
described!! and are reported as logarithm-transformed relative ratios of the copy number of
telomere DNA to a single-copy gene (T:S ratios). Logarithm-transformed relative T:S ratios
were normally distributed. The Spearman rank correlation coefficient between telomere
length and age was —0.17 (P < .001) for this study.

MR Imaging Protocol

Brain MR images were obtained on a 3-T MR imaging system (Achieva; Philips Medical
Systems) using 3-dimensional magnetization-prepared rapid acquisition gradient. Images
were obtained from the vertex of the skull to the foramen magnum in true axial orientation.
Axial sections were reconstructed at 1.0-mm section thickness with a repetition time of 9.6
milliseconds, an echo time of 5.8 milliseconds, a flip angle of 12°, and a field of view of 260
x 260 mm.

Image Analysis

Cross-sectional determination of brain atrophy was based on estimating brain size at
maturity from total cranial volume.12 Total cranial volume was estimated with SIENAX,13
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part of the freely available Functional MRI of the Brain Software Library.14 Segmentation
and quantification of global brain volumes, as well as cortical and subcortical structures,
were obtained from the fully automated FreeSurfer image analysis suite, version 4.4
(documented and freely available for download online at http://
surfer.nmr.mgh.harvard.edu/). The FreeSurfer analysis was performed at the Texas
Advanced Computing Center at The University of Texas at Austin. Magnetic resonance
images from 107 participants were excluded because of self-reported stroke (n = 37) or
because of major structural defects (eg, corpus callosum agenesis, imaging evidence of
stroke, or hydrocephalus) or image acquisition errors (metal or motion artifacts) precluding
automated analysis (n = 70). Each MR image that generated an error was reviewed by a
neuroradiologist (K.S.K.).

Statistical Analysis

Results

All statistical analyses were performed with the R software package, version 3.0.1 (Www.r-
project.org). Linear regression was used to estimate the association between telomere length
and brain volume, with age, sex, race/ethnicity, and total cranial volume included as
covariates. Interactions with sex and age were tested by adding telomere length x sex and
telomere length x age terms to the model. To investigate whether the association between
telomere length and brain size differed by age, we first stratified participants by median age
(<50 vs >50 years). To assess whether differences in the association patterns were
statistically significant, we included an interaction term between the indicator variable for
age (>50 years) and telomere length in the model. To investigate whether other established
risk factors affected the association between telomere length and brain volume, we repeated
the analysis with the inclusion of body mass index, systolic blood pressure, diabetes mellitus
(DM), and smoking status (1 indicates past or current smoker, and O indicates never smoker)
as additional covariates. The presence of DM was defined as a self-reported diagnosis of
DM, the use of prescription medication for DM, a glycated hemoglobin level of 6.5% or
higher, or a fasting glucose level of 126 mg/dL or higher or a nonfasting glucose level of 200
mg/dL or higher (to convert glycated hemoglobin level to the proportion of total
hemoglobin, multiply by 0.01; to convert glucose level to millimoles per liter, multiply by
0.0555). Finally, we tested whether APOE genotype had an effect on the association by
adding genotype to the model in a subset of participants for whom genotype data were
available. To account for the multiple brain regions tested, we adjusted the significance
levels using the false discovery rate method.1> All tests were 2-sided; P< .05 was considered
statistically significant.

Baseline characteristics of the probability-based, multiethnic population cohort, the DHS2,
are listed in Table 1. The participants ranged in age from 18 to 85 years, with a median age
of 50 years. Forty-eight different subsegmental brain volumes were measured using
FreeSurfer analyses of brain MR imaging. In a multivariable model that included age, sex,
race/ethnicity, total cranial volume, and telomere length, all brain regions except the
entorhinal cortex and cerebellar white matter were associated with age (P < .001 for all)
(Table 2). In all cases, the volumetric size of brain regions decreased with advancing age.
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The changes in brain size with age were inversely correlated with changes in ventricle size.
Age accounted for a large proportion of the variation in size of the superior frontal region,
superior temporal region, thalamus, putamen, cerebral cortex, and lateral ventricle (partial
R2 for age >17% for all).

In contrast, the sizes of only certain subsegmental regions were associated with telomere
length independent of age or the other covariates (Figure and Table 2). Regions in which
telomere length had the largest effect on size included the precuneus and inferior and
posterior central regions of the parietal lobe, as well as the hippocampus, amygdala,
fusiform, and inferior segment of the temporal lobe (P < .001 for all). Telomere length was
also independently associated with the size of the thalamus, ventral diencephalon, posterior
cingulate, and 3 subsegmental regions of the frontal lobe (P < .001 for all). Telomere length
was a significant predictor of total cerebral volume, cortical white matter volume, and
cortical gray matter volume (P < .001, P=.002, and P< .001, respectively). Telomere length
was associated with cerebellar white matter volume (£ = .01) but not with cerebellar gray
matter (P=.17). In contrast, age was not significantly correlated with atrophy of cerebellar
white matter (P = .14) but was significantly associated with cerebellar gray matter volume (P
<.001). Areas of the brain in which telomere length compared with age explained a large
proportion of variation in size included the hippocampus, amygdala, and inferior temporal
region (A2 = 0.91%, A2 = 0.78%, and A2 = 0.92%, respectively, for telomere length; and /2
=3.80%, A2 = 4.63%, and R2 = 3.98%, respectively, for age).

The effect of telomere length on regional brain size varied by sex (eTable 1 in the
Supplement). For some of the subsegmental regions (eg, the lateral orbitofrontal region and
the inferior temporal region), the association between telomere length and size was seen
only in men (£ < .001 for both); no association was seen in women after correction for
multiple testing. No significant difference for associations of telomere length were observed
between right and left hemisphere segmental brain volumes (data not shown).

The effect of telomere length on brain size varied by age (Table 3 and eTable 2 in the
Supplement). For the inferior and superior regions of the parietal lobe, the association
between telomere length and size was significant only for those older than 50 years (P<.
001 for both). Similarly, associations between telomere length and the hippocampus and
fusiform regions of the temporal lobe were seen only for those older than 50 years (P=.004
and P=.002, respectively).

We also sought to determine whether telomere-related atrophy was independent of other risk
factors linked to brain atrophy.16 Adjusting for hypertension, obesity, DM, and smoking
status had only a marginal effect on the association between telomere length and brain
volume (eTable 3 in the Supplement).

APOE genotypes were available for approximately 70% of the participants. These genotypes
were not independently associated with any of the subsegmental brain volumes after
adjustment for all covariates (data not shown). No association was observed between
telomere length and APOE genotype (data not shown). The addition of each of the different
APOE genotypes (g2, €3, or e4) to a multivariable model that included all other covariates
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did not substantially affect the association between telomere length and brain volume
(eTable 4 in the Supplement). Cortical white and gray matter volumes were still
independently associated with telomere length (P=.004 and £ < .001, respectively), while
cerebellar white and gray matter volumes were not. The volumes of the hippocampus,
amygdala, superior and inferior temporal, precuneus, posterior central parietal, lateral
orbitofrontal, posterior cingulate, thalamus, and ventral diencephalon regions were
independently associated with telomere length after adjustment for all covariates, including
APOE genotype (P < .001 for all).

Discussion

We present herein the first population-based analysis, to our knowledge, of brain MR
imaging and its cross-sectional analysis with age and telomere length. While almost all
subsegmental regions of the brain decreased in size with advancing age, telomere length was
associated with the volumes of only certain subsegmental regions. The association with
telomere length was independent of total cranial volume and age and other demographic
factors, although a significant interaction with age was seen for the hippocampus, fusiform,
and inferior and superior parietal regions. The structural changes associated with shortened
telomeres may lead to an increased vulnerability to dementia and psychological disease.

More than half of the different regional brain volumes were independently associated with
telomere length (Table 2). The associations between telomere length and some regions were
more robust than others because they were observed in all subgroup analyses of the total
cohort stratified by sex (eTable 1 in the Supplement) or age (eTable 2 in the Supplement) or
after adjustment for additional covariates (eTable 3 and eTable 4 in the Supplement). The
biological significance of these associations is unclear. However, the results of prior
studies®10.17 have suggested a link among leukocyte telomere length, cognitive function,
and Alzheimer disease. In the analysis of the full cohort, we observed a significant
association between shorter telomere length and the size of the hippocampus, a risk factor
for Alzheimer diseasel8 and other forms of dementia.19 The volumes of other regions of the
brain implicated in Alzheimer disease, including the amygdala, temporal lobe, parietal lobe,
precuneus, and posterior cingulate,29-22 were also independently associated with telomere
length. All these regions are susceptible to amyloid plaque deposition and belong to the
default mode network, a functional connectivity of cortical regions sensitive to changes in
brain cell activity.23:24 Several regions of the brain that show atrophy in Alzheimer disease
but are not classically thought to have an abundance of amyloid plaque deposition (thalamus,
ventral diencephalon, and fusiform cortex)25-27 were also associated with telomere length in
this study. Their atrophy and neuronal loss may be due to a loss of reciprocal connections
from and within the cortex. Other regions such as the entorhinal cortex and parahippocampal
gyrus, which are closely related to the hippocampus and are known to atrophy in patients
with Alzheimer disease,28:22 were not significantly associated with telomere length. So,
brain volumes directly associated with telomere length imperfectly overlap those regions
that atrophy in patients with Alzheimer disease.

Leukocyte telomere length has also been associated with life stressors.3931 Adversity and
stress have been associated with smaller volumes of corticostriatal-limbic regions, including
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the hippocampus, orbitofrontal cortex, insula, and anterior cingulate regions.32-34 The sizes
of all these regions were found herein to be independently associated with telomere length.

Therefore, the pattern of telomere-related regional brain volumes overlaps areas of the brain
associated with dementia and stress-related psychopathology.

Few studies have explored the association between telomere length and human brain size.
Shorter leukocyte telomere length was associated with mild cognitive impairment and
decreased hippocampus volume in 29 participants of the Nurses' Health Study3® who
underwent MR imaging. In contrast, a Swedish study36 of 57 individuals found longer
leukocyte telomere length to be associated with smaller hippocampal volumes among APOE
e3/e3 carriers but not among e4 carriers. The same group later demonstrated evidence of a
link between shorter leukocyte telomere length and subcortical brain size in 102 older
individuals (age range, 64-75 years).3” The study was limited by the use of a simple 4-point
Visual Atrophy Rating Scale, which may explain the lack of a significant association
between telomere length and cortical volumes. The Cardiovascular Health Study38 obtained
brain MR imaging white matter grade scores to indicate small-vessel vascular disease in 419
participants; these scores were not associated with telomere length after adjustment for age,
sex, and race/ethnicity.

The actual mechanisms connecting leukocyte telomere length and regional brain size remain
unclear. Leukocyte telomere shortening is associated with oxidative stress and
inflammation.3940 Insulin resistance, obesity, decreased physical activity, and smoking
status have been linked to oxidative stress, telomere shortening,#142 and structural changes
of the brain.#3-45 Although we found that the association between subsegmental brain
volumes and telomere length remained significant even after adjusting for DM, body mass
index, and smoking status, leukocyte telomere length may be a bio-marker for undetermined
mediators of inflammation. Also, telomeres may be interacting with other genetic
determinants to influence brain size. We did not find herein that the associations between
brain volumes and telomere length were substantially altered after adjusting for APOE
genotype, which has been previously linked to telomere length36:46 and Alzheimer disease
risk.4” Because telomere length mirrors endogenous telomerase activity, leukocyte telomere
length may also be a surrogate marker of brain cell proliferation potential. Neural stem cells
of the adult brain are located in 2 major niches, the subventricular zone*8:49 and the dentate
gyrus of the hippocampus,>%:51 and are capable of cell division throughout adulthood.
Telomerase reactivation has also been shown to reverse neurodegeneration and restore
proliferation of neuronal progenitors in animal models with deficient telomerase activity.>2
Critical support cells in the brain capable of undergoing cell division in the adult (eg,
microglia, astrocytes, oligodendrocytes, and pericytes) may be even more susceptible to
deleterious effects of short telomeres. In mice, damage to pericytes led to neuronal damage
and neurofibrillary tangle deposition in the hippocampus and cerebral cortex.>3 Therefore,
telomere shortening is a plausible biological mechanism underlying changes in regional
brain volumes.

The strengths of this study include a middle-aged, population-based, multiethnic cohort and
the availability of detailed medical phenotypes, biomarkers, leukocyte telomere lengths, and
volumetric brain MR imaging measurements. Brain volumes were calculated using
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automated software tools that have been previously found to provide robust and accurate
results, 1314 and all regional sizes were scaled to total cranial volume to adjust for total brain
size at maturity. Telomere length was measured using a quantitative polymerase chain
reaction assay to accommodate the limited amounts of available DNA and were estimated
relative to a single-copy gene. While the age of the participants ranged from 18 to 85 years,
with a mean age of 50 years, only 40 participants (2.0%) were older than 70 years, and only
5 participants (0.3%) were older than 75 years. The young age of our cohort is an asset in
identifying early changes in brain structure associated with telomere length. The use of a
multiethnic study population allows generalizability of our findings.

Because this is a cross-sectional study, we were unable to determine how the brain size
changes over time. Another limitation is the lack of APOE genotypes for the entire cohort,
although they were analyzed for 1372 participants, representing 70.0% of the total cohort.
The addition of the APOE genotypes as a covariate did not change the seminal findings of
this work. Finally, clinically validated measures of cognitive function or validated measures
of stress-related phenotypes are not yet available for this cohort, so the associations with
telomere length cannot be extrapolated to disease. In the absence of these phenotypes, the
association between regional brain sizes and telomere lengths may reflect individual
variability rather than functional atrophy associated with disease.

Conclusions

Alterations of several different biological pathways may underlie the pathogenesis of brain
atrophy. We identified leukocyte telomere length as a biomarker associated with regional
brain size independent of age. Additional phenotyping will be needed to assess whether the
patterns of regional brain volumes in populations are associated with vulnerability to
cognitive decline, dementia, or mood disorders. Longitudinal evaluations of this cohort will
be essential in determining the predictive effect of these associations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure. Brain Size Associated With Telomere Length in the Dallas Heart Study 2 Cohort
The effect size of telomere length (B level with 95% CI) is shown for each global or

subsegmental brain region. Only regions that are significantly associated with telomere
length independent of age, sex, race/ethnicity, and total cranial volume after correction for
multiple testing are shown.
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Demographic and Clinical Characteristics of the Dallas Heart Study 2 Cohort

King et al.
Variable Value (n = 1960)
Age, median (25th-75th percentile), y 50 (42-58)
Male sex, No. (%) 807 (41.2)
Race/ethnicity, No. (%)
Non-Hispanic white 728 (37.1)
Non-Hispanic black 911 (46.5)
Hispanic 276 (14.1)
Other 45 (2.3)
Blood pressure, mean (SD), mm Hg
Systolic 130.6 (18.2)
Diastolic 80.4 (8.9)
Diabetes mellitus prevalence, No. (%) 245 (12.5)
Body mass index, mean (SD)? 296 (5.6)
Smoking status, No. (%) (n=1917)
Present 395 (20.6)
Past 445 (23.2)
Never 1077 (56.2)
APOE genotype, No. (%)¢ (n=1409)
e2 Heterozygous 189 (13.4)
2 Homozygous 14 (1.0)
e3 Heterozygous 550 (39.0)
e£3 Homozygous 63 (4.5)
e4 Heterozygous 404 (28.7)
e4 Homozygous 49 (3.5)
Telomere length, mean (SD), kb? 63(06)
Total cranial volume, mean (SD), mm3 904 000 (104 813)

Table 1

aCaIcuIated as weight in kilograms divided by height in meters squared.

b . . . . -
Information regarding smoking status was available for only 1917 participants.

CAPOE genotypes were available for only 1409 participants.

Page 13

d . . . . . ’
Conversion of telomere length from logarithm-transformed relative ratios of the copy number of telomere DNA to a single-copy gene to kilobase

(kb) was performed as previously described.11

JAMA Neurol. Author manuscript; available in PMC 2017 June 21.
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