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Abstract

Although leukocyte telomere length (TL) shortens over the lifespan and is associated with diseases
of aging, little is known about the relationships between TL, memory, and brain structure. Sixty-
nine functionally normal older adults (mean age = 71.7) were assessed at 2 time points (mean
interval = 2.9 years). Linear mixed models assessed relationships between TL and hippocampal
volume, fractional anisotropy and mean diffusivity (MD) of the fornix, and verbal and visual
episodic memory. Unstandardized coefficients are reported in the following, and p values are not
corrected for multiple comparisons. A negative baseline trend was observed between TL and
fornix MD (6 =-0.01, p =0.06), but no other cross-sectional associations were significant (ps >
0.16). Greater TL shortening at follow-up was associated with greater hippocampal volume loss (&
=27.09, p<0.001), even after controlling for global volume loss (6= 10.83, p=0.002). Greater
telomere attrition was also associated with larger increases in fornix MD (6= -0.01, p=0.012)
and decreases in fornix fractional anisotropy (6= 0.004, p=0.002). TL was not associated with
changes in episodic memory (ps> 0.23). These relationships may reflect neurobiological
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influences that affect both TL and brain structure, as well as the effect of TL on brain aging via
mechanisms such as cellular senescence and inflammation.
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1. Introduction

Telomeres are a complex of short DNA repeats and protective proteins positioned at the end
of chromosomes (Sfeir and de Lange, 2012). They serve the critical role of protecting
genomic DNA by preventing degradation (Blackburn et al., 2006). The DNA replication
mechanism prevents the complete copying of telomeric DNA, resulting in progressive
shortening of telomeres across the lifespan. This process is highly regulated, however, and
the rate of telomere attrition is variable within and across individuals. Telomere length (TL)
is a reflection of a lifetime of systemic influences on cellular health; for example, TL is
affected by damaging processes such as DNA replication stress, oxidative damage, and
inflammation, and TL is related to many risk factors for common diseases of aging
(Blackburn et al., 2015). TL is not only a consequence of the neurobiology of aging, but
telomere shortening can in turn promote cellular senescence (Sahin et al., 2011),
inflammation (Ghosh et al., 2012), and accelerated aging (Armanios and Blackburn, 2012).

Despite the clear connection between TL and aging biology, relatively little is known about
TL and markers of brain health in older adults, including its usefulness as a monitoring tool.
The episodic memory system is one of the first brain networks affected in pathological aging
processes such as Alzheimer’s disease (AD) and hippo-campal sclerosis. The hippocampus
is the seat of episodic memory and is connected to other areas important for memory,
collectively referred to as the Papez circuit, via a white matter tract known as the fornix
(Oishi and Lyketsos, 2014). Abnormal decline in the structure of the hippocampus and
fornix, quantified using neuroimaging, is a harbinger for pathological aging. Volume loss in
the hippocampus predicts poorer cognitive trajectories in older adults (Dumurgier et al.,
2017; Fletcher et al., 2018), and diffusion tensor imaging (DTI) quantification of fornix
microstructure is a sensitive early predictor of cognitive decline in cognitively normal older
adults (Fletcher et al., 2013) and predicts cognitive decline and progression to AD in patients
with mild cognitive impairment (MCI) (Mielke et al., 2012).

Although TL is associated with hippocampal volume in cross-sectional analyses (Grodstein
et al., 2008; Jacobs et al., 2014; King et al., 2014), no longitudinal studies have
systematically examined the relationship between TL, memory and its neural correlates,
including the role of white matter microstructure. Deeper characterization of this
relationship in otherwise clinically normal older adults may support the role of TL as a
preclinical marker of early pathological brain changes. We therefore aimed to determine the
degree to which baseline TL and the rate of telomere attrition were associated with verbal
and visual episodic memaory, hippocampal volumes, and DTI quantification of the fornix in
typically aging adults.
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2. Materials and methods

2.1. Participants

Participants were community-dwelling older adults recruited at the University of California,
San Francisco (UCSF), Memory and Aging Center as part of a larger longitudinal study that
recruits adults over age 50. The sample included neurologically and functionally intact older
adults who received baseline and follow-up structural and diffusion weighted imaging scans,
cognitive testing, and a blood draw for DNA as part of a comprehensive evaluation. All
subjects were reviewed at a case conference with a board-certified neuropsychologist and
neurologist. The neurologic and neuropsychological examination was used to determine that
participants were neurologically normal. Informant interview (Clinical Dementia Rating
Scale [CDRY]) was also used; all participants had a CDR = 0 at baseline, indicating that there
were no functional impairments. Baseline exclusion criteria included syndromic diagnosis of
dementia or MCI according to consensus research criteria (Albert et al., 2011; McKhann et
al., 2011), neurological conditions that may affect cognition (e.g., epilepsy, stroke,
Parkinson’s disease), significant systemic medical illnesses, severe psychiatric illness (e.g.,
bipolar disorder, schizophrenia), a substance use diagnosis within 20 years, or current
moderate to severe depression (Geriatric Depression Scale > 15 of 30). Two participants
showed mild cognitive changes at follow-up (CDR = 0.5). The final data set included 69
participants. Demographic data are provided in Table 1. All participants provided written
informed consent, and the UCSF Committee on Human Research approved the study
protocol.

2.2. Telomere quantification methods

Genomic DNA was isolated from whole blood using an automated purification system
(Autopure LS; Qiagen). The leukocyte TL measurement assay was adapted from the original
published method by Cawthon (Cawthon, 2002; Lin et al., 2010). The telo-mere thermal
cycling profile consists of: cycling for T (telomic) polymerase chain reaction (PCR): 96 °C
for 1 minute, denature at 96 °C for 1 second, anneal/extend at 54 °C for 60 seconds, with
fluorescence data collection, 30 cycles.

Cycling for S (single-copy gene) PCR: 96 °C for 1 minute; denature at 95 °C for 15 seconds,
anneal at 58 °C for 1 second, extend at 72 °C for 20 seconds, 8 cycles; followed by denature
at 96 °C for 1 second, anneal at 58 °C for 1 second, extend at 72 °C for 20 seconds, hold at
83 °C for 5 seconds with data collection, 35 cycles.

The primers for the telomere PCR were te/16[5'-CGGTTT(GTTTGG)sGTT-3’], used at a
final concentration of 100 nM, and /26 [5'-GGCTTG(CCTTAC)5CCT-3’], used at a final
concentration of 900 nM. The primers for the single-copy gene (human beta-globin) PCR
were hbgl [5'-GCTTCTGACACAACTGTGTTCACTAGC-3’], used at a final concentration
of 300 nM, and hbg2[5’-CACCAACTTCATCCACGTTCACC-3’], used at a final
concentration of 700 nM. The final reaction mix contained 20 mM Tris-HCI, pH 8.4; 50 mM
KCI; 200 mM each dNTP; 1% dimethyl sulfoxide; 0.4x Syber Green |; 22 ng Escherichia
coli DNA per reaction; 0.4 Units of Platinum Tag DNA polymerase (Invitrogen Inc) per 11
mL reaction; ~6 ng of genomic DNA. Tubes containing 26, 8.75, 2.9, 0.97, 0.324, and 0.108
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ng of a reference DNA (pooled human genomic DNA) were included in each PCR run so
that the quantity of targeted templates in each research sample could be determined relative
to the reference DNA sample by the standard curve method. The same reference DNA was
used for all PCR runs. Baseline and follow-up samples from the same participant were
assayed in the same batch.

To control for interassay variability, 8 control DNA samples were included in each run. In
each batch, the T/S ratio of each control DNA was divided by the average T/S for the same
DNA from 10 runs to get a normalizing factor. This was done for all 8 samples, and the
average normalizing factor for all 8 samples was used to correct the participants” DNA
samples and calculate the final T/S ratio. The T/S ratio for each sample was measured twice.
When the duplicate T/S value and the initial value varied by more than 7%, the sample was
run a third time, and the 2 closest values were reported. The average coefficient of variation
for this study was 2.2%. The lab personnel who performed the assay were blind to all other
outcomes.

2.3. Episodic memory

Verbal episodic memory was quantified using a 16-item list learning task, the California
Verbal Learning Task, second edition (CVLT-II; Delis et al., 2000). The primary outcome
was the 20-minute free delayed-recall memory score, which has good short-term (p = 0.83)
(Woods et al., 2006) and long-term (r = 0.69) (Alioto et al., 2017) test-retest reliability.
CVLT-II delayed memory is sensitive to the deficits observed in the early stages of
pathological aging and predicts progression from MCI to AD (Rabin et al., 2009). Visual
episodic memory was quantified using the Benson Figure Test recall score. Participants drew
a figure from memory that they had copied 10-15 minutes earlier (Kramer et al., 2003).
Scores range from 0 to 17. The Benson Figure delayed recall score is sensitive to
pathological aging (Kramer et al., 2003), and this measure is included in the Uniform Data
Set battery. The Uniform Data Set is used by multicenter studies of aging and AD (https://
www.alz.washington.edu/WEB/forms_uds.html).

2.4. Physical activity assessment

Physical activity was measured via the Physical Activity Scale for the Elderly (PASE), a
brief self-administered questionnaire, which correlates with physiological measures of
physical fitness (Washburn et al., 1999, 1993). The PASE evaluates physical activity over the
past 7 days in 3 domains: recreational, household, and work-related. Participants rated their
weekly frequency and daily duration for the following recreational activities: walking; light,
moderate, and strenuous sports; and strength training. For each activity, a score was obtained
by multiplying an activity frequency value by a task-specific weight provided by the scoring
manual, such that, more strenuous activities are weighted more strongly (Washburn et al.,
1993). A total score was calculated by summing the activity scores, with higher values
indicating greater levels of current physical activity (Bolszak et al., 2014). To account for
missing data, we calculated the average total PASE score across both visits, such that, if a
participant only received this questionnaire at one time point, then this value would be taken
as their PASE score at both time points. PASE scores were available at both time points in
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31 participants, and at a single time point in 36 participants. Scores ranged from 10 to 291
(see Table 1).

2.5. Neuroimaging

2.5.1. Scanner information—~Participants were scanned at the UCSF Neuroscience
Imaging Center on a Siemens Trio 3T scanner. A T1-weighted magnetization prepared rapid
gradient echo structural scan was acquired with an acquisition time of 8 minutes 53 seconds,
sagittal orientation, field of view = 160 x 240 x256 mm with an isotropic voxel resolution of
1 mm3 repetition time = 2300 ms, echo time = 2.98 ms, inversion time = 900 ms, and flip
angle = 9°. Diffusion-weighted images were acquired using single-short spin-echo sequence
with the following parameters: repetition time = 5300 ms; echo time = 88 ms; inversion time
= 2500 ms; flip angle = 90; field of view = 256*256 mm; 2 diffusion values of b = 0 and
1000 s/mm:; 12 diffusion directions; 4 repeats; 40 slices; matrix size = 128*128; voxel size =
2 mm*2 mm; slice thickness = 3 mm; and generalized autocalibrating partial parallel
acquisition = 2,

2.5.2. Longitudinal T1 processing—Before prepossessing, all T1-weighted images
were visually inspected for quality control. Images with excessive motion or image artifact
were excluded. T1-weighted images underwent bias field correction using the N3 algorithm,
and the segmentation was performed using SPM12 (Wellcome Trust Center for
Neuroimaging, London, UK, http://www.fil.ion.ucl.ac.uk/spm) unified segmentation
(Ashburner and Friston, 2005). An intraparticipant template was created using the rigid body
registration and nonlinear diffeomorphic warping proposed by the symmetric diffeomorphic
registration for longitudinal MRI framework (Ashburner and Ridgway, 2012). The
intraparticipant template was also segmented using SPM12’s unified segmentation. A group
template was generated from within-participant average gray and white matter tissues by
rigid body registration and nonlinear warping using Diffeomorphic Anatomical Registration
using Exponentiated Lie Algebra (Ashburner, 2007). Participants’ native space gray and
white matter were normalized, modulated, and smoothed in the group template using
intraparticipant and interparticipant transformations. The applied smoothing used a Gaussian
kernel with 4-mm full width half maximum. For statistical purposes, linear and nonlinear
transformations between Diffeomorphic Anatomical Registration using Exponentiated Lie
Algebra’s space and International Consortium for Brain Mapping were applied (Mazziotta et
al., 2001). Individual and averaged segmentations were carefully inspected to ensure no
major segmentation or normalization errors. Quantification of the hippocampi at each time
point was accomplished by transforming a standard parcellation atlas (Desikan et al., 2006)
into International Consortium for Brain Mapping space and summing all modulated gray
matter bilaterally within each parcellated region.

2.5.3. Diffusion imaging methods—Oxford Centre for Functional MRI of the Brain’s
Software Library (FSL) (Jenkinson et al., 2012) software was used to coregister the diffusion
direction images with the =0 image, then a gradient direction eddy current and distortion
correction were applied. Diffusion tensors were calculated using a nonlinear least-squares
algorithm from Dipy (Garyfallidis et al., 2014). After quality control, participants’ tensors (4
dimensional image) were registered linearly and nonlinearly into a common space using DTI
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ToolKit (Zhang et al., 2006). At baseline, participants’ tensors were moved into a group
template. DTI scalar maps of fractional anisotropy (FA) and mean diffusivity (MD) were
calculated from the participants’ tensors in the group template space. The bilateral fornix
was extracted from the ICBM-DTI-81 white matter labels and tract atlas (Mori and Crain,
2005).

2.6. APOE genotyping

Genomic DNA was extracted from peripheral blood using standard protocols (Gentra
PureGene Blood Kit, Qiagen, Inc, Valencia, CA, USA). Genotyping was performed using
either TagMan or Sequenom genotyping. TagMan Allelic Discrimination Assay was used for
APOE genotyping (rs429358 and rs7412) and was conducted on an ABI 7900HT Fast Real-
Time PCR system (Applied Biosystems, Foster City, CA, USA) according to manufacturer’s
instructions.

The SpectroAquire and MassARRAY Typer Software packages (Sequenom, San Diego, CA,
USA) were used for interpretation. Typer analyzer (v3.4.0.18) was used to review and
analyze data. Twenty-four of 69 participants carried at least 1 4 allele.

2.7. Statistical analysis

Cross-sectional relationships between baseline TL and variables of interest were assessed
using linear regression. Age and gender were entered as covariates in all models. Total
intracranial volume was entered in models that included brain volume, and education was
entered in all models assessing the relationship between TL and cognition. TL was rescaled
to improve interpretability, such that the unstandardized regression coefficients (6)
correspond to 0.1-unit change in telomere T/S ratio. Mixed effects models with random
intercepts were fitted to assess the longitudinal association of within-participant changes in
TL with imaging and cognitive outcomes. Age, gender, and APOE genotype entered as
covariates in all longitudinal models; again, education and total intracranial volume were
covaried when appropriate. First, rate of TL attrition was assessed using the interval between
TL measurements as a continuous predictor, as well a baseline age * time interaction to
determine whether age was a moderating factor in rate of TL decline. TL was then assessed
as a longitudinal predictor. In these models, we decomposed TL into within- and between-
person variance by entering baseline TL as a time-invariant predictor and change from
baseline (TL-baseline TL) as a metric of within-person change. This transformation allowed
us to assess within-person change independent of between-person variance, while also
controlling for baseline TL, a strong predictor of telomeric attrition (Farzaneh-Far et al.,
2010). For significant models, we added PASE total score to the model as a time-invariant
covariate to conduct a post hoc assessment of whether physical activity level accounted for
the observed relationships. We also conducted a post hoc analysis assessing the effect of
vascular risk factors for any significant models. For each vascular risk factor, we created a
binary variable indicating whether there was any history of hypertension, hyperlipidemia,
heart attack, diabetes, or whether they were current smokers at the time of either visit. These
values were summed for each person to create a vascular risk score that ranged from 0 to 5
(mean = 1, standard deviation = 0.73, range: 0-2) and entered this score as a predictor. All
statistical analyses were performed in Stata 14.2; linear mixed effects models were fitted
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using the mixed command (StataCorp, 2015). The R ggplot2 package was used to create Fig.
1.

3. Results

3.1. Cross-sectional models

At baseline, when entered simultaneously, there was a trend for a negative relationship
between age and TL (6= -0.06, 95%: confidence interval [CI] = -0.14, 0.01, p=0.097), but
TL did not differ by gender (6= 0.38, 95%: Cl = -0.64, 1.40, p=0.457). Baseline TL did
not differ by APOE e4 status (b= 0.08, 95% Cl = -1.01, 1.17, p =0.884).

There was a trend for shorter TL to be associated with higher fornix MD (6= -0.01, 95% ClI
=-2.76, 0.07, p=0.062). Baseline TL was not significantly associated with hippocampal
volume (b= -17.94, 95% CI = -67.37, 31.49, p= 0.471), fornix FA (b= 1.1 x 1073, 95% CI
=-0.003, 0.005, p=0.567), visual memory (6 =-0.22, 95% CI = -0.46, 0.22, p= 0.471), or
verbal memory (6= -0.22, 95% CI = 0.55, 0.09, p 0.158) cross sectionally.

3.2. Longitudinal models

All participants showed declines in TL between baseline and follow-up, with an average
annual TL attrition of 0.11 T/S units (standard deviation = 0.06). Older age at baseline was
not associated with increased rates of telomere attrition (6= 1.8 x 1074, 95% CI = —=0.02,
0.02, p=0.861). APOE genotype did not affect the rate of attrition (6= -0.04, 95% CI =
-0.31, 0.24, p=0.804). Neither verbal (6=10.14, 95% CI = -0.06, 0.33, p= 0.164) nor
visual memory (6 =0.10, 95% CI = -0.21, 0.41, p = 0.548) declined longitudinally, and in
fact, demonstrated a slight (nonsignificant) improvement with time. With regard to
neuroimaging variables, hippocampal volume decreased by an average of 30.35 mm3/y
(95% Cl = -39.02, —21.67, p< 0.001), and global gray matter volume decreased by 3359.97
mm?3/y (95% CI = -4341.86, —2378.09, p < 0.001). Annual longitudinal changes were also
observed for fornix FA (b= 6.5 x 1073, 95% CI = -9.59 x 1073, -3.4 x 1073, p< 0.001) and
fornix MD (b= 0.02, 95% CI = 3.21 x 1073, 0.03, p= 0.016).

In contrast with the cross-sectional results, greater TL attrition was associated with faster
rates of decline in hippocampal volume, with an estimated volume loss of 27.09 mm3/y per
0.1-unit decline in T/S ratio (95% CI = 19.96, 34.21, p< 0.001). This relationship remained
significant, albeit attenuated, even after controlling for global gray matter atrophy (6=
10.83, 95% CI =4.05, 17.61, p= 0.002). This relationship also remained significant after
controlling for physical activity level (b= 26.43, 95% CI = 19.12, 33.74, p< 0.001) or
vascular risk score (b= 27.8, 95% Cl = 20.97, 34.63, p< 0.001).

Greater TL attrition was also associated with faster rates of decline in fornix FA (b= 4.4 x
1073, 95% CI = 0.007, p = 0.002) and increases in fornix MD (4= -0.01, 95% CI = -0.03,
-0.003, p=0.012). The relationship with fornix FA (6= 3.8 x 1073, 95% CI = 1.07 x 1073,
6.6 x 1073, p=0.007) and MD (6= -0.01, 95% CI = =0.02, 7.3 x 1074, p=0.037)
remained signicant after controlling for physical activity. Similarly, these relationships
remained after controlling for vascular risk: fornix FA (b= 4.39 x 1073, 95% CI = 1.69 x
1073,7.1 x 1073, p=0.001) and MD (b= -0.01, 95% CI = =0.03, =3.2 x 1073, p=0.012).
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Telomere attrition was not significantly correlated with verbal (6= -0.1, 95% CI = -0.26,
0.07, p=0.238) or visual memory (6=-0.17, 95% CI = -0.41, 0.15, p= 0.373). Participant-
specific trajectories are shown in Fig. 1 with a fitted regression line overlaid.

4. Discussion

In functionally intact older adults followed longitudinally, reductions in TL were associated
with declining integrity of the fornix and hippocampal atrophy, even after controlling for
global gray matter atrophy. Significant longitudinal relationships between telomere attrition
and episodic memory were not observed. Memory scores did not decline over time, and in
some cases increased, potentially indicating practice effects in this cognitively intact sample.
Age and APOE genotype did not account for this relationship and were not associated with a
faster rate of telomere attrition. In contrast with the longitudinal results, cross-sectional
analyses did not reveal significant associations between TL and structure or function of the
memory system. The present study also did not find a significant cross-sectional relationship
between age and baseline TL, potentially because of our relatively small sample size.
Alternatively, the lack of findings could be due to a survival bias in our older participants. In
a study of 100,000 adults, a reversal in relationship between age and TL was seen in those
over age 75 years, and other studies have also found longer TL in those who survive the
longest (Nakamura et al., 2007; Rehkopf et al., 2013).

Our longitudinal findings are commensurate with the few cross-sectional studies that have
explored the relationship between TL and brain structure and function in aging. In a cross-
sectional, population-based study of 1960 individuals, TL was associated with total cerebral
gray and white matter volume, particularly in parietal and temporal regions, including the
hippocampi (King et al., 2014). Other cross-sectional work has shown TL correlates
positively with hippocampal volume in healthy adults ages 49-66 years (Jacobs et al., 2014)
as well as in a mixed sample of healthy and MCI women (Grodstein et al., 2008). Our work
complements and extends these findings by showing the first longitudinal evidence of a
relationship between the rate of telomere attrition and hippocampal volume loss in healthy
older adults. Furthermore, this is the first study to show a relationship between TL and white
matter microstructure as measured by DTI, a metric that is highly sensitive to aging and
early neuropathological processes (Lockhart and DeCarli, 2014; Weiner et al., 2017). Our
results suggest that the rate of telomere attrition may be a better biomarker of aging than
cross-sectional quantification of TL. Similar findings have been described in several diseases
of aging (Bekaert et al., 2005).

Telomere attrition reflects a combination of lifestyle, neuro-pathological, and genetic
factors. Although human TL shortens across the lifespan, further attrition has been observed
in states of disease that are common in aging and affect cognition and brain structure, such
as oxidative stress (Tian et al., 2017), inflammation (Liu et al., 2010), and cardiovascular
disease (Toupance et al., 2017). These disease states are also associated with
neurodegenerative processes that affect the hippocampi and fornix (Oishi and Lyketsos,
2014; Weiner et al., 2017). In the present study, many participants had at least 1 vascular risk
factor. We did not find evidence that the number of vascular risk factors modified the
relationships between TL attrition and brain structure. Future studies using physiological
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measures of vascular risk will be important. Although our cohort is functionally normal, we
know that neurodegenerative proteinopathies begin to accumulate years before symptom
onset and are therefore likely present in the medial temporal lobes of some participants in
this sample given their age range. In sporadic cases of AD, a recent meta-analysis found
shorter TL in patients both at risk for (i.e., APOE e4homozygotes) and with AD (Forero et
al., 2016; Takata et al., 2012), and even in nondemented older adults, shorter TL may herald
cognitive decline (Yaffe et al., 2011). Although telomeres were shorter in 4 carriers in the
current sample, the relationship did not reach significance, despite its known role as a major
AD risk gene (Genin et al., 2011). This lack of a relationship in our sample could be due to
the small sample size and lack of statistical power.

The relationship we observed between TL and medial temporal lobe structures may also be
mediated by other lifestyle factors. Because of the action of telomerase, telomeric DNA
length is malleable in response to modifiable lifestyle factors. For instance, exercise and diet
can slow telomere attrition (Ornish et al., 2013), and mindfulness meditation may increase
TL (Conklin et al., 2018; Jacobs et al., 2011), whereas obesity (Chen et al., 2014),
psychological stress (Epel et al., 2004), and cigarette smoking (Latifovic et al., 2016) are
associated with telomere attrition. Many of these same factors impact neuroimaging metrics
of brain structure (Duman, 2014; Kang et al., 2013; Morris et al., 2017). TL may therefore
be associated with changes in brain structure because they both respond similarly to
common neurobiological factors, both pathological and restorative. In this study, average
physical activity level did not affect the relationships we observed between TL attrition and
brain structure. There are limitations to using the PASE as a proxy for exercise. First, we
were missing too much data to include PASE level as a longitudinal covariate. Second, an
objective, physiological measure of exercise capacity (e.g., VO2 max) would reduce the
biases associated with self-report measures. We did not gather information on diet at the
time of this study, but future studies should examine the role of other lifestyle and health
factors in mediating this relationship.

Thus far, we have discussed biological processes in aging that could simultaneously affect
TL as well as brain structure. An alternative, or more likely complementary, hypothesis is
that shortened TL engenders a cascade of events that alters brain structure. Emerging
evidence indicates that telomere compromise promotes disease states in a positive feedback
loop. Shortened TL can trigger cellular senescence, apoptosis, and metabolic failure
(Blackburn et al., 2015; Sahin et al., 2011) and perpetuate a proinflammatory state (Ghosh et
al., 2012; Wu et al., 2016), although not all studies have supported a direct relationship
between telomere function and inflammation (Khan et al., 2015; Lustig et al., 2017).
Telomere damage can incite cell death in cultured neurons (Cheng et al., 2007), reduce
neuritogenesis in animal models (Ferrén et al., 2009), and lower brain volumes in telomerase
RNA component knockout mice (Khan et al., 2015). Further support for the casual influence
of telomere dysfunction on human health is lent by the study of the “human telomere
syndromes.” These syndromes include genetic variants of telomere structural proteins and
telomerase, which result in accelerate aging phenotypes marked by common characteristics
of aging such as graying, myocardial infarction, diabetes, and changes in skin pigmentation
(Armanios and Blackburn, 2012). The relationship between TL, brain structure, and myriad
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neurobiological processes is likely highly complex and interactive, rather than
unidirectional, and requires continued scientific inquiries.

There are several limitations to the present study. We measured TL in the periphery. It is
unclear the degree to which these measurements are surrogates for central nervous system
TL. The relationship between neural TL and leukocyte TL is variable across studies (Franco
et al., 2006; Lukens et al., 2009; Thomas et al., 2008). This divergence may not be
surprising, given that TL is largely a function of replication, and most neurons are
postmitotic (Herrup et al., 2004). Worth noting, however, is that TL in several somatic
tissues (not including neural cells) with differing replication rates are highly correlated, and
this relationship is stable across adulthood (Daniali et al., 2013). In addition to being a
function of replication, leukocyte TL may be directly associated with systemic or immune-
mediated processes, such as oxidative stress, which also affect cells in the central nervous
system. Telomeric DNA is especially vulnerable to reactive oxygen species, the DNA
damage response and repair pathways are suppressed at telomeres, and telomerase activity
may be inhibited by oxidative stress (Ahmed and Lingner, 2018). Another methodological
limitation is that we averaged across leukocyte subtypes. There is substantial variability
across subtypes (Lin et al., 2010), and therefore, part of the variation in TL between baseline
and follow-up could reflect a shift in cell type rather than a reduction of length in the same
proportion of cell types. For example, this has been proposed as potential contribution to the
changing TL length observed in AD (Eitan et al., 2014). We did not measure telomerase
levels, which could help clarify the relationship between telomeres and the aging brain.
Finally, a greater number of follow-up visits would be needed to power a study assessing the
directionality of the relationships observed in this study. For instance, it is plausible that
declining brain structure (and the associated pathologic changes) begets telomeric attrition.
Despite these limitations, our study is the first to demonstrate longitudinal relationships
between TL, neuro-imaging, and processing speed in older adults. Future work is needed to
understand whether these results apply in patients with known AD pathology.

In conclusion, greater telomere attrition is associated with faster rates of hippocampal
volume loss and larger declines in the white matter integrity of the fornix, above and beyond
age in otherwise clinically normal older adults. This relationship may reflect neurobiological
influences that affect both TL and brain structure, or the role of shortening TL rate on brain
aging via pathways such as cellular senescence and inflammation. Longitudinal studies that
quantify telomere attrition may continue to inform our understanding of the neurobiology of
healthy aging and preclinical disease. Further work studying the potential of telomere
attrition as a biomarker of early pathological aging is warranted.
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Fig. 1.

Ragte of telomere attrition is associated with the rate of hippocampal atrophy and decline in
fornix microstructure in functionally normal older adults. Note: The dots in each figure
represent individual data points. Dashed lines are used to connect data for each participant.
The solid lines in each figure are fitted regression lines from linear mixed effects models
with 95% confidence intervals. (A and B) plot TL against fornix FA and MD, respectively.
(C) shows the relationship between telomere attrition and hippocampal volume (mm3), and
(D) illustrates the association between TL and California Verbal Learning Test, second
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edition (CVLT-II) long delay-free recall score (range: 0-16). Abbreviations: FA, fractional
anisotropy; MD, mean diffusivity; TL, telomere length.
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Demographics

Table 1

M easure/char acteristic

Mean (SD or IQR)

Baseline telomere length (T/S ratio)
Years between baseline and follow-up
Demographics

Age

Education

Female (%)

Baseline cognition
MMSE
CVLT-1 LDFR
Benson figure recall

Health history, n (%)

APOE &4 carriers
Presence of vascular factors
Current smoker
Remote heart attack
History of hypertension
History of hypercholesterolemia
History of diabetes
Vascular risk score: mean (SD)
PASE score: mean (SD)

Baseline neuroimaging (mm?3)
Gray matter volume
Hippocampal volume
Fornix FA
Fornix MD

1.1(0.2)
2.9 (0.6)

71.7 (6.8)
17.7 (2.3)
58.0

30 (29.30)
12.3/16 (2.8)
11.25/17 (2.2)

24 (34.8)

4(5.8)
1(1.4)
23(33.3)
37 (53.6)
1(1.4)
1(0.7)
132.0 (61.7)

607,300.7 (54,184.3)
5252.2 (485.7)
0.41 (0.03)
0.71(0.1)

T/S ratio compares telomere length to a reference sample.

Key: CVLT-1l LDFR, California verbal learning test second edition long delay-free recall; FA, fractional anisotropy; IQR, interquartile range; MD,

mean diffusivity; mm3, cubic millimeters; MMSE, mini mental state examination; PASE, the physical activity scale for the elderly.
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