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Abstract

Background. Mitochondrial DNA (mtDNA) heteroplasmy is a mixture of normal and mutated
mtDNA molecules in a cell. High levels of heteroplasmy at specific mtDNA sites lead to inherited
mitochondrial diseases with neurological, sensory, and movement impairments. Here we test
the hypothesis that heteroplasmy levels in elderly adults are associated with impaired function
resembling mild forms of mitochondrial disease.

Methods. We examined platelet mtDNA heteroplasmy at 20 disease-causing sites for associations
with neurosensory and mobility function among 137 participants from the community-based
Health, Aging, and Body Composition Study.
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Results. Elevated mtDNA heteroplasmy at four mtDNA sites in complex | and tRNA genes was
nominally associated with reduced cognition, vision, hearing, and mobility: m.10158T>C with
Modified Mini-Mental State Examination score (p = .009); m.11778G>A with contrast sensitivity
(p =.02); m.7445A>G with high-frequency hearing (p = .047); and m.5703G>A with 400 m walking

speed (p =.007).

Conclusions. These results indicate that increased mtDNA heteroplasmy at disease-causing sites
is associated with neurosensory and mobility function in older persons. We propose the novel use
of mtDNA heteroplasmy as a simple, noninvasive predictor of age-related neurologic, sensory, and

movement impairments.

Key Words: Mitochondrial DNA—Heteroplasmy—Cognition—Vision—Hearing—Mobility

Mitochondrial oxidative phosphorylation (OXPHOS), which sup-
plies 90% of human energetic requirements, is dependent upon
the coordinated expression and interaction of genes encoded in the
nuclear and mitochondrial genomes. Human mitochondrial DNA
(mtDNA), a maternally inherited 16,569bp loop containing genes
critical to OXPHOS, commonly exhibits a mixture (heteroplasmy)
of normal and mutated mtDNA molecules within a cell (1). Because
mitochondria perform diverse functions in different tissues, specific
mutations in mtDNA lead to mitochondrial diseases resulting in a
wide spectrum of abnormalities (2). Many of these diseases, including
Leber’s hereditary optic neuropathy (LHON), Leigh syndrome, deaf-
ness, and mitochondrial myopathy, result from high heteroplasmy
loads (>80% burden of pathologic mtDNA mutation) and cause neu-
ropathological impairments (3). To date, no study has investigated
mtDNA heteroplasmy levels as predictors of age-related function.

Heteroplasmic mutations and rearrangements of mtDNA have
been reported in various tissues of elderly individuals (4); specifically,
large mtDNA deletions increase with age in skeletal muscle, heart,
brain, and central nervous system (5). Elderly adults develop mtDNA
mutations and rearrangements and consequently exhibit reduced
activity of OXPHOS enzymes in postmitotic tissues (6). In general,
organs with the highest ATP requirements and the lowest regenerative
capacities, such as the brain, heart, retina, auditory neuroepithelia,
and skeletal muscle, are the most sensitive to the effects of mtDNA
mutations and bioenergetic defects resulting from mtDNA mutations
may be critical to age-related functional decline (7-11). Thus we pro-
pose the novel use of mtDNA heteroplasmy as a simple, noninvasive
predictor of neurologic, sensory, and movement impairments.

We quantified heteroplasmy at 20 disease-causing mtDNA
sites in a community-based cohort of men and women older than
70 years and measured associations with cognitive function, hear-
ing, vision, and mobility (3,12). The mtDNA sites include: seven
mtDNA mutations leading to complex I deficiency and brain mag-
netic resonance imaging abnormalities (12) tested for associations
with cognitive function, three primary LHON mutations tested
for associations with vision, two nonsyndromic deafness muta-
tions tested for associations with hearing, and eight mitochon-
drial myopathy mutations tested for associations with walking
speed (3). We test the hypothesis that elevated heteroplasmy levels
in elderly adults are associated with impaired function resembling
mild forms of mitochondrial disease.

Methods

Participants
The Health, Aging, and Body Composition (Health ABC) Study is a
prospective cohort of 3,075 community-dwelling men and women

living in Mempbhis, Tennessee, or Pittsburgh, Pennsylvania, and aged
70-79 years at recruitment during 1996-1997. Participants were
recruited from a random sample of white and black Medicare-eligible
people within designated zip code areas. Participants had to report no
difficulty with activities of daily living, walking a quarter of a mile, or
climbing 10 steps without resting. They were free of life-threatening
cancer diagnoses. The sample was comprised of 51% women and
41% of participants were black. Participants self-designated race
or ethnicity classified as Asian or Pacific Islander, black or African
American, white or Caucasian, Latino or Hispanic, and other. All
eligible participants signed a written informed consent, approved by
the institutional review boards at the clinical sites. This study was
approved by the institutional review boards of the clinical sites and
the coordinating center (University of California, San Francisco).

Mitochondrial DNA Sequencing

We studied 137 Health ABC participants of European ancestry who
were part of an energetics substudy performed at the second Health
ABC visit (13). Complete mtDNA was extracted from platelets
collected at the year 2 (1998-1999) clinical visit using the Gentra
PureGene Kit (Qiagen, Hilden, Germany) and sequenced using the
Affymetrix Mitochondrial Resequencing Array 2.0 (MitoChip,
Affymetrix, Santa Clara, CA) as previously described (13). We calcu-
lated quantitative estimates of heteroplasmy with established meth-
ods (14). Heteroplasmy was derived for each mtDNA nucleotide
by first calculating the minor allele signal (MAS) defined as the raw
signal intensity of the highest “nonexpected” or minor allele minus
the raw signal intensity value of the smallest contributing or back-
ground allele, and the background subtracted expected allele sig-
nal (EAS) defined as the raw signal intensity of the expected allele
(NC_012920.1) minus the raw signal intensity of the smallest con-
tributing or background allele. Percent heteroplasmy was then defined
as MAS/(MAS + EAS). The MitoChip has a 2% detection limit for
heteroplasmy, therefore samples with heteroplasmy values <2% were
excluded from analyses involving those loci. Twenty samples were
repeated for concordance testing yielding >98% sequence concord-
ance of nucleotide calls and a within-chip error rate of 0.0028%.
The coefficient of variation values for the 20 repeated samples ranged
from 0.09 to 0.27 for the 20 examined mtDNA mutations (Table 1).

Cognitive FunctionTesting

The Modified Mini-Mental State Examination (3MS) was admin-
istered to participants at the year 3 (1999-2000) clinical visit. The
3MS is a brief, general cognitive battery with components for orien-
tation, concentration, language, praxis, and immediate and delayed
memory. Possible scores range from 0 to 100, with higher scores
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indicating better cognitive function. We analyzed heteroplasmy at
seven specific mtDNA mutations that lead to complex I deficiency
and brain magnetic resonance imaging abnormalities (m.10158T>C,
m.10191T>C, m.10197G>A, m.13091T>C, m.13513G>A,
m.13514A>G, and m.14487T>C) (3,12) for associations with per-
formance on the 3MS.

Vision

Visual testing was performed at the year 3 (1999-2000) clinical
visit and included three tests: Bailey-Lovie distance visual acuity,
Pelli-Robson contrast sensitivity, and Frisby stereo test. We ana-
lyzed heteroplasmy at the three primary mutations that account
for over 90% of LHON cases (m.3460G>A, m.11778G>A, and
m.14484T>C) (3) for associations with visual testing. The pri-
mary LHON mutations exhibit a greater penetrance in men than
women (15) and we examined LHON associations in sex-stratified
analyses.

Hearing

Air-conduction pure-tone hearing testing was performed at the year
5 (2001-2002) clinical visit. Hearing thresholds, measured in hear-
ing level in decibels (dB HL), were obtained using current standard
methods for manual audiometry. From the thresholds, low frequency
(average of hearing thresholds at 250, 500, and 1000 Hz) and high
frequency (2000, 4000, and 8000 Hz) pure-tone averages were cal-
culated for each ear. We analyzed heteroplasmy at two confirmed
heteroplasmic deafness and sensorineural hearing loss mutations
(m.7445A>G and m.7511T>C) (3) for associations with high and low
frequency hearing.

Table 1. Summary Statistics for 20 Candidate Mitochondrial DNA
Heteroplasmic Mutations

Heteroplasmy
mtDNA Mean, % (SD) Range, % Ccv* nt
Cognition
m.10158T>C 12 (4) 2-23 0.14 137
m.10191T>C 9(3) 2-18 0.27 137
m.10197G>A 5(2) 2-12 0.17 123
m.13091T>C 15 (3) 8-23 0.14 137
m.13513G>A 16 (1) 13-20 0.19 137
m.13514A>G 9(3) 3-18 0.20 137
m.14487T>C 26 (3) 20-33 0.12 131
Vision
m.3460G>A 19 (3) 8-24 0.12 137
m.11778G>A 9(1) 6-13 0.17 137
m.14484T>C 32 (3) 23-39 0.09 137
Hearing
m.7445A>G 27 (2) 15-34 0.11 137
m.7511T>C 12 (2) 6-19 0.17 136
Mobility
m.3243A>G 14 (3) 4-24 0.11 136
m.3302A>G 18 (7) 6-28 0.22 135
m.4308G>A 9(3) 3-15 0.27 137
m.5650G>A 8 (1) 3-11 0.22 137
m.5703G>A 12 (1) 8-15 0.14 137
m.7497G>A 10 (3) 3-20 0.23 137
m.12315G>A 8 (3) 2-16 0.26 137
m.14709T>C 10 (3) 2-17 0.22 137

Notes: *Coefficient of variation (CV) values for 20 repeated DNA samples.
Number of samples with heteroplasmy levels 22%.

Mobility

A timed 400 m walk was performed at the year 2 (1998-1999)
clinical visit. Participants were asked to walk 400 m after a 2-min-
ute warm-up and time to complete the test was recorded. We ana-
lyzed heteroplasmy at the eight confirmed myopathy mutations
(m.3243A>G, m.3302A>G, m.4308G>A, m.5650G>A, m.5703G>A,
m.7497G>A, m.12315G>A, and m.14709T>C) (3) for associations
with 400 m walking speed.

Statistical Analyses

Generalized linear models were used to analyze cognitive function,
vision, hearing, and mobility as continuous outcomes and mtDNA
heteroplasmy at candidate mtDNA sites from each hypothesis-based
subset (complex I deficiency/brain magnetic resonance imaging abnor-
malities, LHON, deafness, and mitochondrial myopathy) as the inde-
pendent variables. Outcome measures exhibiting significant linear
associations (p < .05) with heteroplasmic mutations were compared
among tertiles of heteroplasmy using analysis of variance. Adjustment
for multiple comparisons was performed for each phenotype (cogni-
tion, critical o = .007; vision, critical a. = .017; hearing, critical o = .025;
walking speed, critical o = .006). In post hoc analyses we examined
associations between each subset of mtDNA markers and the other
(nonrelated) clinical measures. All analyses were adjusted for age, sex,
and clinic site using SAS version 9.4 (SAS Institute Inc, Cary, NC).

Results

A total of 137 participants from the community-based Health ABC
Study with mtDNA heteroplasmy were available for analysis includ-
ing 63 men and 74 women aged 73.5+2.9 years. The sequenced
participants were representative of the nonsequenced participants of
European ancestry with regard to age, sex distribution, and phenotypes
examined in the current study (Table 2). Summary metrics for the 20
candidate mutations are reported including the number of participants
with heteroplasmy levels below the 2% detection limit at each locus.
Heteroplasmy levels detected in this study are comparable to those
from previous studies using the MitoChip (14), lllumina (16), and
LS454 (16) platforms. Within each of the four subsets of mutations
examined we hypothesized that heteroplasmy would be associated
with related clinical measures (eg, complex I deficiency/brain magnetic
resonance imaging abnormalities and cognitive function, LHON and

Table 2. Comparison of Characteristics Between Sequenced and
Nonsequenced Health ABC Participants of European Ancestry

Sequenced Nonsequenced
Total participants, 7 137 1,657
Female participants, 7 (%) 74 (54.01) 781 (47.13)
Phenotypes, mean (SD)
Baseline age, years 73.5(2.9) 73.8 (2.9)
Modified Mini-Mental 93.1(5.7) 92.7 (6.3)
State Examination
High frequency hearing (dB) 59.0 (18.2) 58.3 (16.8)
Low frequency hearing (dB) 34.6 (18.6) 33.4 (15.7)
Contrast sensitivity 1.57(0.18) 1.57 (0.16)
(log contrast)
Disparity for Frisby 205.7 (275.6) 206.7 (279.5)
Stereo Test (arcmin)
Visual acuity 0.09 (0.15) 0.11 (0.14)
(log minutes of arc)
400 m walking speed (m/s) 1.32 (0.19) 1.32 (0.2)
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vision) and identified statistically significant associations for each sub-
set. The associations presented herein achieved nominal significance
(p < .05); however, these results were not statistically significant after
adjustment for multiple comparisons. Adjustment for smoking status
and markers of oxidative stress (plasma oxidized low-density lipopro-
L) (17) did not alter the results.
Heteroplasmy within each of the four subsets of mutations was not

tein and urinary 8-iso-prostaglandin F

associated with the other (nonrelated) clinical measures assessed in this
study (Supplementary Table S1).

Of the seven candidate complex I mtDNA mutations exam-
ined for effects on cognitive function, increased heteroplasmy at
m.10158T>C (7 = 133) was significantly associated with decreased
cognitive function measured by a lower 3MS score (p = .009)
(Figure 1). Mean (SE) 3MS was significantly lower (p = .006) for
the lowest tertile, 91.5 (0.83), when compared with the highest ter-
tile, 94.7 (0.82) of heteroplasmy (Figure 1). The remaining candidate
complex [ mutations were not associated with 3MS score.

Of the three LHON mutations examined for effects on vision,
increased heteroplasmy at m.11778G>A (1 = 133) was significantly
associated with decreased contrast sensitivity (p = .02), a measure of
retinal function. Mean (SE) log contrast was significantly poorer for
participants in the highest tertile of heteroplasmy, 1.53 (0.03) when

Health ABC mtDNA heteroplasmy

m.10158T>C, p.S34P, ND3 *p=0.006

20-10.8

>10.8-13.4
Percent heteroplasmy
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Figure 1. Mitochondrial m.10158T>C association with Modified Mini-Mental
State Examination (3MS, linear regression p = .009) among 132 Health ABC
participants. 3MS was compared across tertiles of m.10158T>C heteroplasmy.
Values adjusted for age, sex, and clinic site
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Figure 2. Mitochondrial m.11778G>A, p.S34P, ND3 association with visual
contrast sensitivity (linear regression p = .02) among 131 Health ABC
participants including 60 male (linear regression p = .045) and 71 female
participants (linear regression p = .32). Log contrast was compared across
tertiles of heteroplasmy. Values adjusted for age, sex, and clinic site.

compared with those in the middle, 1.60 (0.03), p = .04, and lowest
tertiles, 1.60 (0.03), p = .03. The m.11778G>A mutation exhibits
a higher penetrance in men than women (15) and we found that
the impact was stronger in male (p = .045) than female (p = .32)
participants (Figure 2). Men in the highest tertile of heteroplasmy
exhibited significantly lower mean (SE) log contrast, 1.49 (0.05),
when compared with those in the middle, 1.59 (0.05), p = .04, and
lowest tertiles, 1.65 (0.06), p = .03. The remaining candidate LHON
mutations were not associated with visual contrast sensitivity and no
associations were identified for distance visual acuity or stereo test.

Of the two deafness mutations, increased heteroplasmy at
m.7445A>G (n = 118) was significantly associated with impaired
high frequency hearing (p = .047). Mean (SE) high-frequency hearing
(dB HL) was significantly lower (p = .035) for the highest tertile, 62.5
(2.6) when compared with the lowest tertile, 55.5 (2.64) (Figure 3).
The candidate m.7511T>C mutation was not associated with hearing
and no associations were identified for low frequency hearing.

Of the eight mitochondrial myopathy mutations m.5703G>A
(n = 111) heteroplasmy was significantly associated with 400 m
walking speed (p = .007). Mean (SE) walking speed (m/s) was signifi-
cantly faster for the lowest tertile of heteroplasmy, 1.38 (0.03) when
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Figure 3. Mitochondrial m.7445A>G association with high frequency
hearing (linear regression p = .047) among 118 Health ABC participants.
High frequency hearing (dB HL) was compared across tertiles of m.7445A>G
heteroplasmy. Values adjusted for age, sex, and clinic site.

Health ABC mtDNA heteroplasmy

m.5703G>A, tRNAAsn *p=0.03

p=0.03

N
o

N
o

¥

-
~

400m walk (m/sec)
() w

-
-

-

82-11.0 >11.0-121

Percent heteroplasmy

>12.1-153

Figure 4. Mitochondrial m.5703G>A association with 400 m walking speed
(linear regression p=.007) among 101 Health ABC participants. 400 m walking
speed (m/s) was compared across tertiles of m.5703G>A heteroplasmy.
Values adjusted for age, sex, and clinic site.
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compared with the middle, 1.28 (0.03), p = .04 and highest tertiles,
1.29 (0.03), p = .05 (Figure 4). The remaining candidate myopathy
mutations were not associated with walking speed.

Discussion

Elevated levels of heteroplasmy in mtDNA found in older adults were
associated with significantly impaired cognitive function, hearing,
vision, and walking speed consistent with the characteristic impair-
ments of the associated mitochondrial diseases resulting from specific
complex [ and tRNA mutations. Complex I deficiency is the most fre-
quent cause of bioenergetic dysfunction (18) and accounts for many
rare clinical presentations (19). Additionally, over half of pathogenic
mtDNA mutations are located in genes controlling ZRNA expression
(20) leading to reductions in tRNA steady-state levels, decreases in
mitochondrial protein synthesis, destabilized tRNA secondary or
tertiary structure (21,22), and impaired OXPHOS or oxygen con-
sumption (22). Here we present the first study to demonstrate that
heteroplasmy measured at specific mtDNA sites can be a significant
predictor of neurosensory and mobility function in elderly adults.

Complex | Associations

Elevated levels of the m.10158T>C, p.S34P, ND3 (NADH dehy-
drogenase 3) substitution in complex I, one of three pathogenic
Leigh syndrome mutations located in a 15 amino acid mutational
hotspot, were associated with worse cognitive function. This muta-
tion interacts with other mitochondrial and nuclear-encoded com-
plex I subunits affecting overall assembly or structural stability (23).
The m.10158T>C, p.S34P, ND3 substitution previously observed in
mutation carriers results in reduced complex I activity as well as lower
levels of fully assembled complex I(23). In support of this conclusion,
a study of cybrids (experimental hybrid cells containing externally
sourced mtDNA inserted into a cell with uniform nuclear DNA back-
ground) derived from m.10158T>C mutation carriers demonstrated
that residual complex I enzyme activity decreased with increased load
of the mutated allele (23). This previous in vitro work suggests that a
complex I defect may be responsible for the lower cognitive function
we observed in relation to increasing m.10158T>C mutation load.

Our results also demonstrate that elevated levels of the
m.11778G>A, p.R340H, ND4 (NADH dehydrogenase 4) substitu-
tion in complex [ were associated with significantly decreased contrast
sensitivity. We observed that m.11778G>A heteroplasmy impacted
contrast sensitivity above the 9.5% mutation burden threshold. This
result may help to explain why initially asymptomatic m.11778G>A
LHON mutation carriers experience progressive subclinical retinal
ganglion cell dysfunction that eventually leads to permanent ganglion
cell loss and subsequent blindness (24). The three primary complex
I subunit LHON mutations (including m.11778G>A which accounts
for up to 70% of LHON cases (3,25)) have been extensively investi-
gated using a wide range of cell types and biochemical assays. Cybrid
studies support our findings by demonstrating that carriers of either
one of the three most common primary LHON mutations exhibit
elevated reactive oxygen species levels (26,27), decreased mitochon-
drial membrane potential (26), impaired complex I-dependent ATP
synthesis (15,28), hyper-fragmented mitochondrial networks (26),
and increased rates of apoptotic cell death (29,30).

Two features of LHON remain largely unexplained: incomplete
penetrance of mutations and the significant male bias in disease pre-
disposition (15). Overall, 50% of male LHON mutation carriers
and 10% of female mutation carriers eventually lose vision (15). We

observed that the effect of m.11778G>A heteroplasmy on age-related
contrast sensitivity was stronger in men than women, largely resem-
bling the m.11778G>A LHON association pattern. This disparity
may in part be explained by hormonal influence (26) or additional
genetic factors involving interactions with the X-chromosome (31) or
mitochondrial haplogroup (32). Supplementation of cybrids carrying
of LHON mutations with 17b-estradiol mitigates many pathologi-
cal features (eg, elevated reactive oxygen species levels and increased
apoptosis) (26). This hormone treatment leads to more efficient mito-
chondrial biogenesis and an increase in cellular levels of the anti-oxi-
dant enzyme superoxide dismutase (26), which protects LHON cells
against enhanced superoxide production by mutated complex I (33).

tRNA Associations

Elevated levels of the m.7445A>G deafness mutation (3) were asso-
ciated with reduced high-frequency hearing. This mutation is located
on both the heavy strand COI (complex IV) and the light strand
tRNA’ precursor. On the heavy strand, m.7445A>G substitutes one
stop codon for another stop codon in the COI gene and is consid-
ered essentially silent. On the light strand, m.7445A>G flanks the
3’ end of fRNA>" and interferes with endonuclease cleavage result-
ing in a reduction in steady-state tRNA®" levels (22). Interestingly,
m.7445A>G was also associated with reduced ND6 (complex I)
mRNA levels (22). ND6 is located approximately 7kb upstream
from m.7445A>G and is cotranscribed with fRNAS,

In the current study, elevated levels of the m.5703G>A, tRNA*"
mutations were associated with slower walking speed. This muta-
tion has been linked to numerous mitochondrial pathologies includ-
ing myopathy (3). Cybrids carrying the m.5703G>A mutation
exhibit a severe mitochondrial protein synthesis defect and impaired
OXPHOS function, possibly due to a destabilized tRNA*" structure
and a reduction in the pool of functional tRNA*" (21). Modulating
the expression or dosage of nuclear-encoded factors restores normal
mitochondrial function in cybrids carrying m.5703G>A (34), sug-
gesting that nuclear gene-based strategies could compensate for this
and other pathogenic tRNA mutations.

Heteroplasmy as an Indicator for Age-related
Function
Our results indicate that the heteroplasmy load identified in the eighth
decade of life is associated with significant preclinical loss of func-
tion. Strategies to select against heteroplasmic mtDNA may have
therapeutic potential for the treatment of mitochondrial disorders
and age-related diseases (35). Several advances in the development of
antigenomic therapies have shown that it is possible to directly tar-
get heteroplasmic mtDNA mutations including: mitochondrially tar-
geted peptide nucleic acid oligomers (36), zinc finger peptides (37),
recombinant RNA (38), and transcription activator-like effectors (39).
Modulation of nuclear-encoded (34) and mtDNA-encoded (40) fac-
tors can also compensate for pathogenic mtDNA mutations. In addi-
tion, Rapamycin-induced upregulation of mitophagy decreases levels
of the m.11778G>A (LHON) mutation and partially restores cellular
ATP levels (41). In contrast, heteroplasmic load may be increased by
nucleoside analog antiretroviral drugs leading to the progressive accu-
mulation of preexisting somatic mtDNA mutations (42). Treatments
that enhance mtDNA replication should, therefore, be approached
with caution as they could amplify the expansion of deleterious muta-
tions with potentially detrimental long-term consequences (43).
Low-level mtDNA heteroplasmy in humans is common and
may originate in early development (44) or even in the germline (1)
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despite protective mechanisms to minimize the maternal transmis-
sion of mutated mtDNA (45,46). Whether this early-life mutation
load is the result of maternally transmitted mtDNA mutations (47)
or is acquired during a critical period in childhood or early adult
life (48) remains uncertain. Age-related somatic mtDNA mutations
can accumulate in postmitotic tissues until a tissue-specific threshold
in the ratio of mutated to normal mtDNA molecules is surpassed
and cells become energetically compromised (49). The frequency of
heteroplasmic variants varies considerably among different tissues
of the same individual (23,50,51); however, the mechanisms leading
to the unequal partitioning of mitochondrial genotypes within and
among individual cells (44,47,48) are unknown and may involve
selection against a particular mutation (41,52) or genetic drift (53).
Understanding the origins of heteroplasmy and mechanisms influ-
encing the expansion of deleterious mtDNA mutations will advance
the development of interventions centered on the improvement of
mitochondrial health.

This study had a number of strengths including the use of a chip-
based mtDNA sequencing method validated for heteroplasmy assess-
ment, a well-characterized community-based longitudinal cohort
with multiple clinical assessments, and platelet mtDNA (platelets
have been utilized as neuronal models (54)). In addition, we tested
the hypothesis that elevated levels of mtDNA heteroplasmy at select
mutations would be associated with impaired function in elderly
adults consistent with mitochondrial disease impairments result-
ing from these mutations. Although it is not yet clear how rapidly
heteroplasmy changes with aging, we identified associations with
measures that took place at the same visit or after platelets were col-
lected for sequencing, thus ensuring that the associations reported in
this study are either prospective or cross-sectional. The implication
of these results is that mtDNA heteroplasmy at known pathogenic
sites is associated with current or later impaired functioning. While
effect sizes observed for each of the clinical measures associated with
heteroplasmy are moderately clinically significant, identifying addi-
tional predictors of functional decline would be important in refin-
ing the associations between these clinical measures and later disease
(eg, of contrast sensitivity with age-related macular degeneration or
walking speed with disability). This study is limited in that it does
not include independent replication, and while the statistical associa-
tions achieved nominal significance (p < .05), these results were not
statistically significant after adjustment for multiple comparisons.
The lack of associations for both related and unrelated mutations
and phenotypes may be due to small sample size as well as the lim-
ited tissue examined in this study (eg, relevant tissues may not have
been examined for each phenotype). Indeed, further research in pop-
ulations with the appropriate design, phenotypes, and biospecimens
is needed to confirm these findings. The Health ABC Study cohort is
a well-characterized and appropriate cohort to use for aging-related
studies. The participants were healthy when entering the study and
results from a single population likely cannot be generalized to all
possible populations. If validated in additional studies, circulating
mtDNA heteroplasmy may represent a useful peripheral biomarker
for identifying those at risk of developing age-related impairments
and for monitoring persons who are receiving pharmacologic agents,
natural compounds, or behavioral interventions that target the
mitochondria.
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