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Background-—Age-related changes in blood pressure are associated with a variety of poor health outcomes. Genetic factors are
proposed contributors to age-related increases in blood pressure, but few genetic loci have been identified. We examined the role
of mitochondrial genomic variation in blood pressure by sequencing the mitochondrial genome.

Methods and Results-—Mitochondrial DNA (mtDNA) data from 1755 participants from the LIFE (Lifestyle Interventions and
Independence for Elders) studies and 788 participants from the Health ABC (Health, Aging, and Body Composition) study were
evaluated using replication analysis followed by meta-analysis. Participants were aged ≥69 years, of diverse racial backgrounds,
and assessed for systolic blood pressure (SBP), diastolic blood pressure, and mean arterial pressure. After meta-analysis across the
LIFE and Health ABC studies, statistically significant associations of mtDNA variants with higher SBP (m.3197T>C, 16S rRNA;
P=0.0005) and mean arterial pressure (m.15924A>G, t-RNA-thr; P=0.004) were identified in white participants. Among black
participants, statistically significant associations with higher SBP (m.93A>G, HVII; m.16183A>C, HVI; both P=0.0001) and mean
arterial pressure (m.16172T>C, HVI; m.16183A>C, HVI; m.16189T>C, HVI; m.12705C>T; all P’s<0.0004) were observed.
Significant pooled effects on SBP were observed across all transfer RNA regions (P=0.0056) in white participants. The individual
and aggregate variant results are statistically significant after multiple comparisons adjustment for the number of mtDNA variants
and mitochondrial regions examined.

Conclusions-—These results suggest that mtDNA-encoded variants are associated with variation in SBP and mean arterial pressure
among older adults. These results may help identify mitochondrial activities to explain differences in blood pressure in older adults
and generate new hypotheses surrounding mtDNA variation and the regulation of blood pressure.

Clinical Trial Registration-—URL: http://www.ClinicalTrials.gov. Unique identifiers: NCT01072500 and NCT00116194. ( J Am
Heart Assoc. 2018;7:e010009. DOI: 10.1161/JAHA.118.010009.)
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L ife expectancy continues to increase in developed
countries, leading to ever-increasing representation of

older adults within the population.1 Given the disproportion-
ate utilization of healthcare resources by older adults—for
example, nearly three quarters of cardiovascular disease–
related expenditures2—the maintenance of health and

well-being among older adults is a critical scientific and
public health priority. Among the potential targets for
improving health among older adults, hypertension represents
one of the most prevalent and potentially modifiable risk
factors. Hypertension causes >7 million premature deaths per
year and contributes to 4.5% of the total disease burden
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worldwide,3 and the majority of hypertension-related morbid-
ity and mortality is observed among older adults.4 Despite
tremendous advances in the understanding of hypertension
pathophysiology and treatment, a need remains to further
elucidate factors that regulate blood pressure among older
adults.

Blood pressure regulation is considered a multifactorial
trait involving interactions among genetic and environmental
and lifestyle factors. Genetic variants account for 19% to 56%
of systolic blood pressure (SBP) variation,5 37% to 52% of
diastolic blood pressure (DBP) variation,5 and up to 80% of
mean arterial pressure (MAP) variation.6,7 To date, however,
the majority of genetic variants associated with blood
pressure have been identified in the nuclear genome.8–10 In
contrast, less is known regarding the relative contribution of
the mitochondrial genome to blood pressure variation. This
gap in knowledge is important, given the well-known contri-
butions of mitochondria to meeting cellular energy require-
ments, particularly within the heart11 and vascular
endothelium.12 Although a small number of studies suggest
that mitochondrial DNA (mtDNA) contribute to hypertension,
possibly due to cardiac and/or endothelial oxidative stress
(reviewed by Ding et al13), larger and more comprehensive
studies are needed to evaluate the potential contribution of
mtDNA to blood pressure variation in various clinically
relevant populations.

Energy from mitochondrial oxidative phosphorylation is
dependent on the coordinated expression and interaction of
genes encoded in the nuclear DNA and mtDNA. The majority
of genes encoded by the mtDNA are crucial for the machinery
that converts metabolic energy into ATP, including 37 genes
encoding polypeptides, transfer RNAs (tRNAs), and ribosomal
RNAs (rRNAs). Collections of rare variants within genes or
genomic regions influence phenotypic associations in numer-
ous ways.14 Because human mtDNA has a mutation rate that
is 10 to 20 times higher than that of nuclear DNA,15,16 it is

likely that most of the mtDNA variation that affects function is
rare in frequency and detectable only by direct sequencing.
We have previously shown that common and rare mtDNA
variants are important contributors to numerous diseases and
aging-related traits.17–23 Given the tremendous prevalence of
hypertension among elderly patients and prior reports of
mtDNA contributions to hypertension, we aimed to evaluate
these associations in 2 large, well-characterized cohorts of
older adults. In the current study, we present results from the
first comprehensive examination, to our knowledge, of
mitochondrial genomic variation and blood pressure among
older adults. These novel data are likely to provide important
biological information that could help advance the under-
standing interindividual variation in blood pressure and
ultimately improve hypertension treatment paradigms.

Materials and Methods

Population
This study used data from 2 samples of older adults from
large, diverse studies of aging: LIFE (Lifestyle Interventions
and Independence for Elders) and Health ABC (Health, Aging,
and Body Composition). Baseline data from the LIFE and
Health ABC cohorts were used in this study. Design,
recruitment, baseline characteristics, and main outcomes of
the LIFE and Health ABC studies are published and described
elsewhere.24–26 Participants in the LIFE study originated from
2 samples—380 from the LIFE-Pilot and 1375 from the main
LIFE study. These studies were combined into 1 sample
because both were multicenter, single-blinded, parallel, ran-
domized trials and the eligibility criteria were identical. The
LIFE study enrolled participants in 8 field centers across the
United States between February 2010 and December 2013.
The LIFE-Pilot study enrolled participants across 4 field
centers between April 2004 and February 2005. The Health
ABC cohort study enrolled participants for observational data
collection from 2 field centers between 1997 and 1998.

The eligibility criteria for LIFE consisted of men and women
aged 70 to 89 years (1) who were inactive (reporting
<20 min/week in the past month performing regular physical
activity and <125 min/week of moderate physical activity);
(2) who were at high risk of mobility disability based on lower
extremity functional limitations measured by a Short Physical
Performance Battery (SPPB) score ≤9 of 12; (3) who could
walk 400 m in ≤15 minutes without sitting, leaning, or
needing the help of another person or walker; (4) who had
no major cognitive impairment; and (5) who could safely
participate in the intervention as determined by medical
history, physical examination, and resting ECG. Given their
similarity, the LIFE and LIFE-Pilot studies were pooled and
referred to as LIFE for simplicity thereafter. For Health ABC,

Clinical Perspective

What Is New?

• These data provide evidence that specific mitochondrial
DNA variants are associated with elevated blood pressures
in meta-analyses involving participants sampled from 2 well-
characterized cohorts of older adults.

What Are the Clinical Implications?

• Observed associations of mitochondrial DNA variants with
blood pressure suggest that mitochondrial variants may
have an important role in blood pressure variation and may
ultimately contribute to improved diagnosis or treatment of
hypertension among older adults.
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the eligibility criteria included age >70 to 79 years at baseline,
self-reporting no difficulty in walking a distance of 0.4 km or
climbing at least 10 stairs, independently performing activities
of daily living, planning to live in the area for the next 3 years,
and presenting no evidence of life-threatening illnesses. The
sample was approximately balanced for sex (53% women), and
50% of participants were black.

The institutional review board at all field sites approved
each study protocol, and written informed consent was
obtained from all study participants. Both LIFE studies were
additionally monitored by a data and safety monitoring board
appointed by the National Institute on Aging. LIFE and LIFE-
Pilot are registered at ClinicalsTrials.gov with the identifiers
NCT01072500 and NCT00116194, respectively. The study
data used in this analysis can be downloaded from the Health
ABC and LIFE study websites.27 Users must register for an
account, submit an analysis plan for review by study sponsors,
and accept the terms of a data use agreement before
downloading or exploring study data.

Blood Pressure
For each study, blood pressure was measured at 1 time point
with standardized methods used for numerous blood pressure
trials (eg, SHEP (Systolic Hypertension in the Elderly Program)
trial). The measurement was done with the participant in a
seated position after �5 minutes of rest, in a quiet room with
feet on the floor and legs uncrossed. The method involved
determining the pulse obliteration pressure level by adding
30 mm Hg to the obtained maximal inflation level. Two
measurements were taken with a 30-second rest in between
eachmeasurement. The 2measurements were averaged for the
analysis. The right arm was used unless contraindicated. SBP
and DBP as well as MAP were used as an estimate of overall
blood pressure calculated as MAP=[DBP+0.33 (SBP�DBP)].
Importantly, observed pressures were adjusted for antihyper-
tensive medication usage, as done elsewhere for other cohorts
included in hypertension genetic association studies.8 Given
the direct role of the medications in altering the phenotype, this
adjustment is critical for proper interpretation of the genetic
associations because the medication can mask familial asso-
ciations with blood pressure (eg, someone taking ≥2 antihy-
pertensive medications but with “normal” observed blood
pressure would inappropriately reflect genetic associations if
left unadjusted). As such, pressures were adjusted according to
the methods of Cui et al,28 whereby adjusted SBP is calculated
by increasing the recorded measure by 8, 14, and 20 mm Hg
for 1, 2, and ≥3 medication classes taken, respectively.
Similarly adjusted DBP is calculated by increasing the recorded
measure by 4, 10, and 16 mm Hg for 1, 2, and ≥3 medication
classes taken, respectively. AdjustedMAPwas calculated using
the adjusted blood pressure measures in the equation above.

Across cohorts, 28% of participants were taking no
antihypertensive medications, 27% took 1 medication, 23%
took 2 medications, and 22% took ≥3 medications. As
expected based on study cohort recruitment criteria, LIFE
participants displayed more antihypertensive medication
usage (29%, 26%, and 25% on 1, 2, and ≥3 medications,
respectively) compared with Health ABC (24%, 17%, and 14%).
The mean adjustments in SBP, DBP, and MAP, respectively,
were 10.9, 7.7, and 8.8 mm Hg in LIFE and 7.1, 4.9, and
5.6 mm Hg in Health ABC. Importantly, correlations between
adjusted and unadjusted blood pressures (for those using
medications and thus adjusted) were high across both
studies. Correlation coefficients between adjusted and unad-
justed blood pressures in LIFE were 0.97, 0.89, and 0.91 for
SBP, DBP, and MAP, respectively; these coefficients were
0.97, 0.94, and 0.94, respectively, in Health ABC.

Demographic and Health Factors
Participants self-designated their sex, race, and ethnicity from
a fixed set of options that were used to categorize individuals
as male, female, white, black, and other (Hispanic, Asian,
Native Hawaiian/Pacific Islander, Native American/Alaskan
Native, and other). Age was calculated from birthdate. Medical
and hospitalization history was obtained by interview. Weight
and height were measured by trained staff using calibrated
equipment, and body mass index was calculated as weight in
kilograms divided by height in meters squared.

MtDNA Sequencing
DNA was extracted from buffy coat using whole blood
collected from Health ABC study participants at baseline and
from LIFE study participants collected at the baseline or 12-
month visit. Briefly, the entire mitochondrial genome is first
amplified in 2 long-range polymerase chain reactions (PCRs;
9.1 and 11.2 kb) spanning the entire human mtDNA genome
using the LA PCR Kit (Takara Bio). This kit was chosen
because it combines the Takara LA Taq enzyme with an
optimized buffer system, resulting in longer and more
accurate PCR products compared with conventional PCR kits.
The size distribution of each PCR amplicon is then verified
using an Agilent Technologies 2100 Bioanalyzer. Using the
Nextera XT DNA sample preparation kit designed specifically
for human mtDNA, the PCR amplicons were simultaneously
fragmented and tagged with adapter sequences. Before
sequencing, each sample is amplified using a limited-cycle
PCR program that adds unique indexes to each sample for a
total of 384 indexes per sequencing run. In preparation for
cluster generation and sequencing, equal volumes of bead-
based normalized library are combined, diluted in hybridiza-
tion buffer, and heat denatured before MiSeq sequencing.
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After sequencing and alignment to the Cambridge reference
sequence (NC_12920), sequence processing is accomplished
with the MiSeq Reporter and the mtDNA Analysis Tool for
variant calling. Multiplex sequencing of 384 bar-coded
samples yielded an average depth of coverage >2509 and
a minimum of 1009 per individual.

Statistical Analyses
Genetic association analyses followed established norms for
performing analyses via replication and meta-analysis.29–32

Associations were first conducted in the LIFE study cohort
and then replicated in the Health ABC cohort. Meta-analysis
was then performed using METAL33 with a fixed-effects
model. Meta-analysis provides an opportunity to evaluate the
heterogeneity of genetic effect across studies and reduces
the probability of false-negative results and the “winner’s
curse” phenomenon.34,35 Blood pressure was compared
between the major and minor alleles for individual mtDNA
variants in both LIFE and Health ABC studies using the
generalized linear model. Allele thresholds were set to 5%
minor allele frequency (MAF) for white, black, and other
participants. All analyses were stratified by race (white, black,
and other) and adjusted for age and sex using custom R
scripts and SAS version 9.4 (SAS Institute).

We also leveraged the Sequence Kernel Association Test
(SKAT)36 method that collapses and tests the collective effects
of common and rare variants. The SKAT method is designed for
resequencing data in which rare mutations are observed
directly and generally has higher power than alternative
methods for genetic burden analyses.36 This test was devel-
oped based on random-effects models, which assume a
common distribution for the genetic effects of variants at
different sites and test for the null hypothesis that the
distribution has no variation. We applied the SKAT approach
in association tests for the continuous SBP, DBP, and MAP
measures and computed statistical significance for each test
using 10 000 independent simulations. For the SKAT testing we
considered a “hierarchy” of annotations within 7 mtDNA
regions that will allow us to refine the influence of collections
of rare and common variants, including each of the 4 individual
oxidative phosphorylation complexes (I, III, IV, and V), 2 rRNAs,
all tRNAs combined, and combined HV regions.

For the current analysis, associations were examined for all
variants in both the white and black participants from the LIFE
and Health ABC studies. Given limited sample size in the other
race category, we used this group for additional validation of
significant associations identified in black and white partic-
ipants from both studies. To avoid false-positive results
caused by population stratification, all analyses were adjusted
for 6 eigenvectors of mitochondrial genetic ancestry derived
from principal component analysis. In our previous mtDNA

sequencing work, the first 6 eigenvectors accounted for 71%
of the variance in the mtDNA sequence data set.37 We used
the in silico PhyloP38 method to examine mtDNA nucleotide
conservation for all associated variants.

Results

Participant Characteristics
MtDNA sequence variants were evaluated in 1755 and 788
participants in the LIFE and Health ABC studies, respectively
(Table 1). Participants in the LIFE studies were older, had
higher body mass index, and generally had higher rates of
chronic disease. SBP in LIFE participants (adjusted mm Hg:
mean: 139.2; SD: 19.6) was slightly lower than in Health ABC
participants (adjusted mm Hg: mean: 143.5; SD: 23.5). DBP
in LIFE participants (adjusted mm Hg: mean: 76.1; SD: 11.1)
was similar to that in Health ABC participants (adjusted
mm Hg: mean: 76.7; SD: 13.8). MAP was also similar in
participants from LIFE (adjusted mm Hg: mean: 97.2; SD:
12.4) and Health ABC (adjusted mm Hg: mean: 98.9; SD:
15.3) participants. Additional details regarding relevant blood
pressure characteristics of the cohorts are provided in
Table S1. Per study designs, participants in the Health ABC
study were more likely to be black and sex balanced than
participants in the LIFE study.

Sequencing of �16.5 kb of mtDNA from LIFE and Health
ABC participants yielded a cumulative total of 3364 variants
including 89 common variants (MAF ≥5%), 459 low-frequency
variants (MAF 1% to <5%), and 2816 rare variants (MAF <1%).
Among white and black participants, a total of 89 mtDNA
variants with MAF ≥5% were examined for associations with
blood pressure variation resulting in a Bonferroni adjusted
P=6E�4 for significance that accounts for multiple
comparisons.

Associations of mtDNA variants with SBP (Table 2), DBP
(Table 3), and MAP (Table 4) are reported. Race-specific meta-
analysis results of the LIFE andHealth ABC studies are based on
self-report of white and black ancestry. We identified a total of
11 common mtDNA variants associated with SBP, DBP, and
MAP amongwhite and black participants fromboth the LIFE and
Health ABC studies (Tables 2 through 4). Of these, 6 variants
yielded statistically significant associations after adjustment
for multiple testing (Tables 2 through 4).

Each significant associated variant exhibited associations
with >1 blood pressure trait either nominally or significantly
after adjustment for multiple testing as follows. Among
white participants, we identified 2 common mtDNA variants
significantly associated with SBP and MAP (Tables 2 through
4, Figures 1 and 2). These results include the m.3197T>C,
16S rRNA variant, which was associated with significantly
higher SBP (P=5E�4) and was nominally associated with
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higher MAP (P=4E�3). In addition, the m.15924A>G,
threonine tRNA (tRNA-thr) variant was associated with
significantly higher MAP (P=4E�4) and was nominally
associated with higher DBP (P=9E�4). Among black partic-
ipants, we identified 5 common mtDNA variants that were
significantly associated with SBP, DBP, and MAP (Tables 2

through 4, Figures 1 and 2). These results include the
m.16183A>C, HVI variant, which was significantly associated
with both higher SBP (P=1E�4) and higher MAP (P=8E�5).
The m.16189T>C, HVI variant was significantly associated
with both higher DBP (P=2E�4) and MAP (P=1.8E�4) while
being nominally associated with SBP (P=1.1E�2). In addi-
tion, the m.16172T>C, HVI variant was associated with
significantly higher MAP (P=2E�4) and was nominally
associated with higher DBP (P=3E�4). The m.12705C>T
variant was also associated with significantly higher MAP
(P=4E�4). Finally, the m.93A>G, HVII variant was associated
with significantly higher SBP (P=1E�4) and was nominally
associated with higher MAP (P=4.6E�3).

Figure 3 illustrates SBP values for each allele at the
m.3197T>C, m.93A>G, and m.16183A>C sites. Figure 4
illustrates MAP values for each allele at the m.15924A>G,
m.16172T>C, m.16183A>C, HV, and m.16189T>C, HVI sites.
The majority of the associated variants were unique to each
racial group, making meta-analysis impossible for these loci.
None of the variants present in all races (white, black, and
other) were significantly associated with blood pressure
across races.

Significant pooled effects (P=0.007 due to multiple test
correction for 7 mtDNA regions) on SBP were observed across
all tRNA regions (P=0.0056) in white participants from the
LIFE and Health ABC studies. Nominally significant pooled
effects across all tRNA regions (P=0.014) were observed
among white participants for MAP.

We focused in silico prediction methods on the assess-
ment of nucleotide conservation generated via phyloP38

because none of the associated variants conferred nonsynon-
ymous substitutions. In brief, phyloP performs multiple
alignments of 100 vertebrate species and calculates metrics
of evolutionary conservation for each variant under a null
hypothesis of neutral evolution. The absolute values of phyloP
scores represent �log P values, with positive scores reflecting
evolutionary conservation across taxa (ie, slower rates than
expected) and negative scores reflecting accelerated evolu-
tion (ie, faster than expected). The 6 associated variants
exhibited negative phyloP scores, implying that these variants
are not highly conserved among multiple vertebrate taxa:
m.93A>G=�0.79, m.3197T>C=�5.13, m.15924A>G=�0.63,
m.16172T>C=�1.79, m.16183A>C=�1.09, and m.16189T
>C=�12.39.

Discussion
Cardiovascular function is a complex trait attributable to
multiple genetic and nongenetic factors.5–10 To date, few
studies have evaluated the role of the mitochondrial genome
on cardiovascular functions such as blood pressure. More-
over, many questions remain regarding the role of mtDNA in

Table 1. Baseline Characteristics of LIFE and Health ABC
Cohorts

LIFE (n=1755)
Health ABC
(n=788)

Age, y, mean (SD) 78.4 (5.1) 74.0 (2.9)

Race, n (%)

White 1344 (76.6) 395 (50.1)

Black 290 (16.5) 393 (49.9)

Other 121 (6.9) . . .

Women, n (%) 1166 (66.4) 418 (53.0)

BMI, kg/m2, mean (SD) 30.2 (5.9) 27.6 (4.9)

SBP, mean (SD)*

White 138.2 (19.6) 139.3 (22.8)

Black 144.2 (19.3) 147.7 (23.5)

Other 138.6 (18.7) . . .

DBP, mean (SD)*

White 75.9 (11.0) 73.4 (12.2)

Black 78.0 (11.7) 80.0 (14.5)

Other 74.5 (10.7) . . .

MAP, mean (SD)*

White 96.7 (12.4) 95.3 (14.0)

Black 100.1 (12.5) 102.6 (15.8)

Other 95.9 (12.1) . . .

Prevalent health conditions, n (%)

Hypertension 1167 (66.5) 358 (45.4)

Diabetes mellitus 342 (19.5) 135 (17.1)

Cardiovascular disease† 240 (13.7) 95 (12.1)

Cancer 367 (20.9) 107 (13.6)

Chronic pulmonary
disease

253 (14.4) 52 (6.6)

Osteoarthritis with pain 278 (15.8) 25 (3.2)

Depressive symptoms,
CESD, mean (SD)

8.2 (7.5) 4.7 (5.1)

Morbid obesity
(BMI ≥35)

346 (19.7) 60 (7.6)

BMI indicates body mass index; CESD, Center for Epidemiologic Studies Depression
Scale; DBP, diastolic blood pressure; Health ABC, Health, Aging, and Body Composition
study; LIFE, Lifestyle Interventions and Independence for Elders studies; MAP, mean
arterial pressure; SBP, systolic blood pressure.
*Values adjusted for antihypertensive medication use.8
†Includes myocardial infarction, stroke, or heart attack.
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age-related changes in health.39 As such, no large, multieth-
nic, comprehensive examination exists regarding the role of
mtDNA variation in regulating blood pressure among older
adults. In the current study, we present results from the first
comprehensive examination of mitochondrial genomic varia-
tion in late-life blood pressure. These data provide evidence
that specific mtDNA variants are associated with elevated
SBP, DBP, and MAP in meta-analyses involving participants
sampled from 2 well-characterized older cohorts (LIFE and
Health ABC). Each of the variants identified among white and
black study participants was associated with >1 measure of
blood pressure variation; however, none of the variants was
associated across racial groups. The mtDNA associations with
blood pressure variation reported herein suggest that mito-
chondrial variants may have an important role regarding their
effects on biological pathways that underlie blood pressure
variation. Moreover, it appears that relevant variants may be
unique to specific racial groups, creating yet further need for
follow-up studies in this area.

The interpretation of mtDNA associations with measured
traits is often complicated by the observation that recurrent
mutations at the same mtDNA site arise independently across
populations of divergent ancestries. By examining participants
of African and European ancestry, we leveraged the extreme
diversity of mitochondrial genetics among these groups to
identify unique and shared biological mechanisms underlying
cardiovascular traits among genetically unique populations.
The single-copy and maternally inherited nature of the mtDNA
ensures that specific variants unique to a single ancestral
group (eg African, European, Asian) will persist only in that
group unless the mutation either arises de novo (indepen-
dently) in a new population or is introduced to a new
population through admixture among populations harboring
ancestral groups. Previous observations of the same mtDNA
mutations on different ancestral backgrounds has been cited
as evidence of convergent adaptive evolution of particular
mtDNA mutations.40 The lack of consistent associations
among participants of African and European ancestries in this

Table 2. Meta-analytic Variant Associations With SBP Adjusted for Antihypertensive Medication Use8

Race and Variant

LIFE (n=1755) Health ABC (n=788)

Meta-analysis P Valueb (SE) P Value MAF b (SE) P Value MAF

White

m.1811A>G, 16S rRNA* �3.6 (1.56) 0.021 0.14 �4.8 (1.25) 0.006 0.30 0.0013

m.3197T>C, 16S rRNA* 3.91 (1.96) 0.0460 0.08 4.9 (1.68) 0.0010 0.13 0.0005

m.14182T>C, ND6* 4.26 (2.24) 0.058 0.06 4.58 (2.03) 0.008 0.09 0.004

Black

m.93A>G, HVII* 9.79 (3.5) 0.006 0.12 7.98 (1.66) 0.002 0.15 0.0001

m.16183A>C, HVI† 10.92 (3.84) 0.005 0.10 10.47 (1.87) 0.002 0.11 0.0001

m.16189T>C, HVI† 4.78 (2.31) 0.039 0.50 4.3 (1.19) 0.037 0.58 0.011

Health ABC indicates Health, Aging, and Body Composition study; LIFE, Lifestyle Interventions and Independence for Elders studies; MAF, minor allele frequency; rRNA, ribosomal RNA;
SBP, systolic blood pressure.
*Variant not present in other race.
†Variant present at MAF <5% but not significant in other race.

Table 3. Meta-analytic Variant Associations With DBP Adjusted for Antihypertensive Medication Use8

Race and Variant

LIFE Studies (n=1755) Health ABC (n=788)

Meta-analysis P Valueb (SE) P Value MAF b (SE) P Value MAF

White

m.15924A>G, tRNA-thr* 2.85 (1.15) 0.013 0.07 2.42 (1.51) 0.007 0.21 0.0009

Black

m.16172T>C, HVI† 5.61 (2.01) 0.006 0.13 5.95 (1.83) 0.005 0.20 0.0003

m.16189T>C, HVI† 3.86 (1.38) 0.005 0.50 5.73 (1.49) 0.003 0.58 0.0002

DBP indicates diastolic blood pressure; Health ABC, Health, Aging, and Body Composition study; LIFE, Lifestyle Interventions and Independence for Elders studies; MAF, minor allele
frequency; tRNA-thr, threonine transfer RNA.
*Variant not present in other race.
†Variant present at MAF <5% but not significant in other race.
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and other studies, however, illustrates the need to report
results across these diverse human populations. For example,
of the 5 variants associated with cardiovascular traits in
participants of European ancestry in this study, none were
present in participants with African ancestry. Of the 5 variants
associated with cardiovascular traits in participants of African
ancestry, 2 were not present in participants of European
ancestry, whereas the remaining 3 variants were detected at
extremely low frequencies in participants of European ances-
try (1–4%), thus limiting statistical power to detect

associations among European ancestry participants. By
presenting statistically significant results from 2 independent
studies made up of participants with African and European
ancestries, we are contributing a more comprehensive and
biologically relevant study of cardiovascular function across
diverse populations.

Among white participants, variants in tRNA-thr
(m.15924A>G) and 16S rRNA (m.3197T>C) were significantly
or nominally associated with higher SBP, DBP, and/or MAP.
More than half of pathogenic mtDNA mutations are located in

Table 4. Meta-analytic Variant Associations With MAP Adjusted for Antihypertensive Medication Use8

Race and Variant

LIFE Studies (n=1755) Health ABC (n=788)

Meta-analysis P Valueb (SE) P Value MAF b (SE) P Value MAF

White

m.15924A>G, tRNA-thr* 3.64 (1.3) 0.005 0.07 3.92 (1.74) 0.008 0.21 0.0004

m.16069C>T, HVI* �2.17 (1.07) 0.043 0.11 �2.72 (2.2) 0.005 0.12 0.002

m.3197T>C, 16S rRNA* 2.33 (1.23) 0.060 0.08 4.39 (2.09) 0.007 0.13 0.004

Black

m.10586G>A, ND4L* �5.41 (2.61) 0.039 0.09 �5.22 (2.26) 0.064 0.15 0.017

m.16172T>C, HVI† 6.38 (2.16) 0.003 0.13 8.11 (1.99) 0.007 0.20 0.0002

m.16183A>C, HVI† 7.63 (2.48) 0.002 0.10 11.9 (2.53) 0.003 0.11 0.00008

m.16189T>C, HVI† 4.17 (1.48) 0.005 0.50 6.68 (1.62) 0.003 0.58 0.00018

m.93A>G, HV2* 5.92 (2.27) 0.010 0.12 6.92 (2.25) 0.054 0.15 0.0046

Health ABC indicates Health, Aging, and Body Composition study; LIFE, Lifestyle Interventions and Independence for Elders studies; MAF, minor allele frequency; MAP, mean arterial
pressure; rRNA, ribosomal RNA; tRNA-thr, threonine transfer RNA.
*Variant not present in other race.
†Variant present at MAF <5% but not significant in other race.

Figure 1. Solar plots representing mitochondrial DNA (mtDNA) variant associations with systolic blood pressure (SBP) among white (A) and
black (B) participants from the LIFE (Lifestyle Interventions and Independence for Elders) and Health ABC (Health, Aging, and Body
Composition) studies. Each dot represents an mtDNA variant association with SBP color-coded by mitochondrial gene. The blue circle
represents P=0.05. rRNA indicates ribosomal RNA; tRNA, transfer RNA.
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genes controlling tRNA expression.41 Such mutations lead to
reduced tRNA steady-state levels, decreased mitochondrial
protein synthesis, and destabilized tRNA secondary or tertiary
structure42,43 and impaired oxidative phosphorylation and
oxygen consumption.43 Elsewhere, tRNA-thr m.15294T>C and
other tRNA-thr variants have been associated with dilated
cardiomyopathy.44,45 Several additional tRNA-thr mutations
located in close proximity to the m.15924A>G identified in
the present study have also been associated with diseases
including encephalomyopathy (m.15915G>A) and

mitochondrial myopathy (m.15923A>G and
m.15940T>delT).46 Moreover, several lysidine tRNAs and
methionine tRNAs have been associated with the presence of
essential hypertension.13 In addition, several 16S rRNA
mutations have been associated with a variety of mitochon-
drial diseases.46 The m.3197 T>C variant identified in the
current study is located in domain IV of the 16S rRNA and is
adjacent to the m.3196G>A site, which has been associated
with Alzheimer and Parkinson diseases.46 With regard to
mitochondrial haplogroup associations, the m.15924A>G

Figure 2. Solar plots representing mitochondrial DNA (mtDNA) variant associations with mean arterial pressure (MAP) among white (A) and
black (B) participants from the LIFE (Lifestyle Interventions and Independence for Elders) and Health ABC (Health, Aging, and Body
Composition) studies. Each dot represents an mtDNA variant association with MAP color-coded by mitochondrial gene. The blue circle
represents P=0.05. rRNA indicates ribosomal RNA; tRNA, transfer RNA.

Figure 3. Average systolic blood pressure values for the
m.3197T>C position in participants with European ancestry and
the m.93A>G and m.16183A>C positions in participant with
African ancestry. Values are expressed as mean (SEM) in the LIFE
(Lifestyle Interventions and Independence for Elders) and Health
ABC (Health, Aging, and Body Composition) studies.

Figure 4. Average mean arterial pressure values for the
m.15924A>G position in participants with European ancestry and
the m.16172T>C, m.16183A>C, and m.16189T>C positions in
participants with African ancestry. Values are expressed as mean
(SEM) in the LIFE (Lifestyle Interventions and Independence for
Elders) and Health ABC (Health, Aging, and Body Composition)
studies.
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variant is found in multiple lineages from superhaplogroups L,
M, and N (including sublineages of European haplogroups U,
K, H, and J). The m.3197T>C, 16S rRNA variant is found in
multiple lineages of superhaplogroup N including specific
sublineages of European haplogroups H and U. Though
speculative, it is possible that these mutations contribute to
mitochondrial dysfunction, which impairs nutrient metabolism
—ultimately, increasing blood pressure.47

Among black participants, variants in the HVI
(m.16172T>C, m.16183A>C, and m.16189T>C) and HVII
(m.93A>G) regions were nominally or significantly associated
with higher SBP, DBP, and/or MAP. Prior studies suggest that
HV sequence variation may be involved in regulating mtDNA
copy number48,49 and may directly affect mitochondrial
biogenesis (increase in mitochondrial number and/or mass).
The m.16172T>C and m.93A>G variants are found in multiple
lineages from superhaplogroups L, M, and N (including African
haplogroups L0, L1, L2, L3, and L4). The m.16183A>C is
highly variable and provides little phylogenetic value50 but has
been associated with melanoma risk.46 The m.16189T>C
variant encodes the ancestral including split between African
haplogroups L0/L1/L5 and L2/L3/L4/L6 and has been
associated with risk of diabetes mellitus, cardiomyopathy,
metabolic syndrome, melanoma, and endometrial cancer.46 A
polycytosine variant at m.16189 has been associated with
mtDNA copy number in human peripheral blood cells.48

Collections of variants within genes or genomic regions
influence phenotypes in diverse ways,14 and examining the
combined effect of rare variants may also reveal the role of
specific genes in disease etiology. Significant pooled effects
on SBP were observed across all tRNA regions in white
participants from both LIFE and Health ABC studies (nominally
significant pooled effects across all tRNA regions were
observed for MAP). As described previously, individual and
collective variation in the tRNA and region may affect
mitochondrial function by affecting the rate or efficiency of
mitochondrial biogenesis that may decline with age.51

Impaired ability to turn over may allow for defective
mitochondria to accumulate, especially in older, postmitotic
cells, affecting blood pressure variation.52

As the first data of their kind, the ultimate physiological
influence of these data remains unclear. It is possible that
specific mtDNA variants contribute to issues in the heart or
vascular endothelium that manifest most dramatically as the
tissues age. It is also possible that these variants contribute to
altered kidney function in late life. Mitochondria are particu-
larly important in the kidney tubules, where oxygen consump-
tion is utilized primarily for active solute transport.53,54

Proximal tubule cells, in particular, are densely packed with
mitochondria, given their high energy requirements and limited
capacity for anaerobic metabolism,55 and inherited mitochon-
drial disorders are often characterized by severe proximal

tubular dysfunction. Defective mitochondria are deleterious at
the intracellular level both because they are unable to produce
adequate ATP, and they leak reactive oxygen species, which
can trigger inflammation and cell death.56 Although specula-
tive, it is possible that these variants contribute to altered
kidney function, which contributes to hypertension develop-
ment. Future studies are needed to confirm this hypothesis.

This study had several strengths, including complete
mtDNA sequencing, which allows for an unbiased assessment
of mitochondrial genomic variation; 2 well-characterized
cohorts that included participants from multiple ancestries;
and a large range in blood pressure variation. Some limita-
tions are also acknowledged, including limited power to
detect an effect of individual rare variants. It is also possible
that the mtDNA variants identified in this study may not be
causally related to blood pressure variation, thus additional
replication cohorts beyond LIFE and Health ABC are needed.

It should be noted that the results of the present study
should not be overinterpreted. As the first study to identify
these mtDNA variant associations with blood pressure, it is
important that the winner’s curse phenomenon—whereby
identified variants may be assigned overly optimistic roles in a
physiological or disease process—be considered. For
instance, given prior effect sizes for blood pressure observed
in the literature, it seems unlikely that the true effect size for
m.16183A>C is >10 mm Hg. This finding, among those
others found significant, highlights the need to be cautious
with interpretation of these data as well as for the need for
replication in future studies. It is also critical to confine
interpretations of these data to older adults because the
variants may not have the same associations with phenotypic
outcomes in younger cohorts. Still, these data from 2
relatively large studies in the field of aging are the first to
indicate associations between mtDNA variants and BP among
older people. Consequently, these novel data provide an
important contribution to the literature and a foundation for
further follow-up study regarding the role of mtDNA on blood
pressure levels in late life.

In conclusion, these data reveal identify mtDNA variants
associated with interindividual variation in blood pressure
among older adults. These novel data may eventually be used
to identify older people at risk of developing hypertension and
associated complications. Despite being the primary source of
cellular energy production within most cell types—including
the heart, kidney, and vascular endothelium—relatively few
studies have focused on the mitochondrial genome in blood
pressure regulation. In particular, data are lacking from older
adults—a group predominantly affected by hypertension.
These data may also provide the foundation for generation
and/or testing of novel hypotheses surrounding the involve-
ment of mitochondria in the regulation of blood pressure
during advanced age.
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Appendix:  Research Investigators for the LIFE Study 

The Lifestyle Interventions and Independence for Elders Study is funded by a National 

Institutes of Health/National Institute on Aging Cooperative Agreement  

#UO1 AG22376 and a supplement from the National Heart, Lung and Blood Institute 

3U01AG022376-05A2S, and sponsored in part by the Intramural Research Program, 

National Institute on Aging, NIH.   

Administrative Coordinating Center, University of Florida, Gainesville, FL 
Marco Pahor, MD – Principal Investigator of the LIFE Study  
Jack M. Guralnik, MD, PhD – Co- Investigator of the LIFE Study (University of Maryland 
School of Medicine, Baltimore, MD) 
Stephen D. Anton, PhD 
Thomas W. Buford, PhD 
Christiaan Leeuwenburgh, PhD 
Susan G. Nayfield, MD, MSc 
Todd M. Manini, PhD 
Connie Caudle  
Lauren Crump, MPH  
Latonia Holmes 
Jocelyn Lee, PhD 
Ching-ju Lu, MPH 

This research is partially supported by the University of Florida Claude D. Pepper Older 
Americans Independence Center (1 P30 AG028740). 

Data Management, Analysis and Quality Control Center, Wake Forest University, 
Winston Salem, NC 
Michael E. Miller, Ph.D.  – DMAQC Principal Investigator  
Mark A. Espeland, Ph.D. – DMAQC Co- Investigator  
Walter T. Ambrosius, PhD 
William Applegate, MD 
Daniel P. Beavers, PhD, MS 
Robert P. Byington, PhD, MPH, FAHA 
Delilah Cook, CCRP 
Curt D. Furberg, MD, PhD 
Lea N. Harvin, BS 
Leora Henkin, MPH, Med 
John Hepler, MA 
Fang-Chi Hsu, PhD 
Kathy Joyce 
Laura Lovato, MS 
Juan Pierce, AB 
Wesley Roberson, BSBA 
Julia Robertson, BS 
Julia Rushing, BSPH, MStat 
Scott Rushing, BS 
Cynthia L. Stowe, MPM 
Michael P. Walkup, MS 



Don Hire, BS 
W. Jack Rejeski, PhD
Jeffrey A. Katula, PhD, MA
Peter H. Brubaker, PhD
Shannon L. Mihalko, PhD
Janine M. Jennings, PhD
Shyh-Huei Chen, PhD
June J. Pierce, AB
Haiying Chen, PhD

National Institutes of Health, Bethesda, MD 
Evan C. Hadley, MD (National Institute on Aging) 
Sergei Romashkan, MD, PhD (National Institute on Aging) 
Kushang V. Patel, PhD (National Institute on Aging) 

National Heart, Lung and Blood Institute, Bethesda, MD 
Denise Bonds, MD, MPH 

Field Centers 

Northwestern University, Chicago, IL 
Mary M. McDermott, MD – Field Center Principal Investigator 
Bonnie Spring, PhD – Field Center Co-Investigator 
Joshua Hauser, MD – Field Center Co-Investigator 
Diana Kerwin, MD – Field Center Co-Investigator 
Kathryn Domanchuk, BS 
Rex Graff, MS 
Alvito Rego, MA 

Pennington Biomedical Research Center, Baton Rouge, LA 
Timothy S. Church, MD, PhD, MPH – Field Center Principal Investigator 
Steven N. Blair, PED (University of South Carolina) 
Valerie H. Myers, PhD 

Ron Monce, PA-C 
Nathan E. Britt, NP 
Melissa Nauta Harris, BS 

Ami Parks McGucken, MPA, BS 
Ruben Rodarte, MBA, MS, BS 
Heidi K. Millet, MPA, BS 
Catrine Tudor-Locke, PhD, FACSM 
Ben P. Butitta, BS 
Sheletta G. Donatto, MS, RD, LDN, CDE 
Shannon H. Cocreham, BS 

Stanford University, Palo Alto, CA 
Abby C. King, Ph.D. – Field Center Principal Investigator 
Cynthia M. Castro, PhD 
William L. Haskell, PhD 
Randall S. Stafford, MD, PhD 
Leslie A. Pruitt, PhD 

 



Veronica Yank, MD 

Kathy Berra, MSN, NP-C, FAAN 
Carol Bell, NP 
Rosita M. Thiessen 
Kate P. Youngman, MA 
Selene B. Virgen, BAS 
Eric Maldonado, BA 
Kristina N. Tarin, MS, CSCS 
Heather Klaftenegger, BS 
Carolyn A. Prosak, RD 
Ines Campero, BA 
Dulce M. Garcia, BS 
José Soto, BA 
Linda Chio, BA 
David Hoskins, MS 

Tufts University, Boston, MA 
Roger A. Fielding, PhD – Field Center Principal Investigator 
Miriam E. Nelson, PhD  
Sara C. Folta, PhD  
Edward M. Phillips, MD 
Christine K. Liu, MD 
Erica C. McDavitt, MS 
Kieran F. Reid, PhD, MPH 

Dylan R. Kirn, BS 
Evan P. Pasha, BS 
Won S. Kim, BS 
Julie M. Krol, MS 
Vince E. Beard, BS 
Eleni X. Tsiroyannis, BS 
Cynthia Hau, BS, MPH 

Dr. Fielding's contribution is partially supported by the U.S. Department of Agriculture, under 
agreement No. 58-1950-0-014. Any opinions, findings, conclusion, or recommendations 
expressed in this publication are those of the author(s) and do not necessarily reflect the view of 
the U.S. Dept of Agriculture. 

This research is also supported by the Boston Claude D. Pepper Older Americans Independence 
Center (1P30AG031679) and the Boston Rehabilitation Outcomes Center (1R24HD065688-
01A1). 

University of Florida, Gainesville, FL 
Todd M. Manini, PhD – Field Center Principal Investigator 
Marco Pahor, MD – Field Center Co- Investigator 
Stephen D. Anton, PhD 
Thomas W. Buford, PhD 
Michael Marsiske, PhD 



Susan G. Nayfield, MD, MSc 
Bhanuprasad D. Sandesara, MD 
Mieniecia L. Black, MS 
William L. Burk, MS 
Brian M. Hoover, BS 
Jeffrey D. Knaggs, BS 
William C. Marena, MT, CCRC 
Irina Korytov, MD  
Stephanie D. Curtis, BS 
Megan S. Lorow, BS 
Chaitalee S. Goswami 
Melissa A. Lewis 
Michelle Kamen BS 
Jill N. Bitz 
Brian K. Stanton, BS 
Tamika T. Hicks, BS 
Charles W. Gay, DC 
Chonglun Xie, MD (Brooks Rehabilitation Clinical Research Center, Jacksonville, FL) 
Holly L. Morris, MSN, RN, CCRC (Brooks Rehabilitation Clinical Research Center, 
Jacksonville, FL) 
Floris F. Singletary, MS, CCC-SLP (Brooks Rehabilitation Clinical Research Center, 
Jacksonville, FL) 
Jackie Causer, BSH, RN (Brooks Rehabilitation Clinical Research Center, Jacksonville, 
FL) 
Susan Yonce, ARNP (Brooks Rehabilitation Clinical Research Center, Jacksonville, FL) 
Katie A. Radcliff, M.A. (Brooks Rehabilitation Clinical Research Center, Jacksonville, FL) 
Mallorey Picone Smith, B.S. (Brooks Rehabilitation Clinical Research Center, 
Jacksonville, FL) 
Jennifer S. Scott, B.S. (Brooks Rehabilitation Clinical Research Center, Jacksonville, FL) 
Melissa M. Rodriguez B.S. (Brooks Rehabilitation Clinical Research Center, 
Jacksonville, FL) 
Margo S. Fitch, P.T. (Brooks Rehabilitation Clinical Research Center, Jacksonville, FL) 
Mendy C. Dunn, BSN (Assessment) (Brooks Rehabilitation Clinical Research Center, 
Jacksonville, FL) 
Jessica Q. Schllesinger, B.S. Brooks Rehabilitation Clinical Research Center, 
Jacksonville, FL) 

This research is partially supported by the University of Florida Claude D. Pepper Older 
Americans Independence Center (1 P30 AG028740). 

University of Pittsburgh, Pittsburgh, PA 
Anne B. Newman, MD, MPH – Field Center Principal Investigator  
Stephanie A. Studenski, MD, MPH – Field Center Co-Investigator 
Bret H. Goodpaster, PhD 
Oscar Lopez, MD 
Nancy W. Glynn, PhD 
Neelesh K. Nadkarni, MD, PhD 
Diane G. Ives, MPH 
Mark A. Newman, PhD 
George Grove, MS 
Kathy Williams, RN, BSEd, MHSA 

 



Janet T. Bonk, MPH, RN 
Jennifer Rush, MPH 
Piera Kost, BA (deceased) 
Pamela Vincent, CMA 
Allison Gerger, BS 
Jamie R. Romeo, BS 
Lauren C. Monheim, BS 

The Pittsburgh Field Center is partially supported by the Pittsburgh Claude D. Pepper Older 
Americans Independence Center (P30 AG024827). 

Wake Forest University, Winston Salem, NC 
Stephen B. Kritchevsky, Ph.D. – Field Center Principal Investigator 
Anthony P. Marsh, PhD – Field Center Co-Principal Investigator 
Tina E. Brinkley, PhD 
Jamehl S. Demons, MD 
Kaycee M. Sink, MD, MAS 
Kimberly Kennedy, BA, CCRC 
Rachel Shertzer-Skinner, MA, CCRC 
Abbie Wrights, MS 
Rose Fries, RN, CCRC 
Deborah Barr, MA, RHEd, CHES 

The Wake Forest University Field Center is, in part, supported by the Claude D. Pepper Older 
Americans Independence Center (1 P30 AG21332).  

Yale University, New Haven, CT 
Thomas M. Gill, M.D. – Field Center Principal Investigator 
Robert S. Axtell, PhD, FACSM – Field Center Co-Principal Investigator (Southern 
Connecticut State University, Exercise Science Department) 
Susan S. Kashaf, MD, M.P.H. (VA Connecticut Healthcare System) 
 Nathalie de Rekeneire, MD, MS  
Joanne M. McGloin, MDiv, MS, MBA 
Raeleen Mautner, PhD  
Sharon M. Huie-White, MPH  

Luann Bianco, BA 
Janice Zocher 
Karen C. Wu, RN   
Denise M. Shepard, RN, MBA  
Barbara Fennelly, MA, RN 

Rina Castro, LPN 
Sean Halpin, MA 

Matthew Brennan, MA 
Theresa Barnett, MS, APRN 
Lynne P. Iannone, MS, CCRP 
Maria A. Zenoni, M.S. 
Julie A. Bugaj, MS  
Christine Bailey, MA  
Peter Charpentier, MPH 
Geraldine Hawthorne-Jones 
Bridget Mignosa 



Lynn Lewis 

Dr. Gill is the recipient of an Academic Leadership Award (K07AG3587) from the National 
Institute on Aging. 

The Yale Field Center is partially supported by the Claude D. Pepper Older Americans 
Independence Center (P30AG021342). 

Cognition Coordinating Center, Wake Forest University, Winston Salem, NC 
Jeff Williamson, MD, MHS – Center Principal Investigator 
Kaycee M Sink, MD, MAS – Center Co-Principal Investigator 
Hugh C. Hendrie, MB, ChB, DSc (Indiana University) 
Stephen R. Rapp, PhD 
Joe Verghese, MB, BS (Albert Einstein College of Medicine of Yeshiva University) 
Nancy Woolard 
Mark Espeland, PhD 
Janine Jennings, PhD 
Valerie K. Wilson, MD 

Electrocardiogram Reading Center, University of Florida, Gainesville, FL 
Carl J. Pepine MD, MACC 
Mario Ariet, PhD 
Eileen Handberg, PhD, ARNP 
Daniel Deluca, BS 
James Hill, MD, MS, FACC 
Anita Szady, MD  

Spirometry Reading Center, Yale University, New Haven, CT 
Geoffrey L. Chupp, MD 
Gail M. Flynn, RCP, CRFT 
Thomas M. Gill, MD 
John L. Hankinson, PhD (Hankinson Consulting, Inc.) 
Carlos A. Vaz Fragoso, MD 

Dr. Fragoso is the recipient of a Career Development Award from the Department of Veterans 
Affairs. 

Cost Effectiveness Analysis Center 
Erik J. Groessl, PhD (University of California, San Diego and VA San Diego Healthcare 
System) 
Robert M. Kaplan, PhD (Office of Behavioral and Social Sciences Research, National 
Institutes of Health) 



Table S1. Blood pressure characteristics of study cohorts.  
 

 LIFE (N = 1755) Health ABC (N = 788) 

WHITES   

Unadjusted SBP, mean (SD) 127.7 (18.0) 133.7 (20.8) 

Unadjusted DBP, mean (SD) 68.4 (10.0) 69.6 (11.3) 

Unadjusted MAP, mean (SD) 88.2 (11.0) 91.0 (12.5) 

On 1 Medication Class, n (%) 381 (28%) 94 (24%) 

On 2 Medication Classes, n (%) 354 (26%) 46 (12%) 

On 3+ Medication Classes, n (%) 309 (23%) 41 (10%) 

SBP adjustment*, mean (SD) 13.6 (4.9) 12.2 (4.9) 

DBP adjustment*, mean (SD) 9.6 (4.9) 8.2 (4.9) 

MAP adjustment*, mean (SD) 10.9 (4.9) 9.6 (4.9) 

   

NONWHITES   

Unadjusted SBP, mean (SD) 130.4 (17.7) 139.2 (21.6) 

Unadjusted DBP, mean (SD) 68.4 (10.5) 74.0 (12.7) 

Unadjusted MAP, mean (SD) 89.1 (11.1) 95.7 (13.8) 

% on 1 Medication Class 128 (31%) 95 (24%) 

% of 2 Medication Classes 110 (27%) 85 (22%) 

% on 3+ Medication Classes 121 (29%) 70 (18%) 

SBP adjustment*, mean (SD) 13.9 (5.0) 13.4 (4.8) 

DBP adjustment*, mean (SD) 9.9 (5.0) 9.4 (4.8) 

MAP adjustment*, mean (SD) 11.2 (5.0) 10.7 (4.8) 

 
*Among those with adjustment 
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