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Abstract
Background—It is not known if the genes involved with endurance performance during young
adulthood are also involved with changes in performance. We examined the associations of gene
variants with symptom-limited exercise test duration at baseline and decrease in duration over 20
years.

Methods and Results—3,783 (1,835 Blacks 1,948 Whites) and 2,335 (1,035 Blacks 1,300
Whites) participants from CARDIA were included in the baseline and 20 year models,
respectively. 217 SNPs in Blacks and 171 SNPs in Whites from 17 genes were genotyped. In
Blacks, five SNPs in the ATP1A2, HIF1A, NOS3, and PPARGC1A loci tended to be associated
(p<0.05) with baseline duration in a multivariate regression model. Blacks (n=99) with at least
four of the most-favorable genotypes at these loci had approximately two minutes longer baseline
duration than those with only two such genotypes (P<0.0001). In Whites, the HIF1A rs1957757
and PPARGC1A rs3774909 markers tended to be associated with baseline duration, but the
association of a multimarker construct of the most-favorable genotypes at both SNPs with baseline
duration was not statistically significant. In Whites, four SNPs in the AGT, AMPD1, ANG, and
PPARGC1A loci tended to be associated with decrease in exercise duration over 20 years, and
those (n=40) with all four favorable genotypes had 0.8 min less decline in duration compared to
those with none or one (n=232) (P<0.0001).

Conclusion—In multimarker constructs, alleles at genes related to skeletal muscle Na+/K+

transport, hypoxia, and mitochondrial metabolism are associated with symptom-limited exercise
test duration over time in adults.
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INTRODUCTION
Low cardiorespiratory fitness (hereafter referred to as fitness) and decreases in fitness over
time are associated with higher levels of risk factors for cardiovascular disease (CVD) and
increased risk of mortality.1–4 Fitness is a multifactorial phenotype influenced by genetic
and environmental factors. Heritability estimates for fitness-related phenotypes from twin
and family studies range from 25–66%.5–7 The identification of genes and DNA sequence
variants contributing to differences in fitness is a growing area of research. The seventh
installment of the Human Gene Map for Performance and Health-Related Fitness
Phenotypes contained 214 autosomal gene entries and quantitative trait loci, 7 loci on
chromosome X, and 18 mitochondrial genes.8 However, no large longitudinal cohort study
has examined the association of genetic variation with changes in fitness over time. Thus, it
is not known if the genes involved with fitness during young adulthood are also involved
with changes in fitness over time.

The Coronary Artery Risk Development in Young Adults (CARDIA) Study is a longitudinal
study of Black and White young adults that includes measures of symptom-limited exercise
test duration at three time points over 20 years of follow-up. Results from symptom-limited
exercise testing are important and informative, as the protocol allows clinicians to test
exercise tolerance in most of the general population. In CARDIA, subjects with low exercise
test duration (<20th percentile) were 3- to 6-fold more likely to develop diabetes,
hypertension, and the metabolic syndrome than participants with high duration (≥60th
percentile),2 and the adjusted hazard of developing diabetes was 50% higher in women and
double in men per 19% decline in duration over seven years.9 Thus, the purpose of the
present study was to examine the association of single nucleotide polymorphisms (SNPs) in
seventeen candidate genes with baseline symptom-limited exercise test duration and
decrease in duration after 20 years of follow-up in the CARDIA Fitness Study.

METHODS
Study population

Details of recruitment, study design, and methods of the CARDIA study have been
published elsewhere.10 The initial examination included 5115 Black and White men and
women aged 18–30 years from four U.S. communities: Birmingham, AL; Chicago, IL;
Minneapolis, MN; and Oakland, CA. All participants provided written informed consent,
and institutional review boards from each field center approved the study annually.

Of the participants with genotype data (n=4244), 3960 had valid treadmill test data at
baseline and 2618 had valid treadmill test data at both baseline and year 20 examinations.
To minimize potential classification errors, parents’ ethnicity (reported by the participants)
had to match that of the participant (n=177 excluded). We excluded participants who
reported having or were unsure if they had cancer or HIV, pregnant women, and those
missing data at either exam for age, BMI, weight, or hypertension and diabetes status. This
resulted in 3783 participants (1835 Blacks, 1948 Whites) for baseline duration and 2335
participants (1035 Blacks, 1300 Whites) included in analyses involving decrease in duration
over 20 years. Outliers, defined as phenotype value ≥4 standard deviations (SD) from the
mean and at least 1 SD from the nearest value, were excluded from analyses (n=2 Whites).
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Data Collection
Graded Exercise Testing—Symptom-limited graded exercise treadmill testing was
performed at baseline and year 20 by eligible participants using a modified Balke protocol.
11 The test consisted of up to nine 2-minute stages of progressively increasing difficulty.
Stage 1 was at 3.0 mph and 2% grade, stages 2–6 were at 3.4 mph with grade beginning at
6% and increasing by 4% each stage, stages 7–8 were at 4.2 mph and 22% and 25% grade
respectively, and stage 9 was at 5.6 mph and 25% grade. The exercise test consisted
primarily of walking to facilitate performance by those unaccustomed to jogging and to
allow for easier replication during future follow-up exams.11

For the present study, exercise test data were determined valid if participants achieved >2.0
min. on both the baseline and year 20 treadmill tests (99% met criteria). Baseline duration
was defined as the duration of the symptom-limited exercise treadmill test in minutes at
baseline. Decrease in duration over 20 years was calculated as the difference of year 20
exercise test duration minus baseline duration.

Gene and SNP selection
The following seventeen genes were selected from the 2005 update of the Human Gene Map
for Performance and Health-Related Fitness Phenotypes8 based on their associations with
fitness or interactions with physical activity in relation to outcomes such as CVD and
obesity: angiotensin converting enzyme (ACE); actinin, alpha 3 (ACTN3); adiponectin
receptor 1 (ADIPOR1); alpha-2A-adrenergic receptor (ADRA2A); beta-1-adrenergic
receptor (ADRB1); angiotensinogen (AGT); adenosine monophosphate deaminase 1
(AMPD1); angiogenin (ANG); Na+/K+ ATPase alpha 2 subunit (ATP1A2); bradykinin
receptor, beta 2 (BDKRB2); creatine kinase, muscle (CKM); endothelin 1 (EDN1); guanine
nucleotide binding protein, beta polypeptide 3 (GNB3); hypoxia-inducible factor 1, alpha
subunit (HIF1A); nitric oxide synthase 3 (NOS3); peroxisome proliferator-activated receptor
gamma, coactivator 1 alpha (PPARGC1A); and titin (TTN) (Supplementary Table S1).
TagSNPs within these genes with a minor allele frequency (MAF) of greater than 0.05 were
identified using the Haploview Program12 from the Caucasian (CEU) and Yoruban (YRI)
populations of the International HapMap database.13 The algorithm used for SNP selection
was Haploview’s implementation of the Broad Institute’s Tagger software,14 with the r2 cut
off for linkage disequilibrium (LD) clustering set to 0.8 and the logarithm (base 10) of odds
threshold to 2. All tagSNPs selected by Tagger for the CEU population were included in the
SNP panel. TagSNPs that were not in blocks, or only tagged themselves in the YRI
population were not included. Nonsynonymous SNPs with a MAF >0.05 were also included.
The final SNP set included 217 SNPs in Blacks and 171 SNPs in Whites. All included SNPs
had a MAF ≥ 0.05 and Hardy-Weinberg equilibrium (HWE) p ≥ 0.0002 in the CARDIA
cohort.

Genotyping
Genotyping of the SNPs was performed using the iPLEX MassARRAY genotyping system
(Sequenom, Inc.; San Diego, CA). SNPs that did not perform well on this platform were
genotyped using TaqMan Pre-Validated SNP assays (Applied Biosystems; Foster City, CA).
Details for PCR conditions and primer sequences are available on request. Genotyping was
successfully performed in 82% of the original SNP set (n=354 SNPs). Replicate samples
(N=206) were randomly dispersed throughout the genotyping plate set. Only SNPs that had
a minimum concordance of 99% were used for further analyses.
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Statistical Analysis
All statistical analyses were performed with SAS version 9.1 (SAS Institute Inc, Cary, NC).
Differences in continuous and categorical variables between ethnic groups were assessed
using t-tests and chi-square tests, respectively. HWE was tested by comparing observed
genotype frequencies to expected frequencies using the ALLELE procedure in SAS. The
pair-wise LD among the SNPs was assessed using the ldmax program available in the
GOLD software package.15

The association tests were conducted in three steps. First, general linear models were used
for single SNP analyses of associations with baseline duration and decrease in duration over
20 years by ethnic group. In the baseline duration models, each SNP was tested individually
with baseline values of age, sex, BMI, smoking, and hypertension and diabetes status (Y/N)
included as covariates. In the decrease in duration over 20 years models, each SNP was
tested individually with baseline values of age, sex, BMI, and exercise duration, smoking at
year 20, Δweight over 20 years, and hypertension and diabetes status included as covariates.
If a participant indicated they were hypertensive or diabetic at either exam or at both exams,
then they were classified as having the condition in the decrease in duration models. For
nominally significant SNPs (p<0.05) with a minor allele homozygote group size of N<7,
genotypes were grouped by minor allele carrier status for analyses.

The second step involved stepwise multiple regression models (with backward elimination)
including all nominally significant SNPs (p<0.05) from the single SNP analyses and all
covariates. For each SNP nominally significant after stepwise selection, the genotype(s)
associated with higher baseline duration or lesser decline in duration over 20 years were
identified (i.e., high-treadmill duration genotypes and low-treadmill duration decrease
genotypes) (Supplementary Table S2). To examine the combined effects of the favorable
genotypes on baseline duration and decrease in duration, the number of genotypes associated
with high-treadmill duration or low-treadmill duration decrease across all nominally
significant SNPs was used as an index of genetic exercise test duration predisposition in a
multiple regression model. Genotype effect size (R2) was defined as the proportion of total
phenotypic variance explained by the genotype.

Since multiple SNPs were used in the multiple regression analyses, we applied a multiple
testing correction as proposed by Nyholt.16 The effective number of independent SNPs
(Meff) can be calculated based on the ratio of observed eigenvalue variance (λobs) and its
maximum (M): Meff = 1 + (M-1) (1− (Var λobs/M)). The effective number of SNPs can then
be used to adjust the standard α level (e.g., 5%). Since LD between the SNPs differed
between Blacks and Whites, the effective number of SNPs was also different (effective
number of SNPs in Blacks was 153 and 119 in Whites). Thus, in our study the corrected
threshold for statistical significance was set to P<0.0003 in Blacks and P<0.0004 in Whites.
Post-hoc power analyses were performed using QUANTO version 1.2.4 (http://
hydra.usc.edu/gxe).17 We have 80% power to detect effect sizes of 1.0–1.1% in the baseline
models and 1.5–1.9% in the decrease over 20 years models, under an additive genetic model
using the multiple testing corrected alpha levels (Supplementary Figure S1).

RESULTS
Baseline and year 20 characteristics of the participants are summarized in Supplementary
Table S3. Black participants were younger, heavier, had lower exercise test duration, and
were more likely to smoke, be hypertensive, and have diabetes at baseline than Whites
(Table S3a). Furthermore, Blacks experienced a significantly greater increase in weight and
a greater decrease in exercise duration over 20 years compared to Whites (Table S3b). The
MAF, HWE, and pairwise LD among all included SNPs (Tables S4 and S5) and the results
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for the associations of all SNPs with baseline duration and decrease in duration (Table S6)
can be found in supplementary tables.

In Blacks, two SNPs in the PPARGC1A and NOS3 loci, three SNPs in the TTN gene locus,
and one SNP each from the ACE, ACTN3, AGT, ATP1A2, and HIF1A loci were nominally
(p<0.05) associated with baseline duration (Table 1). The stepwise regression model showed
that sex, BMI, smoking, hypertension, ATP1A2 rs9660705, HIF1A rs1957755, NOS3
rs3918196, and PPARGC1A rs7657517 and rs2932971 were associated with baseline
duration in Blacks (Table 2). None of the five SNPs reached the multiple testing corrected
threshold for statistical significance. However, in Blacks, the number of high-treadmill
duration genotypes carried at the five markers was significantly associated with baseline
duration (P<0.0001), as those with five high-treadmill duration genotypes had a mean
baseline duration of 9.2 min, compared to 6.6 min in those who only had two (Figure 1-top
panel).

In Whites, five SNPs from the PPARGC1A gene locus and one SNP each from the CKM,
EDN1, and HIF1A loci were nominally associated with baseline duration (Table 3).
Differences in baseline duration between genotypes were largest at HIF1A rs1957757, as
minor allele homozygotes had about 1.0 min higher duration compared to the other
genotypes (Table 3). The stepwise regression model showed that sex, BMI, smoking,
hypertension, diabetes, PPARGC1A rs3774909, and HIF1A rs1957757 were associated with
baseline duration (Table 2). However, the two SNPs were not statistically significant.
Furthermore, the number of genotypes associated with higher baseline duration carried by
Whites at the HIF1A rs1957757 and PPARGC1A rs3774909 markers was not significantly
associated with baseline duration in a multivariate regression model (P=0.0041). In general,
Whites with the most favorable genotypes at both SNPs had longer baseline duration (Figure
1-bottom panel), however since all white participants carried at least one of the nominally
favorable genotypes, discriminatory ability was limited.

In Blacks, two SNPs each from the ATP1A2, PPARGC1A, and TTN loci and one SNP each
from the ADRB1, EDN1, and GNB3 loci were nominally associated with decrease in
duration over 20 years (Table 4). None of the nine nominally significant markers remained
in the model after backward elimination, as the stepwise model showed baseline values of
age, BMI, and exercise duration, sex, Δweight, smoking at year 20, and diabetes were
associated with decrease in duration (Supplementary Table S7). In Whites, one SNP at the
AGT and AMPD1 loci, five PPARGC1A SNPs, and two ANG SNPs were nominally
associated with decrease in duration over 20 years (Table 5). The stepwise regression model
showed that baseline values of age, BMI, and exercise duration, Δweight, sex, smoking at
year 20, diabetes, AGT rs5051, AMPD1 rs2010899, ANG rs1010458, and PPARGC1A
rs4452416 were associated with decrease in duration (Table 6). Individually, none of the
SNPs met the corrected threshold for statistical significance. However, carrying low-
treadmill duration decrease genotypes at these four SNPs was significantly associated with
preservation of exercise test duration over time (P<0.0001), as the decline in treadmill time
over 20 years was graded across the number of favorable genotypes (Figure 2). Whites with
four low-treadmill duration decrease genotypes had a mean change in duration of −3.1 min
over 20 years, compared to −3.9 min in those with none or one (Figure 2).

DISCUSSION
We found multiple markers from several genes nominally (p<0.05) associated with
symptom-limited baseline exercise test duration and decrease in duration over 20 years.
Markers from three genes (ATP1A2, TTN, and PPARGC1A) in Blacks and PPARGC1A in
Whites were nominally associated with both baseline duration and decrease in duration.
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Individually, none of the tested SNPs were significantly associated with the exercise
duration phenotypes after correcting for multiple testing. However, multivariate regression
models showed that Blacks with all five favorable fitness genotypes at five SNPs in the
ATP1A2, HIF1A, NOS3, and PPARGC1A genes had the greatest baseline duration.
Similarly, Whites with all four favorable genotypes at four SNPs in the AGT, AMPD1,
ANG, and PPARGC1A genes had the lowest decline in exercise test duration over 20 years.
All markers used in the present study reside in genes previously identified as candidates for
fitness phenotypes. Nominally significant SNPs found in this study, except for ACE rs4316,
ADRB1 rs1801253, NOS3 rs1799983, and TTN rs6732060, were located in non-coding
regions (e.g., introns) and the mechanism of their association with symptom-limited exercise
test duration is unknown. A description of the predictor SNPs in the regression models and
the genes where they reside can be found in Supplementary Table S8.

The HIF1A rs1957577 marker in Whites and the rs1957755 marker in Blacks were
associated with baseline duration in the stepwise regression models. In Whites, minor allele
homozygotes (T/T) at rs1957577 had almost two minutes longer baseline duration than
common allele carriers. HIF1A rs1957757 tags a cluster of 6 SNPs that cover the 5’-end of
HIF1A (pairwise r2=1.0 between all SNPs in HapMap CEU). HIF1A is a transcription factor
that regulates several genes in response to hypoxia, and these genes are involved in
angiogenesis, erythropoiesis, and metabolism. Sequence variation in HIF1A was previously
associated with baseline maximal oxygen consumption (VO2max) in older black men, while
the Ser582Pro polymorphism was associated with ΔVO2max after 24 weeks of training in
older white men.18 However, the Ser582Pro variant was not included in the present study
and is not in strong LD (r2>0.8) with any of the included HIF1A SNPs.

The PPARGC1A rs7657517 and rs2932971 markers were significantly associated with
baseline duration in Blacks, while the rs3774909 and rs4452416 markers were significantly
associated with baseline duration and decrease in duration, respectively, in Whites. The
PPARGC1A rs2932971 marker tags a cluster of four SNPs in blacks (pairwise r2=1.0 in
HapMap YRI), while the rs3774909 and rs4452416 markers tag a cluster of two and three
SNPs, respectively, in whites (pairwise r2=1.0 in HapMap CEU). PPARGC1A regulates the
transcription of enzymes involved in oxidative phosphorylation through its role in
mitochondrial biogenesis, skeletal muscle fiber-type formation, and glucose and lipid
transport and oxidation. Previous studies reported that a common variant, Gly482Ser, was
associated with endurance capacity in young adult European men19 and with changes in
aerobic fitness after lifestyle intervention in adult European men and women.20 The
Gly482Ser variant was not included in the present study and is not in strong LD (r2>0.8)
with any of the included PPARGC1A SNPs.

In Blacks, markers from ATP1A2 were nominally associated with both baseline duration
and decrease in duration, and ATP1A2 rs9660705 was significantly associated with baseline
duration in the multiple regression model. In skeletal muscle, the Na+/K+ ATPase regulates
transsarcolemmal [Na+] and [K+] gradients and is critical for the maintenance of membrane
excitability and contractility. Elevated muscle Na+-K+ ATPase content and maximal activity
have been shown in trained individuals and after endurance training in untrained subjects.21,
22 The Na+/K+ ATPase is constituted by a catalytic subunit (α) with three isoforms (α1, α2,
and α3), with the α2-gene (ATP1A2) expressed mainly in skeletal muscle. Genetic variation
at the ATP1A2 gene locus was found to be associated with the trainability of VO2 max in
sedentary adults.23

Although aerobic endurance typically declines with age,24 it is influenced by multiple
factors such as initial level, habitual physical activity, body composition, and diseases.25,26
In the present study, we controlled for many of these factors including baseline BMI,
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baseline duration, Δweight, as well as the presence of diabetes and hypertension. However,
there was still marked variation in the decrease in symptom-limited exercise test duration
over 20 years in our cohort, as evidenced by the large SD. It should be noted that there may
not have been equal effort during the exercise tests over time. Because we had a symptom-
limited test and no objective marker of a true maximum, it is likely that individuals had
varying levels of motivation during the two exercise tests and this differential effort was
probably not random. However, the Balke protocol has been shown to correlate with
VO2max in adults. The correlation between Balke treadmill time and VO2max was 0.92 in
51 healthy men (57% sedentary) between 35 to 55 years of age27, and 0.94 in 49 healthy
women (59% sedentary) between 20 and 42 years of age.28

Few studies have examined the effects of multiple markers from multiple genes on fitness.
We found that carrying several favorable genotypes, at loci shown to be suggestively
associated with baseline exercise test duration or decrease in duration, resulted in two and a
half minutes longer baseline treadmill time in Blacks and a one minute lesser decrease in
treadmill time over 20 years in Whites. These data provide evidence of both the independent
and combined effects of multiple markers on exercise test duration in young adults and with
decrease in duration over 20 years. Symptom-limited exercise tests have important clinical
relevance as an indication of exercise tolerance, as many individuals may not be physically
able to perform a true maximal exercise test to exhaustion.

Recently, a quantitative molecular classifier (predictor) relating ΔVO2max to baseline
muscle gene RNA expression identified 29 predictor genes loci.29 Regression analysis of
SNPs from 25 of these loci combined with SNPs from 10 other candidate genes yielded a
model where 11 SNPs explained 23% of the variance in exercise training induced gains in
VO2max. Comparison of these results to the current study suggests that the genes associated
with responsiveness to exercise training differ from those associated with fitness level or its
decrease over time.

The present study was limited to selected candidate genes. We were powered to detect effect
sizes of ~1.0% at baseline and between 1.5–1.9% in the decrease over 20 years models. The
SNPs we tested did not contribute large effect sizes, as nominally significant SNPs showed
only small individual effects on the overall variance in each exercise test duration
phenotype. However, pooling the markers associated with each phenotype after stepwise
regression analyses explained more of the variance in each exercise test duration phenotype.
Overall, these pooled markers still only explained a relatively small proportion of the
variance in baseline duration (≤1.0%) or decrease in duration (1.0%), which provides
support for the polygenic and environmentally influenceable nature of fitness phenotypes.

In summary, multi marker constructs consisting of alleles at genes related to skeletal muscle
function and Na+/K+ transport, hypoxia, and mitochondrial metabolism are associated with
baseline symptom-limited exercise test duration and decrease in duration over 20 years in
adults.

Cardiorespiratory fitness-related phenotypes have been shown to have a substantial
genetic component in numerous epidemiological studies. However, identifying common
genetic variants associated with changes in health-related fitness phenotypes over time in
large population-based studies has proven difficult due to the lack of appropriate datasets
and the feasibility of measuring fitness in a large group of people. We observed in the
CARDIA fitness Study that carrying several favorable alleles, at loci shown to be
independently associated with baseline exercise test duration or with change in exercise
duration, resulted in an approximately two and a half minutes longer baseline treadmill
time in Blacks and a one minute lesser decrease in treadmill time over 20 years in
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Whites. Thus, these data provide evidence of both the independent and conjoint effects of
multiple markers from several candidate genes on symptom-limited exercise test duration
in young adults and with change in exercise test duration over 20 years. Symptom-limited
exercise tests have important clinical relevance for evaluating exercise tolerance, as many
individuals may not be able to perform a true maximal exercise test to exhaustion. These
results are of interest to clinicians, as exercise duration in CARDIA participants was
shown to be predictive of the development of cardiovascular disease risk factors such as
diabetes, hypertension, and metabolic syndrome. Understanding the underlying genetic
basis of the ability to benefit from regular exercise can likely facilitate custom-tailored
programs and therapies for individuals with less favorable genotypes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Association of the number of high-treadmill duration genotypes with baseline exercise test
duration at NOS3 rs3918196, ATP1A2 rs9660705, PPARGC1A rs7657517, PPARGC1A
rs2932971, and HIF1A rs1957755 markers in Blacks (top panel) and HIF1A rs1957757 and
PPARGC1A rs3774909 markers in Whites (bottom panel). P value for the main effect of
high-treadmill duration genotypes along with variance in baseline duration explained by
high-treadmill duration genotypes is shown at the top of each graph. Number of subjects
with the selected number of genotypes is indicated inside each histogram bar.
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Figure 2.
Association of the number of low-treadmill duration decrease genotypes with decrease in
exercise duration over 20 years at AGT rs5051, ANG rs1010458, AMPD1 rs2010899, and
PPARGC1A rs4452416 markers in CARDIA Whites. P value for the main effect of low-
treadmill duration decrease alleles along with variance in decrease in duration explained by
low-treadmill duration decrease alleles is shown at the top of each graph. Number of
subjects with the selected number of genotypes is indicated inside each histogram bar.
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Table 6

Stepwise regression results for predictors of decrease in exercise test duration over 20 years in Whites.

Whites

Variable β partial r2 p-value

Baseline duration, min −0.52 0.1754 <0.0001

ΔWeight, kg −0.04 0.2059 <0.0001

Baseline Age, yrs −0.08 0.0196 <0.0001

Smoking at year 20 (N/Y) −1.00 0.0209 <0.0001

Sex (M/F) −1.01 0.0207 <0.0001

Baseline BMI, kg/m2 −0.08 0.0221 <0.0001

Diabetes (N/Y) −0.57 0.0052 0.0008

Hypertension (N/Y) −0.37 0.0044 0.0022

PPARGC1A rs4452416 0.27 0.0035 0.0057

ANG rs1010458 0.59 0.0035 0.0056

AMPD1 rs2010899 0.26 0.0031 0.0088

AGT rs5051 0.25 0.0025 0.0194

Model r2 0.4868
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