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A genome-wide linkage scan was performed for genes affect-
ing submaximal exercise cardiac output (Q) and stroke
volume (SV) in the sedentary state and their responses to a
standardized 20-wk endurance training program. A total of
509 polymorphic markers were used, and 328 pairs of sib-
lings from 99 white nuclear families and 102 sibling pairs
from 105 black family units were available. Q and SV were
measured in relative steady state during exercise at 50 W
(Q50 and SV50, respectively). Baseline phenotypes were ad-
justed for age, sex, and body surface area (BSA), and the
training responses (post-training � baseline, �) were ad-
justed for age, sex, baseline BSA, and baseline value of the
phenotype. Three analytical strategies were used: a multi-
point variance components linkage analysis using all the
family data, and regression-based single- and multipoint
linkage analyses using pairs of siblings. In whites, baseline
SV50 and �SV50 showed promising linkages (P � 0.0023)
with markers on chromosomes 14q31.1 and 10p11.2, respec-
tively. Suggestive evidence of linkage (0.01 � P � 0.0023) for
�SV50 and �Q50 was detected on chromosome 2q31.1 and for
baseline SV50 and Q50 on chromosome 9q32-q33. In blacks,
markers on 18q11.2 showed promising linkages with base-
line Q50. Suggestive evidence of linkage was found in three
regions for baseline SV50 (1p21.3, 3q13.3, 12q13.2) and one
for baseline SV50 and Q50 (10p14). All these chromosomal
regions include several potential candidate genes and there-
fore warrant further studies in the HERITAGE cohort and
other studies.

genomic scan; exercise training; linkage analysis

THE COMPLETION of the Human Genome Project holds
great promise for the development of new insights into
biological mechanisms contributing to interindividual
differences in responsiveness to acute exercise and
exercise training. It has been reported that genetic
factors account for a significant proportion of variabil-
ity in exercise-related phenotypes, such as maximal
oxygen uptake (VO2 max) and exercise blood pressure,
both in the sedentary state and in response to endur-
ance training (2, 4–6). Identification of the genes and
mutations responsible for these genetic effects would
lead to a better understanding of the biology of adap-
tation to exercise and, ultimately, enable individual-
ized prescription of exercise training for performance
enhancement and for prevention and treatment of sev-
eral public health problems.

Exercise-related phenotypes are typically multifac-
torial, i.e., they are affected by both environmental and
genetic factors. The genetic effect is usually polygenic,
i.e., it is determined by a combination of several indi-
vidual genes, each having a small to moderate effect.
Moreover, potential gene-gene and gene-environment
interactions further complicate the dissection of the
phenotypic variance. Genome-wide linkage scan is a
powerful method to identify genomic regions harboring
genes that contribute to phenotypic variation. This
approach has been used to identify genes for several
chronic diseases, e.g., type 2 diabetes (15), and the first
genomic scan for VO2 max was recently published (8). To
fully understand the genetic makeup of multifactorial
traits, including exercise-related phenotypes, it is nec-
essary to investigate their intermediate phenotypes,
i.e., traits that contribute to physiological pathways
regulating the main phenotype of interest. This strat-
egy has been proposed for and utilized in genetic re-
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search of several chronic diseases, such as hyperten-
sion (17).

Cardiac output (Q) and stroke volume (SV) are cen-
tral indicators of cardiac function. They also serve as
excellent intermediate phenotypes for other exercise-
related phenotypes, such as maximal and submaximal
oxygen consumption and blood pressure. In the HER-
ITAGE Family Study, maximal heritabilities of 41%
and 42% were reported for SV and Q, respectively,
measured during steady-state submaximal exercise at
50 W in 99 sedentary white nuclear families. The
corresponding heritability estimates for submaximal
exercise SV and Q responses to a 20-wk endurance
training program were 29% and 38% (1). These obser-
vations provide a good justification to start looking for
genomic regions and individual genes that are respon-
sible for the genetic effects on exercise Q and SV. The
purpose of this study was to perform a genome-wide
linkage scan for submaximal exercise Q and SV mea-
sured in the sedentary state and also in response to a
20-wk endurance program using the data from the
HERITAGE Family Study.

METHODS

Subjects. The study cohort consists of 483 white subjects
(233 men and 250 women) from 99 nuclear families and 259
black subjects (88 men and 171 women) from 105 family
units. The complete training response data were available for
450 whites (216 men and 234 women) and 251 blacks (88 men
and 163 women). The maximum number of sib-pairs avail-
able was 328 and 102 in whites and blacks, respectively. The
mean age of fathers was 50.9 (range 39.3–65.9) and 53.6
(44.4–64.3) yr, of mothers 47.2 (37.5–64.8) and 52.1 (42.4–
65.2) yr, of sons 28.4 (17.0–45.8) and 25.4 (17.0–40.2) yr, and
of daughters 25.4 (16.4–48.1), and 25.4 (17.2–40.9) yr in
blacks and whites, respectively. The study design and inclu-
sion criteria have been described previously (7). To be eligi-
ble, the individuals were required to be in good health, i.e.,
free of diabetes, cardiovascular diseases or other chronic
diseases that would prevent their participation in an exercise
training program. Subjects were also required to be seden-
tary, defined as not having engaged in regular physical
activity over the previous 6 mo. Individuals with resting
systolic blood pressure greater than 159 mmHg and/or dia-
stolic blood pressure more than 99 mmHg were excluded. The
study protocol had been approved by each of the Institutional
Review Boards of the HERITAGE Family Study research
consortium. Written informed consent was obtained from
each participant.

Submaximal exercise cardiac output and stroke volume.
Before and after the 20-wk training program, each subject
completed three cycle ergometer (SensorMedics Ergo-Metrics
800S, Yorba Linda, CA) exercise tests conducted on separate
days: a maximal exercise test (Max), a submaximal exercise
test (Submax), and a submaximal/maximal exercise test
(Submax/Max) (32). The Submax test was performed at 50 W
and at 60% of the initial maximal oxygen consumption
(VO2 max). Subjects exercised for 8–12 min at each work rate,
with a 4-min period of seated rest between exercise periods.
The Submax/Max test was started with the Submax protocol.
After exercising at 60% VO2 max, subjects also exercised for 3
min at 80% VO2 max. The test was then progressed to a
maximal level of exertion. Heart rate (HR) and Q were
determined twice at 50 W (HR50 and Q50, respectively), and

the values presented in this paper represent the mean of the
responses for the two submaximal tests (i.e., four individual
measurements), both before and after training. Q50 was
determined using the Collier CO2 rebreathing technique (11),
as described by Wilmore et al. (33). SV at 50 W (SV50) was
derived by dividing Q50 by HR50 (measured with ECG) at
the time of the Q50 determination (i.e., SV50 � Q50/HR50).
Q50 and SV50 training responses (�) were calculated as
posttraining values minus pretraining values. The reproduc-
ibility of measurements was high, with coefficients of varia-
tion and intraclass correlation coefficients ranging from 4.4
to 7.6 and 0.76 to 0.93, respectively (35).

Exercise training program. The exercise training program
has been described in detail previously (32). Briefly, the
exercise intensity of the 20-wk training program was custom-
ized for each participant based on the HR-VO2 relationship
measured at baseline. During the first 2 wk, the subjects
trained at a HR corresponding to 55% of the baseline VO2 max

for 30 min per session. Duration and intensity of the training
sessions were gradually increased to 50 min and 75% of the
HR associated with baseline VO2 max, which were then sus-
tained for the last 6 wk. Training frequency was three times
per week and all training was performed on cycle ergometers
in the laboratory. HR was monitored during all training
sessions by a computerized cycle ergometer system (Univer-
sal FitNet System), which adjusted ergometer resistance to
maintain the target HR. Trained exercise specialists super-
vised all exercise sessions.

Data adjustment. Both SV50 and Q50 increase as a func-
tion of body size, tend to decrease with aging, and are greater
in men than in women. Therefore, baseline Q50 and SV50
were adjusted for the effects of sex, age, and body surface
area (BSA) using step-wise multiple regression (25). The
pretraining levels of SV50 and Q50 were strong determi-
nants (10–35% of the total variance) of the respective train-
ing responses. Therefore, training response phenotypes were
adjusted also for baseline value of the phenotype. In sum-
mary, Q50 and SV50 phenotypes were regressed on baseline
BSA, baseline Q50 or SV50 (for training responses only), and
up to a 3rd degree polynomial in age, separately within
race-by-sex-by-generation subgroups. Only significant terms
(5% level) were retained (i.e., the model did not need to be
saturated). The residuals from this regression (or the raw
score, if no BSA or age terms were significant) were then
standardized to zero mean and unit variance within each
subgroup and constituted the analysis variable.

Molecular studies. A total of 509 markers with an average
spacing of 6.0 Mb were used. PCR conditions and genotyping
methods have been fully outlined previously (10). Automatic
DNA sequencers from LI-COR were used to detect the PCR
products, and genotypes were scored automatically using the
software SAGA. Incompatibilities of Mendelian inheritance
were checked, and markers showing incompatibilities were
regenotyped completely (�10% were retyped). Microsatellite
markers were selected mainly from the Marshfield panel
version 8a. The panel of markers included also some can-
didate genes for relevant HERITAGE phenotypes, includ-
ing blood pressure. Map locations were taken from the
Genetic Location DataBase of Southampton, UK (http://
cedar.genetics.soton.ac.uk).

Linkage analyses. Linkage analysis was performed using a
multipoint variance components model as implemented in
SEGPATH (22). Under this model, a phenotype is influenced
by the additive effects of a trait locus (g), a residual familial
background modeled as a pseudo-polygenic component (GR),
and a residual nonfamilial component (r). The effects of the
trait locus and the pseudo-polygenic component on the phe-
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notype represent the locus-specific (h2
g) and residual genetic

(h2
r) heritabilities. Allele sharing probabilities (at each

marker location for each sib pair) were used as input data for
the SEGPATH linkage model. These multipoint probabilities
were derived using the program MAPMAKER/SIBS (18).
Other parameters in the model include spouse (u) and addi-
tional sibling (b) resemblance, and the mean and variance of
the phenotype in the offspring.

The linkage hypothesis is tested by restricting the trait
locus heritability to be zero. A likelihood ratio test contrasts
the null hypothesis (h2

g � 0) with the alternative (h2
g esti-

mated). The difference in �2 ln L (minus twice the log
likelihood) between the null and alternate hypotheses is
asymptotically distributed as a 50:50 mixture of a �1

2 and a
point mass at zero, and the P value is one-half of that
associated with the �2 value with 1 degree of freedom (30).
The LOD score is [�2/(2 � loge10)]. The alpha level used here
to identify promising results (P � 0.0023, corresponding to a
LOD score of 1.75) represents, on average, one false-positive
per scan for experiments involving �400 markers (24).

In addition to the SEGPATH analyses, both single-point
and multipoint linkage analyses were performed with the
sib-pair linkage procedure (12, 14) as implemented in the
SIBPAL2 program of the SAGE 4.0 Statistical Package (28).
Briefly, if there is a linkage between the marker locus and a
putative gene influencing the phenotype, then sibs sharing a
greater proportion of alleles identical-by-descent (IBD) at the
marker locus also will show a greater resemblance in the
phenotype. Phenotypic resemblance of the sibs, modeled as
the mean-corrected trait cross-product of the sibs’ trait val-
ues, is linearly regressed on the estimated proportion of
alleles that the sib-pair shares IBD at each marker locus.
Both single- and multipoint estimates of allele sharing IBD
were generated using the GENIBD program of the SAGE 4.0
package. All analyses were conducted separately for blacks
and whites.

RESULTS

The means and standard deviations for cardiac out-
put and stroke volume at 50 W (Q50 and SV50, respec-

tively) and their responses to endurance training are
summarized in Table 1. These results have been de-
scribed and discussed in detail elsewhere (34). In
whites, markers on chromosomes 10p11.2 and 14q31.1
showed promising linkages with SV50 training re-
sponse and baseline SV50, respectively (Table 2). In
addition, suggestive evidence for quantitative trait loci
(QTL) for both �SV50 and �Q50 were detected on
chromosome 2q31.1. Markers on chromosome 9q32-q33
showed suggestive linkages with baseline SV50 and
Q50. These QTLs were detected with all linkage meth-
ods. In addition, SEGPATH provided suggestive evi-
dence of linkage for baseline SV50 and Q50 on chro-
mosomes 7q35 and 17p13.1, respectively, and for �Q50
in 11q13.1 and 20q13.33. However, SIBPAL2 showed
only modest support (P � 0.01–0.05) for these QTLs.

In blacks, markers on chromosome 18q11.2 showed
promising evidence of linkage for baseline Q50 (Table
3). Three regions with suggestive linkages were de-
tected for baseline SV50 (1p21.3, 3q13.3, 12q13.2), and
one suggestive QTL (10p14) was found for baseline Q50
(Table 3). One of the QTLs (10p15-p13) was common
for both baseline phenotypes. In addition, SIBPAL2
provided suggestive evidence of linkage for �Q50 on
chromosome 19q13.43, but SEGPATH provided only
modest support (P � 0.026).

DISCUSSION

Based on the evidence from quantitative genetic
studies, it is reasonable to undertake a search for QTLs
and, ultimately genes, affecting submaximal exercise
Q and SV both in the sedentary state and in response
to exercise training. Identifying these QTLs and resolv-
ing them in terms of genes and mutations would ben-
efit not only our understanding of basic human exer-
cise physiology but also would contribute to our

Table 1. Unadjusted baseline stroke volume and cardiac output and their responses to training

Variable Group

Blacks Whites

n Mean SD n Mean SD

Baseline

SV50, ml/beat Fathers 25 104.8 14.8 90 104.6 17.2
Mothers 51 84.9 13.2 91 84.2 12.9
Sons 65 113.9 14.3 141 111.3 17.1
Daughters 131 86.9 14.3 153 86.7 14.8

Q50, l/min Fathers 25 11.6 1.2 90 10.9 1.6
Mothers 51 11.4 1.4 91 10.6 1.4
Sons 65 12.1 1.4 141 11.8 1.5
Daughters 131 11.5 1.3 153 10.9 1.3

Training response

�SV50, ml/beat Fathers 25 	8.5 13.7 85 	2.4 10.6
Mothers 46 	8.5 9.2 88 	4.1 9.2
Sons 63 	5.3 11.4 131 	3.2 14.0
Daughters 117 	3.2 11.0 146 	3.0 10.2

�Q50, l/min Fathers 25 �0.2 1.3 85 �0.7 1.2
Mothers 46 �0.2 1.0 88 �0.7 0.9
Sons 63 �0.3 1.2 131 �0.6 1.2
Daughters 116 �0.7 1.1 146 �0.7 1.0

SV50, stroke volume at 50 W; Q50, cardiac output at 50 W.
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understanding of the genetic basis of cardiovascular
regulation. The present study is the first attempt to
localize such genomic regions, and our results indicate
suggestive evidence for QTLs affecting submaximal
exercise Q and SV on chromosomes 2q, 10p, and 14q in
whites and on chromosomes 1p and 18q in blacks.
However, none of the evidence for any QTL was con-
sistent between the two race groups, which may reflect
the smaller sample size and lower statistical power to
detect linkages in black families.

By definition, a genetic linkage is a property of a
chromosomal locus and does not refer to an allele (a
specific mutation) in a given gene. Therefore, a ge-
nome-wide linkage analysis can be used to identify
chromosomal regions, which harbor genes and muta-
tions affecting the phenotype, but a significant linkage
result does not indicate that the genetic marker in
question is associated with the trait. Identification of a
gene responsible for the linkage signal requires further
characterization of the QTL region by typing additional
microsatellite markers and single nucleotide polymor-
phisms, using a combination of linkage and association
methods, sequencing steps, and other technologies.
Furthermore, replication of the QTLs in other popula-
tions is desirable to gain further support for the rele-
vance of the chromosomal region for a given phenotype.
Unfortunately, similar data on submaximal exercise
SV and Q phenotypes from family studies have not
been reported yet, and therefore the comparison of our

findings with those from other populations is not pos-
sible. However, a comparison with linkage scans for
resting hemodynamic phenotypes reveals some com-
mon chromosomal areas. The submaximal exercise SV
and Q training response QTL in chromosome 2q31 in
the present study maps to the same region where
previous studies have reported QTLs for familial di-
lated cardiomyopathy (31) and for resting diastolic
blood pressure in Old Order Amish (16) and in a geo-
graphically defined subgroup of Finnish dizygotic
twins (21). The linkage with baseline SV50 and Q50 in
chromosome 10p14 coincides with a QTL for arrhyth-
mogenic right-ventricular dysplasia (20) and a linkage
region for resting systolic blood pressure in the Quebec
Family Study (26). Finally, the linkages between base-
line SV50 and markers on chromosomes 1p21.3 and
12q13 in blacks map close to QTLs reported for auto-
somal recessive polymorphic ventricular tachycardia
induced by catecholamines or vigorous exercise in Be-
douin families (19) and for left ventricular contractility
in whites of the HyperGEN study (3), respectively.
Interestingly, the QTLs for SV50 and Q50 are localized
on chromosomal regions different from those for sub-
maximal exercise blood pressure (23) and maximal
oxygen uptake (8), suggesting that these physiologi-
cally related traits may not share a common genetic
background.

The constantly improving sequence map of the hu-
man genome provides us with an opportunity to iden-

Table 2. Promising (P � 0.0023) and suggestive (P � 0.01) linkages with submaximal exercise stroke volume
and cardiac output phenotypes in the sedentary state and in response to endurance training in whites

Marker Chr
Map Position,

Mb Trait

SIBPAL2 (P values) SEGPATH

Multipoint Singlepoint LOD P value

D2S305 2p23.3 28.889 �Q50 0.027 0.062 1.27 0.008
D2S335 2q31.1 180.056 �SV50 0.006 0.0043 1.46 0.0047

�Q50 0.0018 0.006 1.63 0.003
D2S1391 2q32.1 193.234 �SV50 0.006 0.015 1.01 0.012
LEP 7q31.33 134.321 SV50 0.011 0.004 1.30 0.007
D7S495 7q34 149.829 SV50 0.027 0.136 1.20 0.009
D7S2195 7q35 156.380 SV50 0.028 0.058 1.44 0.005
D9S58 9q32 115.027 Q50 0.0057 0.0064 0.99 0.016

SV50 0.011 0.029 1.56 0.0037
D9S106 9q32 117.423 SV50 0.011 0.008 1.44 0.005

Q50 0.005 0.0024 0.74 0.032
D9S930 9q33.1 119.816 Q50 0.0094 0.0066 0.59 0.05
D9S51 9q33.1 121.137 SV50 0.028 0.112 1.37 0.006
D9S155 9q33.1 121.961 SV50 0.021 0.098 1.35 0.006
D9S154 9q33.1 123.013 Q50 0.007 0.0051 0.51 0.63
D9S934 9q33.2 123.662 SV50 0.009 0.025 1.62 0.003

Q50 0.0026 0.027 0.81 0.026
D9S250 9q33.3 127.945 SV50 0.044 0.246 1.42 0.0053
D10S2325 10p14 14.077 SV50 0.007 0.026 0.54 0.058
D10S197 10p14 20.312 �SV50 0.0055 0.021 1.13 0.011
D10S601 10p12.3 21.762 �SV50 0.0027 0.00015 1.07 0.013
D10S1732 10p12.3 22.826 �SV50 0.0046 0.061 0.99 0.016
D10S1666 10p11.2 35.285 �SV50 0.00005 0.00097 1.96 0.0013
D10S1768 10p11.2 38.415 �SV50 0.0018 0.176 1.20 0.009
D11S1889 11q13.1 75.347 �Q50 0.014 0.058 1.39 0.0056
D14S53 14q31.1 82.701 SV50 0.0019 0.0004 1.73 0.0024
D17S974 17p13.1 12.330 Q50 0.027 0.018 1.35 0.0063
D20S171 20q13.33 67.196 �Q50 0.015 0.036 1.35 0.006

All baseline phenotypes are adjusted for age, sex, and baseline body surface area (BSA). Training response (�) phenotypes are adjusted also
for baseline value of the response phenotype. Chr, chromosome.
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tify the strongest candidate genes for the linkage re-
gion before pursuing positional cloning efforts. For
example, in the present study, the marker D10S1666
on chromosome 10p11.2 showed promising linkage
with SV50 training response. Within 1.0 Mb of this
marker is located a gene encoding integrin-
1 (ITGB1).
Integrins are transmembrane receptors composed of �-
and 
-subunits, and they serve as an important link
between extracellular matrix and intracellular struc-
tures and functions. In the heart, one role of the in-
tegrins is to function as mechanotransducers during
normal development and in response to several physio-
logical signals (27). Considering that integrin-
1 is the
major 
-subunit isoform expressed in cardiac myo-
cytes, the ITGB1 would be a good candidate gene for
exercise training-induced changes in cardiac pheno-
types, such as stroke volume.

The marker D2S335 on chromosome 2q31 showed
suggestive linkages with both Q50 and SV50 training
responses. Interestingly, a gene encoding titin (TTN) is
located in the same region with this marker. Titin is a
structural protein in striated muscle cells and is a
major determinant of elastic properties of muscle fi-
bers. Consequently, titin seems to be a major contrib-
utor to the diastolic force of myocardium, and differen-
tial expression of titin isoforms has been suggested to
contribute to the elastic diversity of atrial and ventric-
ular myofibrils (9, 13). Furthermore, a mutation in the
titin gene has been proposed to contribute to some
forms of familial hypertrophic cardiomyopathies (29).
Finally, marker D14S53, which showed the strongest

evidence for linkage with baseline SV50 in whites,
maps in intron 4 of the estrogen-related receptor-

(ESRRB) gene. The ESRRB is an orphan nuclear re-
ceptor that is homologous to the estrogen receptors, but
is not activated by natural estrogens. Another interest-
ing candidate on this region is the transforming growth
factor-
3 (TGFB3) gene, which is located within 500 kb
of the D14S53. Considering the growth-promoting
properties of transforming growth factor-
, and that
the expression of TGFB3 is increased in cardiac hyper-
trophy, TGFB3 is also a good candidate gene for this
QTL. Thus all the QTLs identified in the current study
harbor several potential candidate genes. Naturally,
these hypotheses must be tested in future studies us-
ing positional cloning and fine mapping techniques.

In summary, these data from the HERITAGE Fam-
ily Study provide evidence for several genomic regions
that contain genes potentially affecting submaximal
exercise Q and SV in the sedentary state and in re-
sponse to endurance training in blacks and whites.
These genomic regions should be explored further to
identify the genes and characterize the mutations that
contribute to observed interindividual variation in ex-
ercise Q and SV phenotypes.

The HERITAGE Family Study is supported by National Heart,
Lung, and Blood Institute Grants HL-45670 (to C. Bouchard), HL-
47323 (to A. S. Leon), HL-47317 (to D. C. Rao), HL-47327 (to J. S.
Skinner), and HL-47321 (to J. H. Wilmore). A. S. Leon is partially
supported by the Henry L. Taylor endowed Professorship in Exercise
Science and Health Enhancement. C. Bouchard is partially sup-
ported by the George A. Bray Chair in Nutrition.

Table 3. Promising (P � 0.0023) and suggestive (P � 0.01) linkages with submaximal exercise stroke volume
and cardiac output phenotypes in the sedentary state and in response to endurance training in blacks

Marker Chr
Map Position,

Mb Trait

SIBPAL2 (P values) SEGPATH

Multi-point Single-point LOD P value

D1S1588 1p21.3 102.149 SV50 0.0033 0.012 1.42 0.005
D1S1631 1p21.23 106.988 SV50 0.0038 0.0076 1.42 0.005
D1S404 1q44 260.870 Q50 0.0089 0.0072 0.72 0.034
D1S2842 1q44 261.449 Q50 0.0064 0.0063 0.79 0.029
D1S2682 1q44 262.355 Q50 0.0027 0.144 0.94 0.019
D2S1384 2q33.2 212.118 Q50 0.0078 0.016 0.90 0.021
D3S3045 3q13.31 129.480 SV50 0.0078 0.021 1.25 0.008
D3S3045 3q13.31 129.480 �Q50 0.008 0.014 1.00 0.016
D10S585 10p14 13.301 Q50 0.056 0.186 1.30 0.007
D10S2325 10p14 14.077 SV50 0.022 0.019 1.25 0.0082
D10S2325 10p14 14.077 Q50 0.009 0.012 1.48 0.0045
D10S1725 10p13 16.097 Q50 0.009 0.101 1.15 0.011
D12S398 12q13.13 62.030 SV50 0.018 0.052 1.38 0.006
D12S359 12q13.13 62.172 SV50 0.030 0.089 1.20 0.009
D12S1604 12q13.13 62.230 SV50 0.039 0.0042 1.26 0.008
D12S1724 12q13.2 62.671 SV50 0.010 0.0054 1.55 0.0038
D12S90 12q14.2 71.552 SV50 0.040 0.040 1.40 0.0056
D18S542 18p11.21 13.690 Q50 0.0087 0.058 1.11 0.012
D18S480 18q11.1 22.965 Q50 0.012 0.015 1.23 0.0086
D18S1107 18q11.2 23.468 Q50 0.007 0.006 1.28 0.0076
D18S866 18q11.2 24.674 Q50 0.0015 0.110 1.79 0.002
D18S819 18q11.2 27.043 Q50 0.0022 0.019 1.57 0.0036
D18S1151 18q12.1 31.423 Q50 0.0077 0.155 1.26 0.008
D18S56 18q12.3 41.443 Q50 0.009 0.0076 1.01 0.016
D19S254 19q13.43 63.697 �Q50 0.0048 0.010 0.82 0.026

All baseline phenotypes are adjusted for age, sex, and baseline BSA. Training response (�) phenotypes are adjusted also for baseline value
of the response phenotype.

61GENOMIC SCAN FOR EXERCISE STROKE VOLUME AND CARDIAC OUTPUT

Physiol Genomics • VOL 10 • www.physiolgenomics.org



Some of the results of this paper were obtained by using the
program package SAGE, which is supported by National Institutes of
Health Research Resource Grant 1-P41-RR-03655.
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