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Physiology and Biochemistry
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nnnn Familial aggregation of stroke volume (SV) and cardiac out-
put (Qc by CO2 rebreathing) at 50 Watts (W) and 60 % of maximal
oxygen uptake (VÇO2max) as well as their changes in response to a
20-week endurance exercise training program was assessed in
99 Caucasian families who participated in the HERITAGE Family
Study. In order to interpret familial influences independent of ef-
fects of age, sex, and body size (indexed by body surface area
here), SV and Qc levels were adjusted for these primary param-
eters prior to genetic analysis within four sex-by-generation
groups (the responses to training were additionally adjusted for
their baseline values). Maximal heritabilities for baseline SV, Qc,
and their changes in response to training during the two stages
of submaximal exercise were estimated using a familial correla-
tion model. At 50 W, maximal heritabilities reached 41 % and
42 % for baseline SV and Qc, respectively, and were 29 % and
38 % for the respective responses to training. At 60 % of VÇO2max,
maximal heritabilities reached 46 % for baseline SV and Qc, and
were 24 % and 30 % for the respective responses to training. Gen-
erally there were no meaningful differences between the maxi-
mal heritabilities at 50 W and 60 % of VÇO2max. However, the max-
imal heritabilities for the baseline were slightly higher than the
estimates for the changes in response to training. Based upon re-
sults arising from these non-obese, non-hypertensive, and sed-
entary families, we found that SV and Qc at 50 W and 60 % of VÇO2-

max as well as their changes in response to the 20-week endur-
ance exercise training were moderately heritable. Not only ge-
netic determinants but also familial non-genetic factors might
attribute to the observed patterns of familial aggregation of SV
and Qc during submaximal exercise in the present study.

n Key words: 50 W, 60 % of VÇO2max, endurance training, maxi-
mal heritability.

Introduction

It is presently known that both cardiorespiratory fitness and
increased levels of physical activity are independently asso-
ciated with a reduced risk for cardiovascular disease (CVD)
[8, 9,12]. Maximal oxygen consumption (VÇ O2max) is frequent-
ly employed to index levels of cardiorespiratory fitness. The
latter is reportedly to be negatively associated with CVD risk
factor profile, CVD mortality, and all-cause mortality in men
and women [4]. By definition, VÇ O2max hemodynamically is
the product of cardiac output (Qc) and arterial-mixed venous
oxygen difference (a-vO2 diff), i.e. VÇ O2 = QC � a-vO2 diff. Cardiac
output is simply the product of stroke volume (SV) and heart
rate (HR) (Qc = SV � HR). Increases in VÇ O2 max with exercise
training are primarily the result of increases in Qc, which, in
turn, results from an increase in SV max [22]. It is therefore im-
portant to understand the genetic and familial non-genetic de-
terminants of baseline SV, Qc, and the responses to training
during submaximal exercise. It is known that there are familial
determinants for resting HR. For example maximal heritabil-
ities ranged from 32 % to 34 % for baseline resting HR [2,13]
and was 26 % for its response to training in the HERITAGE Fam-
ily Study [15]. Further, An et al. found evidence of a major locus
effect for baseline resting HR and a major non-Mendelian ef-
fect for its response to training in the same study [3]. In con-
trast to HR no studies have been performed previously to re-
port familial influences on SV and Qc at rest or during exercise.

In the present study we assessed the role of genetic and famil-
ial non-genetic factors on SV and Qc measured during submax-
imal exercise at 50 W and 60% of VÇ O2max before and after
completing a 20-week endurance exercise training program.
Familial aggregation of HR together with systolic blood pres-
sure (SBP) and rate pressure product (RPP, HR�SBP) measured
during submaximal exercise was reported separately in the
HERITAGE Family Study [11].

Materials and Methods

Sample

The HERITAGE Family Study was designed to investigate the
role of the genotype in cardiovascular, metabolic, and hormo-
nal responses to aerobic exercise training and the contribution
of regular exercise to changes in cardiovascular disease and
diabetes risk factors. A description of the HERITAGE Family
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Study protocol, population, and inclusion and exclusion crite-
ria has been published [5].

A total of 438 individuals from 99 two-generation white fami-
lies (214 men and 224 women) were available for analyses of
baseline SV and Qc whereas a total of 424 individuals (206
men and 218 women) had complete data allowing computa-
tion of the response to training. Table 1 gives the sample sizes
within four sex-by-generation subgroups (fathers, mothers,
sons, and daughters) for baseline SV and Qc and the changes
in response to training. Black families were also recruited and
tested in the HERITAGE Family Study. Their results will be re-
ported separately to assess racial difference in the pattern of
familial aggregation.

Exercise training program

Following the initial test battery, subjects completed a 20-
week endurance training program (3 days per week for a total
of 60 exercise sessions) on cycle ergometers (SensorMedics Er-
goMetrics 800S, Yorba Linda, CA) which were computer-con-
trolled to maintain the participants© heart rates at levels asso-

ciated with fixed percentages of their VÇ O2max. The training
program started at 55 % of VÇ O2max for 30 minutes per session
and gradually increased to 75 % of VÇ O2max for 50 minutes per
session during the last 6 weeks of training. The full test battery
was administered again at the conclusion of the training pro-
gram. All training sessions were supervised on site, and adher-
ence to the protocol was strictly monitored.

Submaximal exercise test and measurements

Submaximal exercise tests at 50 W and at 60 % of VÇ O2max (two
stages) were conducted on a cycle ergometer. Subjects exer-
cised 8 ± 12 minutes at an absolute (50 W) and at a relative
power output equivalent to 60% of VÇ O2max. As to the latter
there is a linear relationship between VÇ O2 and power output.
Once we had the data on VÇ O2 at each power output and the
VÇ O2max, we plotted the values for each subject and deter-
mined which power output was associated with 60% of that
subject©s VÇ O2max. During submaximal exercise two HR and
Qc measurements on separate days both before and after the
20-week endurance training program were obtained and aver-
aged across the two tests at 50 W and 60% of VÇ O2max. HR was

Table 1 Means and SD for age, BSA, SV, Qc at 50 W and at 60 % of VÇO2max

Variables No. Means SD No. Means SD

Fathers Mothers
Age (years) 85 53.5# 5.5 82 52.0# 5.0
BSA (m2) 85 2.1* 0.2 82 1.8*,# 0.2

Sons Daughters
Age (years) 129 25.4# 6.1 142 25.7# 6.5
BSA (m2) 129 2.0* 0.2 142 1.7*,# 0.2

50 W Fathers Mothers
Baseline
SV (ml/beat) 85 103.9*,# 16.6 82 84.6* 12.7
Qc (l/min) 85 10.9# 1.6 82 10.6 1.4
Response to training
SV (ml/beat) 83 2.8 10.3 78 4.1 9.1
Qc (l/min) 83 ± 0.6 1.2 78 ± 0.7 0.9

Sons Daughters
Baseline
SV (ml/beat) 129 111.0*, # 17.3 142 86.7* 14.9
Qc (l/min) 129 11.7*, # 1.5 142 10.9 1.3
Response to training
SV (ml/beat) 123 3.0 14.0 140 3.4 9.7
Qc (l/min) 123 ± 0.6 1.2 140 ± 0.6 1.0

60 % of VÇO2max Fathers Mothers
Baseline
SV (ml/beat) 85 108.1*,# 18.1 82 84.5* 12.7
Qc (l/min) 85 13.8*, # 2.2 82 10.8*, # 1.6
Response to training
SV (ml/beat) 83 10.6# 11.2 78 7.9 9.2
Qc (l/min) 83 0.8 1.4 78 0.5# 1.2

Sons Daughters
Baseline
SV (ml/beat) 129 118.9*, # 20.0 142 86.4* 15.8
Qc (l/min) 129 17.3*, # 2.7 142 12.9*, # 2.0
Response to training
SV (ml/beat) 123 14.4*, # 12.8 140 10.3* 11.1
Qc (l/min) 123 1.2 1.7 140 1.2# 1.5

#: Significant (P < 0.05) mean differences for father-son or mother-daughter (within sex) comparisons.
*: Significant (P < 0.05) mean differences for father-mother or son-daughter (within generation) comparisons

Familial Aggregation of Stroke Volume and Cardiac Output Int J Sports Med 2000; 21 567
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calculated from an electrocardiogram, and values were record-
ed once steady state had been achieved at 50 W and 60% of
VÇ O2max. Steady state was defined as a plateau or a point where
there was little variation in HR. This generally occurred during
the first 3 ±4 minutes at a new power output. Qc was deter-
mined using the Collier [7] CO2 re-breathing technique as de-
scribed by Wilmore et al. [20]. SV was derived from Qc and HR
(SV = Qc/HR). A detailed description of the exercise test meth-
odology has been reported recently by Skinner et al. [18] .

Data adjustments

In the present study baseline SV and Qc at 50 W and 60 % of
VÇ O2max were significantly correlated with age (r = ± 0.15 to
± 0.40, P < 0.002), sex (r = ± 0.20 to ± 0.59, P = 0.0001), and
body surface area (BSA, r = 0.35 to 0.53, P = 0.0001). BSA (m2,
weight (kg)0.5378 � height (cm)0.3164 � 0.024265) [10,16] is con-
sidered to be the best estimate of body size whereas body mass
index (BMI, weight [kg]/height [m]2) is more related to fatness.
To assess familial influences independent of potential effects
rendered by these primary co-variates, baseline SV and Qc
were adjusted for the effects of a polynomial in age (linear,
quadratic, and cubic) and BSA within each of the four sex-by-
generation groups on both the mean and the variance (e.g.
heteroscedasticity) using a stepwise multiple regression
procedure. Likewise SV and Qc responses to training were
adjusted for the effects of a polynomial in age (age, age2, and
age3 ), BSA, and the baseline values. For each of the regressions
only terms that were significant at the 5 % level were retained.
Each of the adjusted phenotypes was finally standardized to a
mean of zero and a SD of one.

Familial resemblance

A preliminary test for familial aggregation was undertaken
with an analysis of variance (ANOVA). The ANOVA was per-
formed on the adjusted phenotypes (e.g. baseline SV and Qc,
or the responses to training) as the dependent variable and
family ID as the independent variable.

The computer program SEGPATH [14] was used to fit the sex-
specific familial correlation model directly to the family data
using the method of maximum likelihood. The general model
was based on 4 subgroups (fathers [f], mothers [m], sons [s],
and daughters [d]) giving rise to 8 correlations in 3 familial
classes (1 spouse [fm], 4 parent-offspring [fs, fd, ms, md], and
3 sibling [ss, dd, sd]). Each null hypothesis was tested by a
comparison to the general model using the likelihood ratio test
(LRT), which is the difference in minus twice the log-likelihood
(± 2 In L) obtained under the two models. In addition to the
LRT, Akaike©s Information Criterion (AIC), which is ± 2 In L plus
twice the number of estimated parameters, was used to com-
pare non-nested models [11]. The ©best© model is the one with
the smallest AIC.

Sex and generation differences in correlations were tested in
model 2 (no sex differences in offspring, fs = fd, ms = md,
ss = dd = sd), model 3 (no sex differences in parents or off-
spring, fs = fd = ms = md, ss = dd = sd), and model 4 (no sex and
no generation differences, fs = fd = ms = md = ss = dd = sd) (see
Table 4). The significance of various components of the familial
resemblance was examined in model 5 (no sibling correla-
tions, ss = dd = sd = 0), model 6 (no parent-offspring correla-

tions, fs = fd = ms = md = 0), and model 7 (no spouse resem-
blance, fm = 0). Finally a single correlation was fit to the data
by equating all 8 correlations in model 8. A parsimonious mod-
el was determined by combining the non-rejected hypotheses
into a single test (e.g. model 9, fm = 0, fs = fd, ms = md,
ss = dd = sd = 0; model 10, fm = fs = fd = ms = md, ss = dd = sd = 0;
model 11, fm = 0, fs = fd = ms = md = ss = dd = sd). Maximal her-
itability was computed using the familial correlations from
the most parsimonious model. This estimate includes both
polygenic and familial environmental sources of variance and
is adjusted for the degree of spouse resemblance.

Results

In this study coefficients of variation for repeated measure-
ments were 7.6 % and 7.2 % for SV and Qc at 50 W, respectively,
and were 6.9 % and 5.9 % for SV and Qc at 60% of VÇ O2max,
respectively. Intraclass correlations were 0.87 and 0.76 for SV
and Qc at 50 W, respectively, and were 0.91 and 0.93 for SV
and Qc at 60% of VÇ O2max, respectively [21]. Thus the pheno-
types were measured with high reproducibility and good pre-
cision, which is necessary for a meaningful interpretation of
the responses to training.

Means and SD of the unadjusted baseline SV and Qc and the
changes in response to training are presented in Table 1. Signif-
icant age, BSA, and baseline terms with percentages of var-
iance accounted for in each of the four sex-by-generation
groups are presented in Table 2. In general, BSA was a signifi-
cant predictor of baseline SV, Qc, and the responses to training
except that it was not a significant predictor of Qc response to
training at 60% of VÇ O2max. Baseline variables were significant
predictors of the changes in response to training. Age was sole-
ly a significant predictor of Qc at 60% of VÇ O2max (in fathers
and offspring for the baseline and in daughters for the re-
sponse to training).

The ANOVA results are presented in Table 3. Baseline, the F-ra-
tios ranged from 2.16 to 2.34 (P < 0.01) with 38 %± 40% of the
variance accounted for by family membership. Relative to the
responses to training, the F-ratios ranged from 1.55 to 2.17
(P < 0.01) with 32 %± 40% of the variance accounted for by
family membership. These results suggest that baseline SV,
Qc, and their responses to training aggregate in families.

The model-fitting results are presented in Table 4. For baseline
SV and Qc at 50 W, models 2 ± 4 were not rejected suggesting
no sex and generation differences in the correlations. Models
5 ± 7 were rejected (P < 0.05) which suggested the presence of
significant sibling, parent-offspring as well as spouse resem-
blance (with no sex and generation differences). The hypoth-
esis of a single correlation (model 8) was not rejected and
provided the most parsimonious fit to the data according to
the LRT and AIC. For baseline SV at 60% of VÇ O2max, each of
the constrained hypotheses (models 2 ±6 and model 8) was re-
jected except for the hypothesis of no spouse resemblance
(model 7), and the latter provided the most parsimonious fit
to the data according to the LRT. For baseline Qc at 60 % of VÇ O2-

max, there were no sex and no generation differences (models
2 ± 4 were not rejected). Sibling and parent-offspring correla-
tions were significant (models 5 ± 6 were rejected) while
spouse resemblance was not significant (model 7 was not re-
jected). Although the hypothesis of a single correlation (model

Int J Sports Med 2000; 21 An P et al568
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8) was rejected, it was further tested in the absence of spouse
resemblance (model 11), and the latter provided the ©best© fit to
the data according to the LRT and AIC.

According to the LRT and AIC the most parsimonious hypoth-
esis was model 2 (no sex difference in offspring) for SV re-
sponse to training at 50 W. Whereas hypotheses 2 ± 8 were all
rejected, the general model actually provided the most parsi-
monious fit for the data for Qc response to training at 50 W.
At 60% of VÇ O2max a single correlation model fit each of SV
and Qc responses to training while a single correlation hypoth-
esis with no spouse resemblance (model 11) was the most par-
simonious.

Parameter estimates (correlations � SE) are given in Table 5 un-
der both the general and the most parsimonious hypotheses
for each of the phenotypes. The maximal heritabilities, which
include both genetic and non-genetic familial sources of var-
iance (see footnote in Table 5), ranged from 41 %± 46 % for the
baseline measures and 24% ± 38 % for the responses to training.

Discussion

In the present study SV increased about 3± 4 ml/beat at the ab-
solute rate of work (50 W) and about 8 ±14 ml/beat at the rela-
tive rate of work (60% of VÇ O2max) in response to training dur-
ing submaximal exercise. While baseline Qc levels during sub-
maximal exercise considerably increased, Qc changes in re-
sponse to training were very modest (close to zero), ranging
from ± 0.6 to ± 0.7 l/min at 50 W to 0.5 to 0.8 l/min at 60% of
VÇ O2max. Detailed results for age, sex, and race differences of
SV and Qc changes consequent to the 20-week endurance
training during submaximal exercise were reported by Wil-
more et al. in a separate study in the HERITAGE Family Study
[23]. The results in the current study are physiologically con-
sistent with our common understanding that Qc is maintained
by decreasing HR but increasing SV levels consequent to regu-
lar exercise [6,17, 20]. In this study the mean Qc changes in re-
sponse to training were modest but they may cluster in fami-
lies, i.e. we cannot conclude that there is no familial effect just
because the overall mean change in response to training is
near zero.

To the best of our knowledge heritability estimates based on
family studies, twin studies, and other particular cohort stud-
ies for SV and Qc during submaximal exercise have never been
reported in the research literature. The present study therefore
represents the first attempt to assess familial effects on SV and
Qc during submaximal exercise. As stated above, maximal her-

Table 2 Data adjustments for baseline SV, Qc, and the responses to training

Effects Group Significant terms % Var. Significant terms % Var.

Baseline 50 W 60 % of VÇO2max

SV fathers BSA 15.50 BSA 16.60

mothers BSA 7.78 none none

sons none none BSA 3.12

daughters BSA 26.04 BSA 25.67

Qc fathers BSA 15.13 age, BSA 21.60

mothers BSA 11.88 none none

sons none none age3, BSA 7.61

daughters BSA 20.15 BSA, age 20.70

Response 50 W 60 % of VÇO2max

SV fathers BSA, base 17.63 base 5.21

mothers base 13.64 none none

sons base 17.91 BSA, base 21.07

daughters base 14.95 base 9.66

Qc fathers BSA, base 42.79 base 6.86

mothers BSA. base 37.93 base 8.70

sons base 26.49 base 21.60

daughters base 25.39 age, age2, base 13.20

Table 3 The comparisons of the between-family and within-family
components

Variable R2 F-value P

50 W
Baseline:
SV* 0.40 2.26 0.0001
Qc 0.40 2.34 0.0001
The responses to training:
SV 0.35 1.75 0.0001
Qc 0.40 2.17 0.0001
60 % of VÇO2max
Baseline:
SV 0.38 2.16 0.0001
Qc 0.40 2.33 0.0001
The responses to training:
SV 0.32 1.55 0.0026
Qc 0.34 1.68 0.0004

*: The F value indicates that there is a 2.26 times more variance (P = 0.0001)
between than within families in the age-adjusted SV at 50 W with 40 % of the
variance being accounted for by family membership

Familial Aggregation of Stroke Volume and Cardiac Output Int J Sports Med 2000; 21 569
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itabilities reflect collective effects of not only genetic determi-
nants but also non-genetic familial factors. After adjusting for
the degree of spouse resemblance and the effects of age, sex,
and body size, they reached 41% ±46 % for SV and Qc during
submaximal exercise. They were slightly lower (24%± 38 %)
for their responses to training independent of the effects of

age, sex, body size, and their baseline values. These results
provided evidence of significant familial aggregation and sug-
gested that both SV and Qc during submaximal exercise are
moderately heritable in these primarily non-obese and non-
hypertensive Caucasian families. Our heritabilities are basical-
ly the maximized estimates. Compared to a general sample

Table 4 Model-fitting summary for SV and Qc at 50 W and 60 % of VÇO2max

Baseline Responses
Model df c2 P AIC c2 P AIC

SV av 50 W

1. General 0 ± ± 16.00 ± ± 16.00

2. No sex differences in offspring 4 8.87 0.064 16.87 5.45 0.244 13.45

3. No sex dif. in parents, offspring 5 10.11 0.072 16.11 13.89 0.016 19.89

4. No sex, generation differences 6 10.16 0.118 14.16 14.11 0.028 18.11

5. No sibling correlations 3 17.90 < 0.001 27.90 6.31 0.097 16.31

6. No parent-offspring correlations 4 18.47 < 0.001 26.47 18.20 0.001 26.20

7. No spouse resemblance 1 6.22 0.013 20.22 2.44 0.118 16.44

8. Single correlation 7 10.52 0.161 12.52 14.12 0.049 16.12

9. model 5 + model 7 + model 8 6 11.96 0.063 15.96

Qc at 50 W

1. General 0 ± ± 16.00 ± ± 16.00

2. No sex differences in offspring 4 4.94 0.294 12.94 11.15 0.025 19.15

3. No sex dif. in parents, offspring 5 4.95 0.422 10.95 13.20 0.022 19.20

4. No sex, generation differences 6 5.71 0.456 9.71 13.21 0.040 17.21

5. No sibling correlations 3 11.31 0.010 21.31 13.67 0.003 23.67

6. No parent-offspring correlations 4 25.71 < 0.001 33.71 15.81 0.003 23.81

7. No spouse resemblance 1 3.95 0.047 17.95 6.95 0.008 20.95

8. Single correlation 7 5.76 0.568 7.76 14.38 0.045 16.38

SV at 60 % of VÇO2max

1. General 0 ± ± 16.00 ± ± 16.00

2. No sex differences in offspring 4 9.85 0.043 17.85 5.04 0.283 13.04

3. No sex, dif. in parents, offspring 5 16.19 0.006 22.19 7.38 0.194 13.38

4. No sex, generation differences 6 18.67 0.005 22.67 7.39 0.286 11.39

5. No sibling correlations 3 25.72 < 0.001 35.72 5.01 0.171 15.01

6. No parent-offspring correlations 4 18.16 0.001 26.16 10.34 0.035 18.34

7. No spouse resemblance 1 2.24 0.134 16.24 0.08 0.777 14.08

8. Single correlation 7 18.68 0.009 20.68 7.93 0.339 9.93

9. model 5 + model 7 + model 8 7 10.45 0.164 12.45

10. model 5 + model 8 7 9.80 0.200 11.80

11. model 7 + model 8 7 7.44 0.385 9.44

QC at 60 % of VÇO2max

1. General 0 ± ± 16.00 ± ± 16.00

2. No sex differences in offspring 4 7.59 0.108 15.59 5.06 0.281 13.06

3. No sex dif. in parents, offspring 5 10.48 0.063 16.48 5.07 0.407 11.07

4. No sex, generation differences 6 11.32 0.079 15.32 5.11 0.530 9.11

5. No sibling correlations 3 22.15 < 0.001 32.15 8.17 0.043 18.17

6. No parent-offspring correlations 4 21.54 < 0.001 29.54 9.74 0.045 17.74

7. No spouse resemblance 1 0.22 0.639 14.22 0.03 0.862 14.03

8. Single correlation 7 14.35 0.045 16.35 6.21 0.515 8.21

11. model 7 + model 8 7 11.65 0.113 13.65 5.15 0.642 7.15

Int J Sports Med 2000; 21 An P et al570
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entary families used in the present study may have comprised
a more homogeneous sample. Exercise is an important and po-
tential environmental factor, it is certainly of interest to com-
pare our estimates with those from other studies which are
more representative of general populations, if available in the
future, where SV and Qc variations are not minimized by con-
trolling physical inactivity.

Qc is maintained and regulated by changes of HR along with
changes of SV. Results from several family studies have also
consistently suggested that familial factors similarly influence
HR levels. Heritabilities were about 32 %± 33% [2,13] with a
major gene effect [3] for resting HR, and the estimate reached
26 % for its response to training [15]. The estimates for baseline
HR during submaximal exercise were reported separately

(52 % at 50 W and 45 % at 60% of VÇ O2 max) along with SBP and
RPP which strongly relates to myocardial oxygen requirements
and coronary blood flow in the HERITAGE Family Study [11].

Parent-offspring and sibling correlations are usually employed
to account for genetic effect as well as non-genetic familial ef-
fect. In contrast, spouse resemblance is frequently explained
by familial environmental effect although assortative mating
for body size (relative weight), food preferences, physical inac-
tivity, and other lifestyle factors may also contribute in part to
it. In this study it is interesting to note that spouse resem-
blance was significant for SV and Qc (baseline and the changes
in response to training) at 50 W but non-significant at 60% of
VÇ O2 max. This would suggest that with subjects exercising at
higher power output (60% of VÇ O2 max versus 50 W), the spouse
resemblance diminished, which may reflect relatively stronger

Table 5 Parameter estimates and SE under general and most parsimonious models

Baseline Responses to training
Parameters General Most parsimonious General Most parsimonious

SV at 50 W
fm 0.27 � 0.10 0.22 � 0.05 0.18 � 0.11 0.17 � 0.11
fs 0.30 � 0.09 (0.22) ± 0.06 � 0.10 0.04 � 0.07
fd 0.25 � 0.09 (0.22) 0.13 � 0.09 (0.04)
ms 0.13 � 0.11 (0.22) 0.33 � 0.09 0.29 � 0.06
md 0.24 � 0.09 (0.22) 0.23 � 0.08 (0.29)
ss 0.40 � 0.11 (0.22) 0.28 � 0.02 0.13 � 0.07
dd 0.30 � 0.12 (0.22) ± 0.02 � 0.13 (0.13)
sd 0.04 � 0.11 (0.22) 0.11 � 0.09 (0.13)
h2* 41 % 29 %#

Qc at 50 W
fm 0.22 � 0.11 0.23 � 0.05 0.32 � 0.11 0.32 � 0.11
fs 0.38 � 0.08 (0.23) 0.11 � 0.11 0.11 � 0.11
fd 0.17 � 0.09 (0.23) 0.19 � 0.10 0.19 � 0.10
ms 0.22 � 0.09 (0.23) 0.37 � 0.09 0.37 � 0.09
md 0.29 � 0.09 (0.23) 0.14 � 0.12 0.14 � 0.12
ss 0.27 � 0.12 (0.23) 0.45 � 0.12 0.45 � 0.12
dd 0.21 � 0.10 (0.23) 0.11 � 0.11 0.11 � 0.11
sd 0.13 � 0.11 (0.23) 0.14 � 0.11 0.14 � 0.11
h2 42 % 38 %

SV at 60 % of VÇO2max
fm 0.17 � 0.11 (0) 0.04 � 0.12 (0)
fs 0.30 � 0.10 0.31 � 0.09 ± 0.08 � 0.11 0.12 � 0.05
fd 0.28 � 0.08 0.26 � 0.09 0.14 � 0.09 (0.12)
ms ± 0.05 � 0.11 ± 0.09 � 0.11 0.14 � 0.11 (0.12)
md 0.14 � 0.09 0.10 � 0.09 0.24 � 0.09 (0.12)
ss 0.51 � 0.10 0.51 � 0.10 0.30 � 0.14 (0.12)
dd 0.28 � 0.10 0.27 � 0.10 0.04 � 0.13 (0.12)
sd 0.16 � 0.11 0.16 � 0.11 0.10 � 0.10 (0.12)
h2 46 % 24 %

Qc at 60 % of VÇO2max
fm 0.05 � 0.12 (0) 0.02 � 0.12 (0)
fs 0.32 � 0.09 0.23 � 0.04 0.08 � 0.11 0.15 � 0.04
fd 0.31 � 0.08 (0.23) 0.22 � 0.08 (0.15)
ms 0.11 � 0.11 (0.23) 0.09 � 0.12 (0.15)
md 0.19 � 0.09 (0.23) 0.16 � 0.09 (0.15)
ss 0.58 � 0.10 (0.23) 0.33 � 0.13 (0.15)
dd 0.22 � 0.12 (0.23) 0.02 � 0.12 (0.15)
sd 0.23 � 0.10 (0.23) 0.14 � 0.09 (0.15)
h2 46 % 30 %

*: Maximum heritability computed as: [(rsibling + rparent-offspring)(1 + rspouse)/(1 + rspouse + 2 � rspouse � rparent-offspring)], includes both genetic and familial environmental
sources of variance and is adjusted for the degree of spouse resemblaance. #: Heritabilities for SV response to training at 50 W were 17 % for father-offspring
and 39 % for mother-offspring
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or additional genetic influences on SV and Qc at 60% of VÇ O2

max. In fact the familial resemblance for SV response to train-
ing at 60 % of VÇ O2max is driven primarily by the parent-off-
spring rather than sibling resemblance (see P-values in
Table 4). Nevertheless the heritability estimates (and SE) for
SV and Qc (see Table 5) were in the same magnitude for the
two rates of work during submaximal exercise but in general
were slightly higher for baseline measures versus their chang-
es in response to training.

The noteworthy finding from the present study is that these
hemodynamic phenotypes frequently used in patient assess-
ments and clinical studies have familial determinants during
two stages of submaximal exercise. Whereas the source of this
familial aggregation may well involve genetic effects, shared
environmental impacts cannot be ruled out on the basis of
the current study, particularly in light of the significant spouse
resemblance for some of these measurements.
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