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Abstract

Background: Overweight/obesity is an important public health burden worldwide, increasing the risk for the
development of cardiovascular diseases or the metabolic syndrome. This risk may be reduced by a good aerobic
fitness (AF) that can be improved by physical activity but is also influenced by genetic factors. The aim of this study
was to test for familial aggregation of AF measured by maximal oxygen uptake (VO a0 and to estimate its
heritability. Furthermore, an exploratory analysis of the association between overweight/obesity and AF was
performed. In contrast to previous studies, all analyses were adjusted for additional environmental and behavioral
factors, in particular for objectively measured physical activity (PA) in addition to body mass index (BMI).

Methods: 79 families (157 parents, 132 children) performed a maximum exercise test (spiroergometry) to assess
maximum oxygen uptake. PA was measured by accelerometry. Familial aggregation of AF was determined using a
two-step design: AF was adjusted for age, sex and age*sex using linear regression. Afterwards, the residuals were
used to determine the intraclass correlation coefficient (ICC) by ANOVA. Heritability and associations were estimated
by generalized linear mixed models.

Results: Familial aggregation of AF (ICC=0.22, p < 0.001) was significant but decreased when adjusted for PA or
BMI. Its heritability was estimated as 40 % (adjusted for PA) using the mid-parent-offspring design. Relative to the
middle quintile of AF residuals, the odds of being overweight/obese were three- to tenfold reduced in the upper
quintile (adjusted for age, sex, age*sex, PA).

Conclusions: AF clustered in families after controlling for PA, BMI and parental smoking. Heritability was stronger
for mother-child pairs as compared to father-child pairs after controlling for PA and BMI. Above average AF was
negatively associated with overweight/obesity.
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Background syndrome [4—6]. Obese people with low levels of cardio-

Over the last few decades, the prevalence of overweight
and obesity has increased worldwide [1] and remained at
a high level in some countries [2, 3]. Besides physical
activity (PA), improvement of aerobic fitness (AF) may
become an important target for the prevention of over-
weight and obesity and related disorders like cardio-
vascular diseases, type 2 diabetes or the metabolic
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pulmonary fitness showed a higher mortality rate than
obese people exhibiting higher levels of cardiopulmonary
fitness [7, 8]. Being fit may thus reduce the sequelae of
obesity [7, 9].

PA is defined as any muscular activity that leads to an
increase of energy expenditure above resting energy
expenditure, whereas AF is an estimate of the capacity
of the cardiovascular systems, such as delivering oxygen
to the skeletal muscles for re-synthesizing adenosine
triphosphate, an essential requirement for any muscular
activity [10, 11]. AF is commonly measured by max-
imum oxygen uptake (VO,,,) as a measure of maximal
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aerobic capacity. It can be improved through regular
exercise but there is high variation in the responsiveness
to standardized training programs [12]. This consider-
able variation in the trainability of individuals and the
observation that VO, tends to aggregate in families
[13, 14] led to the assumption that AF has a heritable
component.

The role of genetic, lifestyle, behavioral and/or envir-
onmental factors on VO, has been investigated using
various approaches. Whereas early twin studies from
Klissouras et al. estimated heritability to be as high as
90 % [15, 16], others suggested lower heritability propor-
tions of 40—-60 % [17-19]. In general, family studies sug-
gest that less than half of the variation in VOjy,, is
genetically determined [13, 20-22]. The observed differ-
ences may result from statistical variation, different
study designs, populations and/or statistical models.
Only a few studies investigated familial aggregation of
AF while controlling for confounding by weight status
[20], PA [13, 14] or smoking behavior [13] although
these factors are probably associated with AF [10, 23,
24]. In addition, PA was not objectively measured in
these studies. Thus, unadjusted estimates of familial
aggregation of AF may be inflated due to common envir-
onmental or behavioral factors.

This manuscript focusses on three research questions.
The main one is whether AF aggregates in families and
whether this familial aggregation is influenced by body
mass index (BMI) and behavioral factors like PA. Thus,
we firstly investigated the familial aggregation of AF
using two-parent families with at least one biological
child in the age of 6 to 17 years whilst controlling for
BMI and PA. Secondly, we explored the heritability of
AF whilst adjusting for BMI and PA and we thirdly
assessed the association between AF and overweight/
obesity whilst adjusting for PA and smoking.

Methods

Study sample

The study was designed as a cross-sectional study, enrol-
ling the families of index children whose AF had been
measured within the framework of the German part of the
IDEFICS (Identification and prevention of Dietary- and
lifestyle-induced health Effects In Children and infantS)
study [25, 26]. To be eligible, these index children had to
be older than five years and had to have performed a
shuttle-run test in the IDEFICS study showing either high
(above 70th percentile) or low (below 30th percentile) AF.
Participants were selected from the extremes of the AF
distribution to sharpen the contrast. Only first degree bio-
logical relatives including father, mother and siblings aged
5-17 years were eligible for this study. Participation of
both parents and of at least one child, i.e. of a complete
nuclear family, was required for inclusion of the respective
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family in the analysis. Subjects were not eligible if: (i) he/
she suffered from serious heart disease or severe asthma,
(ii) he/she was not capable of taking part in a maximum
stage exercise test due to physical handicap, body height
above 210 cm or body weight above 150 kg.

Overall, 278 families were eligible for participation in
this study; 199 families did not participate for the follow-
ing reasons: no time (N =57), unavailability of one
parent during the recruitment period (N =36), not
convinced of the study purpose (N =3), other reasons
(N'=56) or because they were never reached personally
(N =47). Eventually, 79 families with 158 adults and 137
children participated in the study (participation propor-
tion 28 %). Six participants did not successfully perform
the maximum stage test to assess their AF and were sub-
sequently excluded: one father because of an unexpected
high resting pulse rate, one child because he/she did not
understand the task, two children because they belatedly
refused to take part and further two children because
they did not meet the workout criteria described below.
Overall, a total of 289 subjects were enrolled in the
study. The average family size was 3.66 with 38 families
participating with one child, 34 families participating
with two children and seven families participating with
more than two children. This final sample provided
80 % power to detect a minimum intraclass correlation
coefficient for AF of 0.14.

All examinations took place under supervision of a
physician between March and August 2009. The study
was approved by the ethics committee of the University
of Bremen and written informed consent was given by
all parents for themselves and for their children. In
addition, oral assent was obtained from all participants.

Anthropometry

Measurement of body weight and assessment of body fat
percentage based on bioelectrical impedance was
performed using an adapted version of electronic scale
TANITA BC 420 SMA. Measurement was done non-
fasted with bare feet and in underwear. Height was
measured using a telescopic stadiometer, waist and hip
circumferences were measured with a tape SECA 200,
both following the International Standard for Anthropo-
metric Assessment [27]. The calculated body mass index
(BMI = weight[kg]/height’[m?]) was classified according
to the international reference values available from the
WHO [28] for participants older than 18 years. The
IOTF reference [29] was used to classify childhood BMI
categories. Waist-to-hip ratio was calculated dividing
waist circumference [cm] by hip circumference [cm].

Aerobic fitness
AF expressed as the maximum oxygen consumption
(VOomax) was assessed by a maximum exercise test
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performed on a stationary bicycle (Ergoselect 200p).
Prior to the test, each subject underwent a medical
examination and an interview by a physician including a
medical history with special focus on cardiovascular
diseases and current medications. The measurement of
AF followed the recommendations of the American
Heart Association [30]. Different protocols were applied
for the exercise test depending on age and sex and for
children additionally depending on their weight: Fathers
started with an initial workload of 50 Watts (W) which
was increased by 50 W every three minutes, whereas
mothers started with an initial workload of 40 W which
was increased by 40 W every three minutes. All children
started with an initial workload of 20 W, which was in-
creased by 0.5 W per kg body weight every two minutes.
All subjects performed the test until voluntary exhaustion.
During the test, expired gas was analyzed for concentra-
tions of O, and CO, (MetaMax 3B, Cortex Biophysik
GmbH, Germany). Breath-by-breath values were proc-
essed by a three-point median filter to exclude outliers
and were averaged over 15 s intervals. Finally, VO, ., was
related to body weight and expressed as ml - min™ - kg™, a
well-established approach to normalize VO,,,,,. The test
result was considered acceptable if the parents met one of
the following two criteria: maximum heart rate (HR) in
beats per minute of at least 200 — age in years or a respira-
tory exchange ratio (RER) of at least 1.0. In children,
maximum voluntary exhaustion was assumed when a
maximum HR of at least 185 beats per minute was
reached. HR and RER were continuously displayed and
recorded during the test. A 12-channel ECG was recorded
during the test to control for pathological responses of the
heart during exercise. Maximum workload in W was
assessed by linear approximation if the last stage of the
test was not maintained for the full allocated time. For
example, if a father aborted the test after 1:30 min while
cycling with a loading of 250 W, maximum workload was
set to 200 W + (50 W - 0.5) =225 W.

Physical activity

PA was measured using an uniaxial accelerometer (Acti-
graph or Actitrainer) which is described in detail in Sirard
et al. [31]. The participants were asked to wear the accel-
erometer on the right hip for seven consecutive days dur-
ing waking hours. The activity monitor recorded the
number of activity counts in 15 s epochs. Consecutive
zero counts of over 20 min were classified as non-wearing
time. A day was considered as valid if the total minutes of
wearing time (minutes the accelerometer monitored any
counts) was greater than ten hours. A minimum of two
valid days was required for PA variables to be included in
the analysis. Average minutes per day spent in moderate
or vigorous physical activity (MVPA) were calculated as
average time per day spent above >3000 counts per
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minute. With this cut-off value, we chose a comprom-
ise between the many different recommended cut-
points for children, adolescents and adults. Average
wearing time is used to adjust for the proportion of
MVPA since the time spent in MVPA is correlated with
accelerometer wearing time.

Smoking behavior

Parents were also asked to report their smoking behav-
ior. Non-smokers were defined as parents that had
never smoked and ex-smokers were defined as parents
that had stopped smoking more than a year ago. Pack-
years were calculated as the product of smoking
duration in years and dose in packs per day (20
cigarettes - package™). A family was considered to be a
smoking household if at least one parent stated that
someone smoked at home.

Statistical analysis

Referring to the first research question, familial aggrega-
tion of AF was assessed in complete nuclear families
using the intraclass correlation coefficient (ICC)
obtained from an analysis of variance (ANOVA) [32]. A
significant F-value implies that members of a family are
more alike in their AF than non-members are. The
ranges of raw VO, . values differ between children and
adults as well as between males and females. However,
comparability of AF values in children and adults as well
as between sexes is required to allow analyses of familial
aggregation and heritability. To make the raw AF values
comparable across all study participants, a two-step de-
sign was used where in the first step a linear regression
was fitted with relative VO,,.c as the dependent
variable. The resulting residuals, that are the differences
between estimated and observed values of the relative
VOsmax Were included as the dependent variable in an
ANOVA to determine the ICC for AF in the second step
[13, 22]. More detailed, the basic linear regression model
for relative VO, .« (step 1) included sex (X;), children’s
age (X,, continuous, zero for parents), parents’ age (X3,
continuous, zero for children), and two multiplicative
interaction terms for age and sex as independent
variables

rel VOZmax = (X—f—/))le +/3)2X2 +/3)3X3 +/3)4X1X2
-+ /))5X1X3 + &

where the error term ¢ was assumed to be normally
distributed with zero mean. Children’s age and parents’
age were modelled as two distinct continuous variables
because age would appear as a bimodal variable other-
wise. Other covariates like PA (average MVPA, valid
time, both continuous), BMI (categorical), smoking
household (binary) and a multiplicative interaction term
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for BMI and average MVPA (continuous) were added to
the basic model as additional independent variables
resulting in six different models (Table 2). Residuals
from each of these models were used to calculate the
ICC by an ANOVA in a second step, where each family
formed one cluster. Significance tests of the ICC were
adjusted for multiple testing using Bonferroni correction
for six models, i.e. the significance levels was chosen as
a=0.05/6 =0.00833. The sample size for the ICC ana-
lysis was reduced by two participants due to the restric-
tion to complete nuclear families. Because a complete
case analysis was performed, sample sizes varied due to
missing values for PA items and smoking information.

To explore the heritability of AF in complete nuclear
families (second research question), the mid-parent-
offspring design as well as the single-parent-child design
were used [33]. Heritability was estimated by regressions
of offspring phenotype on, both, the average phenotype
of both parents (mid-parent-offspring design) and the
phenotype of only one parent (single-parent-child
design). The single-parent-child design allows distin-
guishing maternal from paternal effects. A linear mixed
model of offspring AF on parental AF (X) was performed
for the mean of the AF of both parents (mid-parent-off-
spring design)

offspring AF =a+ X +yZ+¢

and adjusted for children’s individual PA (average
MVPA, valid time) and children’s BMI where ¢ and y
were assumed to be normally distributed with zero
mean. Families (Z) were taken into account as clusters
and were treated as a random variable in mixed models.
AF was included in the linear mixed model as the
obtained residuals from the basic model on the relative
VOsmax (see step 1 above). The estimated regression
coefficient S represents the upper-limit estimate of the
heritability (h?) for the mean parental AF and reflects
the resemblance between first-degree relatives. Using a
single-parent design, the upper-limit estimate is equiva-
lent to twice the regression coefficient [33].

To answer the third research question, logistic mixed
models were calculated to estimate the association
between AF (quintiles, W) and overweight/obesity (Y).
Families or respective parents were taken into account
as clusters (Z2)

logit(P(Y - I‘W, y)) —a+pW +yZ

where y was assumed to be normally distributed with
zero mean. Residuals were classified into quintiles
mainly for two reasons: 1) there are no meaningful cut-
offs to classify residuals; 2) we observed a non-linearity
of the odds ratios that would not have become visible if
we had modeled AF using a continuous covariate. As
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complete nuclear families were not essential for this
analysis, all 289 participants were used to estimate indi-
vidual odds ratios (OR) and their 95 % confidence inter-
vals (CI) to measure the strength and direction of the
association. We performed a sub-group analysis for
parents to additionally adjust for smoking behaviors.

Results

Basic demographic and anthropometric characteristics for
the 289 participants are shown in Table 1. Children’s age
ranged from 6 to 17 years (mean =9.89 years, SD =2.29,
for boys and mean = 10.02 years, SD = 2.14, for girls). Par-
ents’ age ranged from 30 to 54 years for fathers (mean =
43.02 years, SD=5.16) and from 31 to 48 years for
mothers (mean = 40.74 years, SD = 4.12). While girls were
more likely to be overweight/obese than boys (24 % for
girls vs. 7 % for boys), women were less likely to be
overweight/obese (49 %) than men (71 %). The minimum
accelerometer wearing time (at least 10 h in 2 days) was
achieved by 255 subjects, of whom 90 % (227) had a
wearing time of at least 5 days and 50 % (127) of at least
7 days.

VOymax residuals adjusted for age and sex including
their interactions (basic model, Table 2) led to a statisti-
cally significant ICC of 0.22 (p <0.001, AF adjusted for
age, sex and age*sex). The ICC decreased after an add-
itional adjustment of AF for PA (ICC=0.19, p =0.001),
for BMI (ICC=0.14, p=0.004), and for PA and BMI
simultaneously (ICC = 0.15, p = 0.008).

The exploratory analyses yielded the following results:
The heritability of AF was estimated as 0.42 (p = 0.003,
AF adjusted for age, sex, and age*sex) using the mid-
parent-offspring design for complete nuclear families
(Table 3). It varied between 0.32 (mid-parent-daughter)
and 0.49 (mid-parent-son) using the mid-parent-child
design and between 0.18 (mother-son) and 0.60 (father-
son) using the single-parent-child design. When the
mixed models were adjusted for BMI and PA, the herit-
ability varied between 0.13 (mid-parent-daughter) and
0.43 (mid-parent-son) and between 0.08 (father-daugh-
ter) and 0.52 (mother-son) using the mid-parent-child
design and the single-parent-child design, respectively.

Higher AF was negatively associated with overweight/
obesity (Table 4). Adjusted for age, sex, and age*sex, the
top 20 % of the highest age, sex and age*sex adjusted re-
siduals for relative VO,,,,.« had about tenfold lower odds
to be overweight/obese as compared with the middle
20 % (OR =0.10, CI = (0.03; 0.34)). Subjects in the fourth
quintile had about threefold lower odds to be over-
weight/obese (OR=0.32, CI=(0.11; 0.91)). Subjects in
the first and second quintile each had about twofold
higher odds to be overweight/obese than the middle
20 %, although this is not a striking result from a statis-
tical point of view. These associations persisted after
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Table 1 Demographic and anthropometric characteristics of 289 family members included in the analysis

Fathers (N =78) Mothers (N = 79) Sons (N=70) Daughters (N=62)

Age group (N (%))

6 - <9 years 27 (38.6) 22 (35.5)

9 - <12 years 33 (47.1) 29 (46.8)

12 - <15 years 4(5.7) 9 (14.5)

15 - <18 years 6 (8.6) 232

30 - <40 years 20 (25.6) 31 (39.2)

40 - <50 years 52 (66.7) 48 (60.8)

50+ years 6 (7.7) 0
Age in years (mean (SD)) 4302 (5.16) 40.74 (4.12) 9.89 (2.29) 10.02 (2.14)
Height in cm (mean (SD)) 179.01 (7.60) 167.05 (6.57) 14144 (1357) 142.71 (13.09)
Weight in kg (mean (SD)) 87.31 (14.63) 73.04 (14.08) 3441 (10.60) 3794 (1243)
BMI categories (N (%))

Underweight 1(1.3) 0 8 (114) 5(8.1)

Normal 22 (28.2) 40 (50.6) 57 (814) 42 (67.7)

Overweight 41 (52.6) 23 (29.1) 5(@7.0) 10 (16.1)

Obese 14 (17.9) 16 (20.3) 0 5(8.1)
Waist-to-hip ratio (mean (SD)) 0.93 (0.06) 0.81 (0.06) 0.84 (0.06) 0.82 (0.06)
Arm circumference in cm (mean (SD)) 33.99 (3.60) 8 (3.97) 111 (2.79) 23.01 (3.46)
Body fat percentage (mean (SD)) 23.14 (5.56) 34.34 (6.54) 15.17 (4.24) 2261 (6.64)
Aerobic fitness in relative VO, max 33.73 (7.02) 27.37 (4.89) 46.30 (6.78) 40.29 (5.62)
Physical activity in average minutes N 22.82 (1349) 19.13 (15.21) 4748 (25.18) 29.77 (1348)
per day (average MVPA) (mean (SD))
Smoking status (N (%))

Non-smoker 26 (33.3) 39 (494)

Smoker 31 (39.7) 19 (24.1)

Ex-smoker® 20 (25.6) 20 (253)

Not specified 1(1.3) 1(1.3)
Pack-years (PY) (mean (SD))

Smoker® 1593 (12.11) 1562 (11.35)

Ex-smoker” * 12.87 (9.08) 10.77 (6.27)

*Body mass index (BMI) categories according to WHO in adults (<18.5; 18.5- < 25; 25- < 30; 30+) and IOTF in children [29]

NEathers = 67; NMmothers = 69; Nsons = 64; NDaughters =55
parents that had stopped smoking more than a year ago
$ . —10- —

Nrathers = 29; Nmothers = 19; Npy not specified = 2

Neathers = 20; Nmothers = 14; Npy not specified = 6

adjustment for PA. Restricting the analysis to parents,
subjects in the first quintile had reduced odds to be
overweight/obese while the results for the other quintiles
were similar to those obtained for all participants.

Discussion

The main focus of the study was to assess the degree of
familial aggregation of AF and to disentangle the contri-
butions of genetic predisposition from those of the en-
vironment and (physical activity) behavior. A better
understanding of the role of these different factors in de-
termining AF may eventually facilitate the development of

personalized interventions. Our study showed a significant
familial aggregation of AF and a mid-parent-offspring her-
itability of AF of 40 %. Moreover, we found that individuals
who are fitter than average have three- to tenfold reduced
odds of being overweight/obese. Our findings are sup-
ported by previous studies that suggested that VO,,. ag-
gregates in families [13, 14, 20, 34]. Some of these studies
did not include PA as a potential confounder [20, 34], fo-
cused on a PA intervention strategy [35] or were interested
in the change of AF in response to regular training [12]. In
contrast to these studies, we adjusted VO, not only for
BMI but also for PA and parents’ smoking behavior.
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Table 2 Familial aggregation of age, sex and age*sex adjusted aerobic fitness residuals

ANOVA

Regression model from which residuals were obtained for ANOVA Number of subjects ICC (p-Value) R’

age + sex + age*sex 287 0.22 (<0.001) 043
age + sex +age*sex + PA" 223 0.19 (0.001) 041
age + sex + age*sex + BMI* 287 0.14 (0.004) 0.37
age + sex + age*sex + BMI* + PAT 223 0.15 (0.008) 038
age + sex + age*sex + BMI* + PAT + BMIP*PAT 223 0.15 (0.007) 038
age + sex + age*sex + BMI* + PAT + smoking household 219 0.15 (0.008) 038

Adjusted for multiple testing: a = 0.05/6 = 0.00833, bold numbers indicate statistically significant intraclass correlation coefficients (ICCs)
Physical activity (PA) is included as two variables: average minutes per day spent in moderate or vigorous physical activity (MVPA) and average minutes of

wearing time; interaction term as average minutes per day spent in MVPA*BMI

*Body mass index (BMI) categories according to WHO in adults (<18.5; 18.5- < 25; 25- < 30; 30+) and IOTF in children [29]

Our model including the covariates sex, age and their
interaction terms explained 43 % of the variance of AF.
The corresponding ICC suggested that 22 % of total
variance lies between families. The ICC decreased
slightly after adjustment for PA. The decrease was more
pronounced after additional adjustment for BMI. This
means that after adjustment for PA and/or BMI the
variation of AF within families increased as compared to
the variation between families. Differences between ICCs
after controlling for BMI and PA are apparently caused
by genetic and/or non-shared environmental or behav-
joral factors that have no significant effect on the co-
variance between family members. Similar results for
familial aggregation of VO, adjusted for age, BMI
and PA have been reported for Anglo- and Mexico-
American families [14]. However, Sallis et al. used
Pearson correlations that — in contrast to the ICC — do
not account for the family structure in the data. Further
adjustment for smoking household had no effect on the
familial aggregation of the relative VO, .. We also per-
formed ICC analyses between parents only to explore
whether the familial correlation of AF is rather a conse-
quence of common environmental than of genetic influ-
ences. A low correlation between parents despite a high

familial correlation would indicate that family resem-
blance is more likely due to genetic factors than to a
shared environment or behavior [20]. In our study, the
spouse ICCs for AF ranged from -0.02 to 0.1 and none
was significant (results not shown; same models as in
Table 2). This result suggests that the resemblance of
aerobic fitness cannot be explained by shared environ-
mental or behavioral factors, which in turn indicates that
the correlation of AF within families is due to genetic
factors and/or the non-shared environment/behavior.
Other studies, like the HERITAGE Family Study [20], re-
ported spouse correlations, which might suggest a larger
impact of the shared environment/behavior. However,
the analysis based on the HERITAGE study only consid-
ered participants with a sedentary lifestyle at baseline.
Thus, spouses with great differences in physical activity
levels were not eligible and a high degree of spousal
correlation was thus inherent to the study design. Add-
itional ICC analyses indicated a significant resemblance
of AF between siblings (ICC values ranging from 0.16 to
0.39). Here, the lowest value was estimated after adjust-
ment of VO,,..« for age, sex, BMI and PA. These results
suggest that shared PA behavior and similar BMI explain
most of the covariance of AF.

Table 3 Estimated heritability of age, sex and age*sex adjusted aerobic fitness residuals

No adjustment Adjusted for

Adjusted for BMI* Adjusted for Adjusted for PA',

physical activity” PA" and BMI* BMI* and BMI*PAT
Design N B(SE h? N B(SE) h2 N B(SH h? N PBI(SE h? N PB(SE h?
Mid-parent - offspring 131 042 (0.14) 042 118 040(0.13) 040 131 031(013) 031 118 033(0.13) 033 118 033(0.13) 033
Mid-parent — son 70 049(021) 049 64 045(019) 045 70 044 (021) 044 64 043(021) 043 64 042(021) 042
Mid-parent — daughter 61 032 (0.16) 032 54 028(0.16) 028 61 014(0.15 014 54 013(016) 013 54 013(0.15) 013
Father - son 70 030(012) 060 64 022(012) 044 70 026(0.13) 052 64 020(012) 040 64 020(0.13) 040
Father — daughter 61 022(011) 044 54 013(011) 026 61 008(011) 016 54 004(011) 008 54 003(0.11) 006
Mother - son 70 009(021) 018 64 024(0.19) 048 70 012(020) 024 64 026(019) 052 64 023(020) 046
Mother - daughter 61 014(015 028 54 021(014) 042 61 008(013) 016 54 013(014) 026 54 015(0.13) 030

*Physical activity is included as two variables: average minutes per day spent in moderate or vigorous physical activity (MVPA) and average minutes of

wearing time

*Body mass index (BMI) categories according to WHO in adults (<18.5; 18.5- < 25; 25- < 30; 30+) and IOTF in children [29]
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Table 4 ORs and 95 % Cls for overweight/obesity by quintiles of age, sex and age*sex adjusted aerobic fitness residuals

Adjustment in logistic mixed models

Fitness level (quintiles of VO, .y residuals)

All participants N 0-20 % 20-40 % 40-60 % 60-80 % 80-100 %

No further adjustment 289 2.01 (0.95; 4.24) 226 (1.06; 4.81) 1.00 040 (0.18; 0.91) 0.23 (0.09; 0.58)
age + sex + age*sex 289 1.94 (0.70; 5.40) 2.34 (0.86; 6.35) 1.00 0.32 (0.11;091) 0.10 (0.03; 0.34)
age + sex + age*sex + PAT 255 1.17 (0.38; 3.62) 1.97 (0.66; 5.90) 1.00 0.27 (0.09; 0.84) 0.09 (0.02; 0.37)
Parents only

No further adjustment 157 1.23 (0.39; 3.81) 2.05 (0.62; 6.75) 1.00 0.29 (0.10; 0.86) 1(0.03; 0.36)
age + sex + age*sex 157 0.73 (0.20; 2.75) 1.88 (0.51; 6.87) 1.00 0.24 (0.07; 0.84) 0.04 (0.01; 0.17)
age + sex + age*sex + PA" 136 059 (0.13; 263) 1 (0.34; 6.64) 1.00 0.17 (0.04; 0.68) 0.04 (0.01; 0.18)
age + sex + age*sex + PAT 4+ Smoking§ 126 0.39 (0.07; 2.08) 2.27 (0.37;14.14) 1.00 0.14 (0.03; 0.66) 0.03 (0.00; 0.17)

Physical activity (PA) is included as two variables: average minutes per day spent in moderate or vigorous physical activity (MVPA) and average minutes of

wearing time
SPack-years

Next, we explored the heritability of AF and calculated
upper-limit heritability estimates that capture the pro-
portion of phenotypic variation that is due to genetic
variation between individuals. The mid-parent-offspring
heritability of AF was 42 % which is consistent with pre-
vious studies [20]. We found the highest heritability
value for the father-son relationship reaching 60 % and
the lowest heritability value for the mother-son relation-
ship reaching 18 %. Father-son similarities regarding
the maximal aerobic power were reported previously
[21, 34]. Guion et al. [34] explained this phenomenon by
comparable body compositions and shared activity pat-
terns of fathers and their sons. The heritability estimates
differed between the mid-parent design and the single-
parent designs. After adjustment for PA and BMI, the
heritability estimates decreased marginally for the mid-
parent-son design and decreased substantially for the
other mid-parent-offspring designs. Overall, the herit-
ability estimates were less strong for paternal effects
(father designs) and more pronounced for maternal ef-
fects (mother designs) after adjustment for BMI and/or
PA. This suggests that the maternal heritability of AF is
stronger than the paternal heritability. Bouchard et al.
[20] hypothesized that the higher mother-child heritabil-
ity is potentially due to mitochondrial inheritance.

Another question addressed by the present study was
whether AF is associated with overweight/obesity. Our
results suggested that higher relative maximal aerobic
power was negatively associated with overweight/obesity.
This negative association became even stronger when
the analyses were adjusted for PA. However, associations
between the lower AF quintiles and overweight/obesity
were generally covered by wide confidence intervals and
showed no clear trend, i.e. ORs for overweight/obesity
did not monotonically decrease from the first quintile
(lowest AF) to the fifth quintile (highest AF). A non-
linear association between AF and BMI was also found
by others [36, 37] but this may be due to reverse

causation. The negative associations between AF and
overweight/obesity were stronger for the fourth and fifth
quintile of AF when restricted to spouses only. Adjust-
ment for smoking behavior strengthened the association
between AF and overweight/obesity among parents since
heavy smokers usually have lower aerobic power [10].
Whereas our main analysis combined overweight or
obese persons as cases we conducted in addition two
sensitivity analyses for overweight and obese cases separ-
ately. We were able to replicate the non-linear trend for
the ORs in the subsample of overweight cases, whereas
the ORs showed a linear trend in the subsample of obese
cases. These results suggest that it is most likely to be
obese in the lowest fitness quintile, whereas it is most
likely to be overweight in the second lowest quintile.
This study faces some limitations: Due to the exclu-
sion criteria, our results may not apply to families with
extremely obese members. In addition, obese boys are
underrepresented in our sample compared to the
German children and adolescents population according
to the representative KIGGS survey (see Kurth and
Schaffrath Rosario [38]). However, the overall proportion
of obese/overweight children in our sample is similar to
the proportion of obese/overweight children in the
nationally representative KIGGS survey such that the
underrepresentation of obese boys should not have a
major impact on our study results. Our sampling design
may hamper to transfer our results to a normal population
since we examined families from children taken from the
upper and lower 30th percentiles in order to increase the
power to detect familial aggregation. This might in turn
inflate our heritability estimates. Notwithstanding, the op-
portunity to select families whose children were on either
extreme of the AF spectrum should maximize the spread
between AF levels in our study sample and should
strengthen our ability to detect a relationship between dif-
ferent levels of AF and overweight/obesity. The selection
of families was based on a shuttle run test value, which is
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an approximation of VO, from reference values. In our
study, we measured VOy,, directly by spiroergometry.
To investigate whether this selection changed the uni-
modal distribution of VO, into a bi-modal distribution,
density plots of VOyp,. residuals were produced for chil-
dren and parents, but the uni-modality of the distribution
was retained (data not shown). The low participation pro-
portion of 28 % may impair the external validity of our
findings. Nevertheless, the ability of our study to identify
the factors contributing to the familial aggregation of AF
and to assess its relationship with PA and overweight/
obesity should not suffer from selection effects.

The radiometric approach of scaling VO, .« by body
weight does not account for body size and body com-
position, which might bias the estimates of AF. Many
other scaling approaches are discussed in the literature
that e.g. include body fat, lean body mass, lean mass of
the legs or different power functions for body mass
[39, 40], but as far as we know none of them can be con-
sidered as gold standard to be used in population-based
studies. However, as we did not include these measure-
ments in our study, scaling by body weight remains the
reasonable approach for our study, but potentially could
slightly affect the relationship between VOj,, within
families. Since accelerometer measurements were taken
during spring and summer, PA levels may be overesti-
mated. Different cut-points have been proposed to define
moderate to vigorous PA [31, 41-44], but a definition of
an optimal cut-point is still missing, especially for children
[45]. Therefore, we applied the same cut-points to classify
moderate to vigorous activity for all participants. We think
that this approach is justified since all analyses were ad-
justed for age and sex. Physical maturity was not assessed
in children and adolescents although pubertal stage is an
important determinant of AF. But because maturation is
not related to parental AF — the main variable of interest
for the heritability analysis — we have to assume that pu-
bertal stage does not confound the association between
parental and children’s AF. Smoking and drinking habits
were not assessed in children and adolescents. According
to German smoking statistics [46, 47] we would not
expect more than 3 of the 21 adolescents (12-17 years of
age) in our study to smoke. In addition, Vozoris and
O'Donnell [48] reported no significant differences between
smokers and never smokers in estimated peak oxygen
uptake after adjusting for age and sex.

Conclusion

This study showed significant familial aggregation of aer-
obic fitness although resemblance attenuated after control-
ling for age, sex, BMI and PA measured by accelerometry.
Further analyses using the same adjustment sets indicated
an estimated heritability of AF of 33 %. In fact, our data
supported the hypothesis that heritability is stronger for
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mother-child pairs as compared to father-child pairs.
Additionally, we could show that an above-average high
AF is associated with lower BMI regardless of PA.

Competing interests
The authors declare that they have no competing interests.

Authors’ contribution

IP and WA designed the study. RF and KB contributed to the design of the
study and supervised the statistical analyses. MB contributed to the design
and the conduct of the study. FG performed the statistical analyses.

All authors drafted the manuscript.

Acknowledgement

This work was supported by the Competence Network of Obesity, funded by
the Federal Ministry of Education and Research (FKZ: DLR 01GI0822). We
would like to acknowledge our professional study personnel and data
manager, and especially Susanne Winkler for coordinating the data
collection. We are particularly thankful to our participants for their
cooperation and time. The authors want to thank the three reviewers for
their time and effort in improving the quality of the manuscript.

Author details

'Department of Biometry and Data Management, Leibniz Institute for
Prevention Research and Epidemiology — BIPS, Achterstral3e 30, 28359
Bremen, Germany. “Institute of Sport Sciences, Carl von Ossietzky University
of Oldenburg, Postfach 2503, 26111 Oldenburg, Germany. “Institute of Public
Health and Nursing Science (IPP), University of Bremen, Grazer Stral3e 4,
28359 Bremen, Germany. “Faculty 3, University of Bremen, Bibliothekstrae 1,
28359 Bremen, Germany. “Department of Epidemiological Methods and
Etiological Research, Leibniz Institute for Prevention Research and
Epidemiology — BIPS, Achterstral3e 30, 28359 Bremen, Germany.

Received: 5 August 2014 Accepted: 2 July 2015
Published online: 11 July 2015

References

1. Moreno LA, Pigeot |, Ahrens W. Epidemiology of obesity in children and
adolescents - Prevalence and etiology. New York: Springer; 2011.

2. Flegal KM, Carroll MD, Ogden CL, Curtin LR. Prevalence and trends in
obesity among US adults, 1999-2008. JAMA. 2010;303:235-41.

3. Stamatakis E, Wardle J, Cole TJ. Childhood obesity and overweight
prevalence trends in England: evidence for growing socioeconomic
disparities. Int J Obes (Lond). 2010;34:41-7.

4. Jekal Y, Yun JE, Park SW, Jee SH, Jeon JY. The relationship between the level
of fatness and fitness during adolescence and the risk factors of metabolic
disorders in adulthood. Korean Diabetes J. 2010,34:126-34.

5. Simmons RK, Griffin SJ, Steele R, Wareham NJ, Ekelund U. Increasing overall
physical activity and aerobic fitness is associated with improvements in metabolic
risk: cohort analysis of the ProActive trial. Diabetologia. 2008,51:787-94.

6. Roth J, Qiang X, Marban SL, Redelt H, Lowell BC. The obesity pandemic:
where have we been and where are we going? Obes Res. 2004;12 Suppl!
2:885-101S.

7. Lee CD, Blair SN, Jackson AS. Cardiorespiratory fitness, body composition,
and all-cause and cardiovascular disease mortality in men. Am J Clin Nutr.
1999;69:373-80.

8. Barry VW, Baruth M, Beets MW, Durstine JL, Liu J, Blair SN. Fitness vs. fatness
on all-cause mortality: a meta-analysis. Prog Cardiovasc Dis. 2014;56:382-90.

9. Wessel TR, Arant CB, Olson MB, Johnson BD, Reis SE, Sharaf BL, et al.
Relationship of physical fitness vs body mass index with coronary artery
disease and cardiovascular events in women. JAMA. 2004,292:1179-87.

10.  Lee DC, Artero EG, Sui X, Blair SN. Mortality trends in the general population: the
importance of cardiorespiratory fitness. J Psychopharmacol. 2010;24:27-35.

11. Warren JM, Ekelund U, Besson H, Mezzani A, Geladas N, Vanhees L.
Assessment of physical activity - a review of methodologies with reference
to epidemiological research: a report of the exercise physiology section of
the European Association of Cardiovascular Prevention and Rehabilitation.
Eur J Cardiovasc Prev Rehabil. 2010;17:127-39.

12. Bouchard C, Rankinen T. Individual differences in response to regular
physical activity. Med Sci Sports Exerc. 2001,33:5446-51.



Foraita et al. BMC Public Health (2015) 15:638

15.
16.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32,

33.
34.

35.

36.

37.

Lortie G, Bouchard C, Leblanc C, Tremblay A, Simoneau JA, Theriault G, et al.

Familial similarity in aerobic power. Hum Biol. 1982;54:801-12.

Sallis JF, Patterson TL, Morris JA, Nader PR, Buono MJ. Familial aggregation
of aerobic power: the influence of age, physical activity, and body mass
index. Res Q Exerc Sport. 1989,60:318-24.

Klissouras V. Heritability of adaptive variation. J Appl Physiol. 1971,31:338-44.

Klissouras V, Piray F, Petit JM. Adaptation to maximal effort: genetics and
age. J Appl Physiol. 1973,35:288-93.

Bouchard C, Lesage R, Lortie G, Simoneau JA, Hamel P, Boulay MR, et al.
Aerobic performance in brothers, dizygotic and monozygotic twins.

Med Sci Sports Exerc. 1986;18:639-46.

Maes HH, Beunen GP, Vlietinck RF, Neale MC, Thomis M, Vanden EB, et al.
Inheritance of physical fitness in 10-year-old twins and their parents.

Med Sci Sports Exerc. 1996;28:1479-91.

Sundet M, Magnus P, Tambs K. The heritability of maximal aerobic power: a
study of Norwegian twins. Scand J Med Sci Spor. 1994;4:181-5.

Bouchard C, Daw EW, Rice T, Perusse L, Gagnon J, Province MA, et al.
Familial resemblance for VO2max in the sedentary state: the HERITAGE
family study. Med Sci Sports Exerc. 1998;30:252-8.

Montoye HJ, Gayle R. Familial relationships in maximal oxygen uptake.
Hum Biol. 1978;50:241-9.

Perusse L, Lortie G, Leblanc C, Tremblay A, Theriault G, Bouchard C. Genetic
and environmental sources of variation in physical fitness. Ann Hum Biol.
1987;14:425-34.

Kristensen PL, Moeller NC, Korsholm L, Kolle E, Wedderkopp N, Froberg K,
et al. The association between aerobic fitness and physical activity in
children and adolescents: the European youth heart study. Eur J Appl
Physiol. 2010;110:267-75.

Bernaards CM, Twisk JW, van Mechelen W, Snel J, Kemper HC. A
longitudinal study on smoking in relationship to fitness and heart rate
response. Med Sci Sports Exerc. 2003;35:793-800.

Ahrens W, Bammann K, de Henauw S, Halford J, Palou A, Pigeot |, et al.
Understanding and preventing childhood obesity and related disorders -
IDEFICS: a European multilevel epidemiological approach. Nutr Metab
Cardiovasc Dis. 2006;16:302-8.

Ahrens W, Bammann K, Siani A, Buchecker K, de Henauw S, lacoviello L,

et al. The IDEFICS cohort: design, characteristics and participation in the
baseline survey. Int J Obes (Lond). 2011;35 Suppl 1:53-S15.

Marfell-Jones M, Olds T, Stewart A, Carter L. International standards for
anthropometric assessment. The International Society for the Advancement
of Kinanthropometry: Underdale; 2006.

WHO Expert Commitee on Physical Status: the use and interpretation of
anthropometry. Physical status: the use and interpretation of
anthropometry. Report of a WHO Expert Committee. 1995.

Cole TJ, Flegal KM, Nicholls D, Jackson AA. Body mass index cut offs to
define thinness in children and adolescents: international survey. BMJ.
2007,335:194.

Fletcher GF, Balady GJ, Amsterdam EA, Chaitman B, Eckel R, Fleg J, et al.
Exercise standards for testing and training: a statement for healthcare
professionals from the American Heart Association. Circulation.
2001;104:1694-740.

Sirard JR, Riner Jr WF, Mclver KL, Pate RR. Physical activity and active
commuting to elementary school. Med Sci Sports Exerc. 2005;37:2062-9.
Donner A. The number of families required for detecting the familial
aggregation of a continuous attribute. Am J Epidemiol. 1978;108:425-8.
Falconer DS. Introduction to quantitative genetics. London: Longman; 1960.
Guion WK, McMurray RG, Ainsworth B, Harrell J. Familial patterns of maximal
aerobic power. Biol Sport. 1997;14:185-92.

Perusse L, Rice T, Province MA, Gagnon J, Leon AS, Skinner JS, et al. Familial
aggregation of amount and distribution of subcutaneous fat and their
responses to exercise training in the HERITAGE family study. Obes Res.
2000;8:140-50.

Mak KK, Ho SY, Lo WS, Thomas GN, McManus AM, Day JR, et al. Health-
related physical fitness and weight status in Hong Kong adolescents.

BMC Public Health. 2010;10:88.

Artero EG, Espana-Romero V, Ortega FB, Jimenez-Pavon D, Ruiz JR, Vicente-
Rodriguez G, et al. Health-related fitness in adolescents: underweight, and
not only overweight, as an influencing factor. The AVENA study. Scand J
Med Sci Sports. 2010,20:418-27.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Page 9 of 9

Kurth BM, Schaffrath RA. The prevalence of overweight and obese children
and adolescents living in Germany. Results of the German Health Interview
and Examination Survey for Children and Adolescents (KiGGS).
Bundesgesundheitsblatt Gesundheitsforschung Gesundheitsschutz.
2007,50:736-43.

Welsman JR, Armstrong N, Nevill AM, Winter EM, Kirby BJ. Scaling peak VO2
for differences in body size. Med Sci Sports Exerc. 1996;28:259-65.

Graves LE, Batterham AM, Foweather L, McWhannell N, Hopkins ND, Boddy
LM, et al. Scaling of peak oxygen uptake in children: a comparison of three
body size index models. Med Sci Sports Exerc. 2013;45:2341-5.

Freedson PS, Melanson E, Sirard J. Calibration of the Computer Science and
Applications, Inc. accelerometer. Med Sci Sports Exerc. 1998;30:777-81.
Hendelman D, Miller K, Baggett C, Debold E, Freedson P. Validity of
accelerometry for the assessment of moderate intensity physical activity in
the field. Med Sci Sports Exerc. 2000;32:5442-9.

Puyau MR, Adolph AL, Vohra FA, Butte NF. Validation and calibration of
physical activity monitors in children. Obes Res. 2002;10:150-7.

Swartz AM, Strath SJ, Bassett Jr DR, O'Brien WL, King GA, Ainsworth BE.
Estimation of energy expenditure using CSA accelerometers at hip and
wrist sites. Med Sci Sports Exerc. 2000;32:5450-6.

Cliff DP, Reilly JJ, Okely AD. Methodological considerations in using
accelerometers to assess habitual physical activity in children aged

0-5 years. J Sci Med Sport. 2009;12:557-67.

Bundeszentrale firr gesundheitliche Aufkldrung (BZgA). Die Drogenaffinitat
Jugendlicher in der Bundesrepublik Deutschland 2011. Der Konsum von
Alkohol, Tabak und illegalen Drogen: aktuelle Verbreitung und Trends. KéIn:
Bundeszentrale flr gesundheitliche Aufklérung. 2012.

Bundeszentrale fiir gesundheitliche Aufklérung (BZgA). Raucherquote bei
Kindern und Jugendlichen. Nichtrauchen - bei Jugendlichen im Trend.
http://www.rauchfrei-info.de/informieren/verbreitung-des-rauchens/
raucherquote-bei-kindern-jugendlichen. Accessed 21 May 2015.

Vozoris NT, O'Donnell DE. Smoking, activity level and exercise test outcomes
in a young population sample without cardio-pulmonary disease. J Sports
Med Phys Fitness. 2015; Epub ahead of print.

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BiolVied Central



http://www.rauchfrei-info.de/informieren/verbreitung-des-rauchens/raucherquote-bei-kindern-jugendlichen
http://www.rauchfrei-info.de/informieren/verbreitung-des-rauchens/raucherquote-bei-kindern-jugendlichen

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Study sample
	Anthropometry
	Aerobic fitness
	Physical activity
	Smoking behavior
	Statistical analysis

	Results
	Discussion
	Conclusion
	Competing interests
	Authors’ contribution
	Acknowledgement
	Author details
	References



