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he purpose of the present study was to examine
genetic and environmental contributions to individual differences in maximal isometric, concentric and
eccentric muscle strength and muscle cross-sectional
area (MCSA) of the elbow flexors. A generality versus
specificity hypothesis was explored to test whether
the 4 strength variables share a genetic component or
common factors in the environment or whether the
genetic/environmental factors are specific for each
strength variable. The 4 variables under study were
measured in 25 monozygotic and 16 dizygotic male
Caucasian twin pairs (22.4 ± 3.7 years). The multivariate genetic analyses showed that all 4 variables shared
a genetic and environmental component, which
accounted for 43% and 6% in MCSA (h2 = 81%), 47%
and 20% in eccentric (h2 = 65%), 58% and 4% in isometric (h2 = 70%) and 32% and 1% in concentric
strength (h2 = 32%) respectively. The remaining variation was accounted for by contraction type specific
and muscle cross-sectional area specific genetic and
environmental effects, which accounted for 38% and
14% in MCSA, 18% and 15% in eccentric, 12% and
26% in isometric and 0% and 67% in concentric
strength respectively. This exploratory multivariate
study suggests shared pleiotropic gene action for
MCSA, eccentric, isometric and concentric strength,
with a moderate to high genetic contribution to the
variability of these characteristics.

T

From a general health perspective, muscular fitness is
associated with performing activities of daily living
(ADLs) independently (Landers et al., 2001).
Indicators of functional status of skeletal muscle
(strength, power and endurance) are positively associated with bone health (Rhodes et al., 2000) and
psychological wellbeing (Payne et al., 2000) and negatively associated with falls and fractures (Rutherford,
1999), morbidity (Rantanen et al., 1998) and mortality (Fujita et al., 1995). The age-associated decline in
muscular strength and mass may also be related to
prolonged disuse and/or chronic disease, such that a
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vicious cycle is created wherein inactivity leads to sarcopenia (age-related loss of muscle mass, strength and
function), which further worsens the ability to
perform ADLs. Results of these studies raise the question to what extent genes and environmental factors
influence musculoskeletal fitness components which
are determining factors for predicting health status,
particularly in the elderly.
Muscle strength is a complex phenotype with isometric strength being the force generated by a muscle
at a specific joint angle (e.g., 110° with extended arm
= 180°) without lengthening or shortening of the
muscle fibers (Figure 1). Dynamic concentric contractions are characterized by shortening of the muscle
fibers (e.g., concentric arm flexion from extended to
flexed arm position), while in dynamic eccentric contractions the muscle fibers are lengthened against an
external force (e.g., eccentric arm flexors are lengthened from flexed to extended arm position against an
external force that is directed to the extending arm).
Dynamic actions are the most common types of
muscle action and can be executed at different contraction speeds (e.g., 120° s–1).
Individual differences in isometric and dynamic
strength performances and muscle cross-sectional area
(MCSA) within the population are well documented
in the literature (Hortobagyi & Katch, 1999; Hulens
et al., 2001). Results of these studies demonstrate
variability in muscle strength at different angles,
speeds, and contraction types (concentric, eccentric,
isometric). Furthermore, strength differences seem not
to vary independently from each other within and
between individuals. Statistical evidence for strength
‘generality’ was suggested with high intercorrelations
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(r > .80) among different expressions of strength
(bench press slow, isokinetic fast and 1 repetition
maximum [RM]; Hortobagyi et al., 1989).
Previous genetically informative studies have suggested that individual differences in strength and muscle
mass are for the most part accounted for by genetic
factors. However, few studies have investigated whether
the same or different genetic factors account for the
high correlations observed within individuals for the
strength phenotypes. Differences in the genetic and
environmental contributions to the variation in isometric versus dynamic strength, concentric versus eccentric
strength and strength components versus MCSA could
be indicative of the action of different genes and exposure to different environmental conditions between
these three types of muscular strength and MCSA.
Evidence for high genetic correlation would be indicative of a same set of genes with pleiotropic actions on
these different strength/muscle phenotypes.
Univariate analysis of muscle circumferences of the
extremities in 10- to 14-year-old boys and girls
revealed a genetic component A (a 2 = 87%–95%)
which was more important than the unique environmental contribution E (e2 = 4%–14%) to the variance
in these traits (except for calf circumference at 14
years where A, E and the common environment C
explained 64%, 10% and 26% of the variance,
respectively; Loos et al., 1997). Results of other
studies confirm these findings with a2 greater or equal
to 85% and e2 less than or equal to 15% (Loos et al.,
1997; Thomis, Beunen, Maes, et al., 1998; Thomis,
Beunen, Van Leemputte, et al., 1998; Thomis, Van
Leemputte, et al., 1997). However, no evidence could
be found for the presence of a common environmental
factor C. Isometric strength at different angles, ages
and in different muscle regions has been thoroughly
analyzed in twin studies resulting in moderate to high
heritability estimates ranging from 44% to 78%,
whereas the contribution of E was low to moderate
(Beunen & Thomis, 2000; Thomis, Beunen, Maes, et
al., 1998; Thomis, Beunen, Van Leemputte, et al.,
1998; Thomis, Van Leemputte, et al., 1997; Tiainen et
al., 2004, 2005). Eccentric arm contractions at 110°
flexion at different speeds (30°/s, 60°/s, 120°/s) were
evaluated in a pre-, posttraining design (Thomis,
Beunen, Maes, et al., 1998) where the genetic contribution to the variance (74%, 77% and 65%
respectively in the pretraining design) was more
important than E. In contrast, E played a larger role in
concentric torques at the same angle and speeds (50%,
55% and 69% respectively) than genetic factors did.
However, a study with older female twins (Tiainen et
al., 2005) found a larger genetic (a2 = 61%) than environmental (e2 = 29%) impact.
Multivariate genetic analysis is carried out to estimate the contribution of genetic and environmental
factors to the covariance between traits. The presence
of a general genetic and environmental component for
muscle circumference measurements in the extremities

was found by Loos et al. (1997). For MCSAs, 60% to
93% of the variance was caused by a common genetic
factor Ac, while the environmental common factor Ec
explained only 1% to 21% of the variance. The contribution of specific genetic and environmental factors
was less than 30%. To capture the entire variability in
isometric muscle strength, Tiainen et al. (2004) used
measurements on multiple muscle groups (ankle
plantar flexion, handgrip, knee extension). An ACE
model best explained the covariances between the
variables, suggesting the importance of common genes
and environmental factors. The remaining variance
was explained by environmental factors specific for
each variable. From previous studies it is known that
isometric strength and MCSA are related: multivariate
analyses suggested a general set of genes that control
muscle area (82%) and isometric strength (50%–66%;
Thomis, Van Leemputte, et al., 1997; Thomis et al.,
2000). Recently, a similar study was conducted by
Tiainen et al. (2005) which indicated the presence of
Ac and Ec which contributed to the covariance
between isometric knee extensor strength and concentric leg extension power (Tiainen et al., 2005).
These studies suggest that MCSA, isometric (Fiso),
concentric (Fcon) and eccentric (Fecc) muscle strength
are under large genetic and environmental control
with evidence for a larger generality versus specificity
limited model in exploring MCSA versus concentric or
isometric strength. However, the covariance between
MCSA and all three contraction types (Fcon, Fiso,
Fecc) has not been studied before.
The purpose of the present study was therefore to
examine to what extent the relation between MCSA
and three different muscle-contraction types was caused
by the action of the same genes or by common factors
in the environment. Further knowledge of the underlying pleiotropic action of genes (which affect several
different phenotypes) in different muscle phenotypes is
useful in the study of quantitative trait loci for muscular strength (Boomsma, 1997; Huygens et al., 2004).

Materials and Methods
Subjects
The sample for this study was ascertained within the
region of Flemish Brabant, Belgium. Male Caucasian
volunteer twins aged 17 to 30 years were included if
both members of a twin pair had similar physical
activity profiles and did not start nor stopped performing strength training during the preceding year.
Two of 43 twin pairs were excluded because of mental
retardation and physical disability. Two subjects of
this sample had strength training experience but had
not trained in the year preceding the study. All 41
twin pairs participated in a 10-week high resistance
training program for the elbow flexors as described
elsewhere (Thomis, Beunen, Maes, et al., 1998). The
present analyses use the baseline data of this study.
Their mean age was 22.4 years (SD = 3.7 years).
Subjects were fully informed of the measurement pro-
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tocol before giving their written consent. The project
was approved by the local medical ethics committee.
Determination of zygosity was assessed by examination of the following genetic markers: ABO, Rhesus
(D, C, Cw, c, E, e), MNSs and Duffy (a, b). The power
to detect dizygotic (DZ) twins with this set of genetic
markers was 91%. Differences in two genetic markers
were used to establish dizygosity. The probability of
monozygosity of pairs with the same genetic markers
was calculated (Vlietinck, 1986). All monozygotic
(MZ) pairs had a probability of monozygosity of at
least 95%. Twenty-five pairs were classified as MZ
and 16 pairs as DZ.

Measurement Protocol and Variables
The phenotypes under study were maximal isometric
torque (Nm) of arm flexion at 110° (extended arm =
180°), maximal torques during maximal concentric
and eccentric muscle contraction at a velocity of 120°
s–1 measured at the 110° flexion position, as well as
arm muscle cross-sectional area (Figure 1). The selection of these strength phenotypes was based on their
relationship with the performance of ADLs: the three
contraction types represent relevant movements in
daily life, while low levels of MCSA are related with
sarcopenia and thus are important in explaining and
predicting the occurrence of falls and fractures (espe-

cially in the elderly; Fisher, 2004). The evaluation of
maximal isometric and dynamic voluntary contractions was done after 1 week of adaptation to a
training apparatus using low training loads
(50%–70% 1 RM) on an active programmable
dynamometer (Promett; Vande Broek et al., 1995).
Subjects were seated in a comfortable, standardized
position, strapped to the chair with their right arm
resting on the measurement device. They were asked
to build up their maximal isometric strength and to
hold this maximum for 3 s. The highest registered
torque during this contraction was selected as the
maximal isometric strength measure expressed in
Newton meter (Nm). The test–retest correlation was
.97. The observer was able to evaluate each subjects’
maximal effort by visualized torque and electromyographic signals registered at M. Biceps Brachii, M.
Brachioradialis, M. Brachialis and as a control for
cocontraction, M. Triceps Brachii. Maximal concentric and eccentric contractions of the arm flexors at
120° s–1 were evaluated in a range of motion from
170° to 50° and from 50° to 170°, respectively. The
torque at 110° during these concentric and eccentric
measures was selected to evaluate maximal concentric
and eccentric strength. All dynamic measures started
in full relaxation and were initiated with an audible
and sensible short and rapid movement of the handle
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Cross-sectional area upperarm
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Eccentric strength

Figure 1
Graphical representation of MCSA, isometric, concentric and eccentric strength.
Note: MCSA = muscle cross-sectional area (flexors + extensors); UA = upperarm; FA-S = forearm start position; FA-E = forearm end position; AF = arm flexors; arrow = force
generated by arm flexor muscles; dotted arrow = displacement (movement pattern) of forearm.
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on which the subjects were asked to perform maximal
flexion moments ending in 2 s of isometric maximal
flexion at the end position of the handle until the
handle returned to the starting position.
Measurement of arm muscularity was assessed by
computed tomography (CT) techniques. Exact measurements of muscle cross-sectional area were
determined by CT (Thomis, Claessens, et al., 1997).
Starting from mid-humerus position, three scans were
done at 3 cm intervals in the direction of the hand
with the relaxed arm in 180° flexion. A fourth scan
was taken at the second position with the relaxed arm
in 150° flexion. Tissue within the limits of –50
Houndsfield Units (HU) and +200 HU was defined as
muscle tissue, within –200 to –50 HU as adipose
tissue and within +200 to +3071 HU as bone.
Technical error of measurement (TEM), measured as
the square root of sum (D)2/2N, where D is the difference in scores between two observers (Knapp, 1992),
for muscle area was 0.16 cm2 with a coefficient of reliability (R = 1 – (TEM 2 /SD 2 ) and interobserver
intraclass correlation (ICC) of .99 for all measures
(Thomis, Claessens, et al., 1997). The averaged muscle
cross-sectional area (both elbow flexors and extensors) of four scans was used in further analyses.

Statistical Analysis
Birth-order effects and differences in means or variances between MZ and DZ twins were tested with t
tests and F tests, respectively. Pearson correlations
between first- and second-born twins were computed
for MZ and DZ twins. Results were considered statistically significant if p was less than .05.
The biometric approach using path-analytic models
was applied to determine the relative contribution of
genetic and environmental factors to the observed (co)variation in CT-evaluated MCSA, maximal eccentric
and concentric moment at 110° and 120° s–1 and isometric moment. This approach uses linear models to
represent hypotheses about causal paths (from latent to
observed variables) and correlational paths (between the
latent variables) to explain the observed variation in a
trait based on observed phenotypes and known relationships between these latent variables in genetically related
individuals. The latent causal factors can be genetic, with
additive (A) or dominance (D) gene action, and environmental causes can be shared by twins or family members
that are reared in the same family (C, common environment) and nonshared or specific environmental factors
(E, also includes random measurement error). The influence of these sources A, D, C and E on the phenotypic
variation is given by parameters a, d, c and e, which are
equivalent to the standardized regression coefficients of
the phenotype (PT1: phenotype Twin 1, PT2: phenotype Twin 2) on A, D, C and E, respectively
(PT1 = aAT1 + cCT1 + dDT1 + eET1 and PT2 = aAT2
+ cCT2 + dDT2 + eET2). Squaring the factor loading
yields the variance explained by each component
(VA = a 2 , VD = d 2 , VC = c 2 , VE = e 2 ). The

contribution of genes and environment to the total variance is reported in the standardized form, by dividing
the specific variance component by the total phenotypic
variance. In this model, it is also assumed that genetic
and environmental factors do not correlate or interact,
and that there is no significant parental correlation for
these characteristics. Furthermore, in the classical twin
design c and d cannot be tested together in one model.
Multivariate Genetic Analyses

Data on Twin 1 and Twin 2 were summarized in 8-by8 variance–covariance matrices for MZ and DZ twins.
The maximum likelihood estimation of parameters a,
(d or c) and e was assessed using Mx (Neale, 2004).
The goodness-of-fit between the observed measures
and the expected values based on the model parameters was assessed by a χ2 test. Low χ2 values indicate
consistency of the model with the data, while significant χ2 values indicate poor fit. The simplest model is
the one in which all variation is explained by the
lowest number of parameters. Akaike’s Information
Criterion (AIC = χ2 – 2df) combines the goodness-offit of a model (the discrepancy between expected and
observed covariance matrices) with its simplicity (the
degrees of freedom of the model), resulting in a
measure of parsimony. The maximum likelihood estimates of the parameters of the most parsimonious
model were computed. These parameter estimates
were expressed in percentages of the total variance
explained by genetic and environmental factors. To
test whether the same genes influence isometric and
dynamic strength at 110° arm flexion, the contribution of genetic and environmental factors to the
covariance between elbow flexion torques was estimated using multivariate models. Midarm MCSA was
also included in this multivariate analysis because this
is a key physiological determinant and an important
covariate of isometric and dynamic strength (Huygens
et al., 2004; Thomis, Van Leemputte, et al., 1997;
Thomis et al., 2000).
Three alternative models were formulated, with
special focus on the generality versus specificity
hypothesis. In these models, Ac might represent genes
responsible for the determination of the overall
amount of contractile protein in muscles that will
influence the torque production in all three types of
contraction and MCSA, while As might be genes
coding for proteins that influence, for example,
passive elastic energy like titin for eccentric strength.
Likewise, the individual variability in level of physical
activity contributing to all types of contraction and
MCSA will be represented in Ec. Differences in specific strength training experiences with focus on, for
example, eccentric muscle work might induce
interindividual differences in the specific environmental component loading on eccentric torque (Es). A first
model (IPAcEc – SAE) assumed that one set of additive
genes (Ac) and one set of unique environmental
factors (Ec) determined the covariance between the
four variables under study. Specific unique (Es) and
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(.00 - .38)

Es1
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.18
(.00 - .40)
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.00

As3

As4
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(.00 - .48)

.67
(.43 - .86)

Es3

Es4

Figure 2
AcEcAsEs model with variance components values of each path in muscle cross-sectional area (MCSA) and the three contraction types.
Note: 95% confidence intervals are presented in parentheses.
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additive genetic (As) factors explained the rest of the
variance (summarized as S A E ). This independent
pathway (IP) model (Figure 2) allows the estimation of
the contribution of genetic and environmental factors
in an underlying ‘generality factor’ (Ac, Ec). At the
same time residual contraction type specific variance is
decomposed into ‘specificity factors’ As and Es. A first
submodel tested the significance of a specific unique
genetic factor (As). A second model limited to the
‘specificity structure’ was tested to explore the significance of the general factor (SAE; model 3).

trait-specific and bivariate cross-trait MZ correlations
varied between .34 and .81. DZ correlations were generally lower than half of the MZ correlations which
implies the possible presence of dominant genetic
factors (D) as well as additive genes (A) and unique
environmental sources (E) of variance to explain the
trait-specific and bivariate (co-)variances. However,
MZ–DZ intrapair correlations for Fiso (trait specific)
and Fiso-Fecc (bivariate cross-trait) suggested no influence of dominance.

Results
Descriptive Statistics
All variables followed a Gaussian distribution except
eccentric torque. No differences in means (except for
MCSA), variances (SD) and birth-order effects
between MZ and DZ twins were found (Table 1).
Correlations between the three strength measurements and MCSA ranged from .43 to .64 (Table 1).
This implies the possible presence of a general strength
factor which explains the covariance between the four
variables. The observed intrapair correlations between
MZ and DZ twins are presented in Table 1 (withintwin, cross-trait correlations are omitted). Both

Results of the model-fitting procedure for the multivariate analysis are presented in Table 2. Generally,
the fit of the models is not optimal (high χ2 and AIC
values). The ‘specificity model’ AsEs (number 3) gave
a bad fit (χ2 = 1152.19, df = 64, AIC = 1024.19) which
demonstrates the significance of a general factor in
explaining the variance of the four strength phenotypes studied. IP model AcAsEs (number 2) gives a
bad fit (χ2 = 106.82, df = 60, AIC = –13.18), indicative
of genes being responsible for the variance in each
phenotype separately. IP model AcEcAsEs (number 1)
provides a good fit and is parsimonious (χ2 = 90.14,
p = .003, df = 56, AIC = –21.86). The contribution of

Multivariate Genetic Analysis
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Table 1
Descriptive Statistics (Means and Standard Deviation) for Muscle Cross-Sectional Area (MCSA), Eccentric (Fecc), Isometric (Fiso) and Concentric
Strength (Fcon)
Descriptive
statistics
Mean

Pearson correlations

SD

MCSA Fecc

Fiso

MCSA cm2

49.3 *

Fecc Nm†

55.0

11.5

Fecc

Fiso Nm

51.2

11.4

Fiso

.56

.64

1.00

Fcon Nm

24.5

7.3

Fcon

.43

.49

.50

7.4

MCSA

Intrapair correlations MZ

Fcon

1.00
.55

1.00
1.00

MCSA Fecc

Intrapair correlations DZ

Fiso

Fcon

.81

.34

.51

.38

MCSA Fecc
.01

–.19

–.06

Fiso

Fcon
.10

.50

.69

.75

.46

.18

.09

.13

.02

.66

.42

.76

.42

.27

.24

.34

–.20

.65

.36

.71

.37

.02

–.09

.13

–.13

Note: Cross-trait Pearson correlations. MZ and DZ intrapair correlations. Significant differences in means between MZ and DZ twins (*) and significant (p < .05) deviation from
normality (†).

each path with corresponding 95% confidence intervals is expressed as a percentage of explained variance
for each phenotype (Figure 2). The heritability of each
trait can thus be calculated by summing the contributing variance component of specific and common genes.
Heritability was high for MCSA (h2 = .43 (Ac) + .38 (As)
= .81), eccentric (h2 = .18 (Ac) + .47 (As) = .65), and isometric strength (h 2 = .12 (A c ) + .58 (A s ) = .70).
Concentric strength on the other hand was less determined by genes (h2 = .00 (Ac) + .32 (As) = .32). The
importance of paths Ac and Ec over paths As and Es
gives a good indication of the generality versus specificity hypothesis. The contribution of general (Ac + Ec)
and specific latent factors (As + Es) to the total variance
are 49% and 51% for MCSA, 67% and 33% for Fecc,
62% and 38% for Fiso and 33% and 67% for Fcon,
respectively. More in detail, a set of common additive
genes explains a large part of the variance within
MCSA (ac1 = .43), Fecc (ac2 = .47) and Fiso (ac3 = .58)
which points to genetic generality (pleiotropic gene
action). Genetic effects specific for MCSA explain 38%
of the variance (as1 = .38) but are less important for
Fecc (as2 = .18), Fiso (as3 = .12) and Fcon (as4 = .00).
Unique environmental factors seem to play a more
important role for Fcon (es4 = .67) in comparison to the
contribution of a common set of shared genetic or environmental effects (ac4 = .31, ec4 = .01).
In Table 3, proportions of covariances explained by
genetic and environmental factors and genetic/environmental correlations were estimated as they contribute
to the explanation of the underlying generality hypothesis. The covariance in muscle cross-sectional area and
the different contraction types was for a large part

explained by genes (covariances ranged from .81 to
.95) and to a lesser extent by the environment
(.05–.19). This information is in line with the high
genetic correlation between the four strength dimensions (correlations between .62 and .91), while the
environmental correlation between MCSA and the
three contraction types are fairly low (correlations
between .05 and .41).

Discussion
To our knowledge, this is the first study that has
investigated the variances/covariances within and
between muscle cross-sectional area, isometric, concentric and eccentric muscle strength using a
multivariate design with special focus on the presence
of a general cause of variation for all variables under
study. A univariate design by contrast can only study
one variable at a time and thus cannot investigate evidence for a relationship with other traits. The major
finding in this study is the presence of a major set of
genes common to the strength phenotypes and MCSA
referring to an underlying genetic cause of strength
generality (Hortobagyi et al., 1989).
The IP AcEcAsEs model was selected as the best
model to explain the data. The main reasons for
choosing this model were that it fitted the data well,
was theoretically plausible, provided evidence for the
presence of covariance as described in earlier studies
(Akima et al., 2001; Peltonen et al., 1998) and logically followed from previous results of univariate
models (Thomis, Beunen, Van Leemputte, et al., 1998;
Thomis, Van Leemputte, et al., 1997).

Table 2
Goodness-of-Fit Statistics for Three Alternative Models
Model
Common for all variables

Specific for each variable

1

AE

AE

2

AE

E

3

—

AE

χ2

p

df

AIC

90.14

.003

56

–21.86

106.82

0

60

–13.18

1152.19

0

64

1024.19
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Table 3
Proportions of Covariances and Correlations for MCSA and Three Contraction Types Determined by Genes and Environment and Calculated From
Maximum Likelihood Estimations for the IP AcEcAsEs Model
Genes

Environment

MCSA

Fecc

Fiso

Fcon

MCSA

Fecc

Fiso

Fcon

MCSA

.81*

.62

.66

.73

.19

Fecc

.81

.65*

.77

.85

.19

.41

.21

.07

.35†

.28

Fiso

.91

.85

.70*

.91

.10

.09

.15

.30†

Fcon

.93

.89

.95

.31*

.05

.07

.11

.05

.69†

†

Note: *Sum of Ac and As = total heritability (on diagonal)
†

Sum of Ec and Es = total environmentality

Bivariate covariances are reported on and below the diagonal; bivariate correlations above the diagonal (italics)

A recurrent problem in twin studies is the power to
detect small genetic and environmental latent factors
as genetic analyses require large samples. This study
has enough power to detect a significant contribution
of additive genetic factors against a model with only
unique environmental contributions. In contrast, small
proportions of additional familial environmental
factors or genetic dominance in the presence of substantial additive genetic factors would only be
detectable in much larger samples. Power simulations
were performed to gain an indication of the sample size
needed to detect sources of genetic dominance. With
the current sample size, a model with additive genes,
genetic dominance and unique environment explaining
20%, 70% and 10% of the variance/covariance respectively could be detected (power = 25%; Ac = 10%,
Dc = 50%, Ec = 5%, As = 10%, Ds = 20%, Es = 5%).
On the other hand, detecting only 30% of genetic dominance with a power of 80% (Ac = 25%, Dc = 20%,
Ec = 10%, As = 15%, Ds = 10%, Es = 20%) would
require a sample size of approximately 1925 subjects.
The low DZ correlations for MCSA, Fecc and Fcon
might be due to sampling error, as in other studies DZ
correlations are considerably higher (Arden & Spector,
1997; Ropponen et al., 2004).
The heritability coefficient for MCSA was high
(81%) and confirms the findings of previous studies
(Loos et al., 1997; Maes et al., 1996; Thomis, Beunen,
Maes, et al., 1998; Thomis, Van Leemputte, et al.,
1997) with heritabilities ranging from .82 to .95. Two
studies on the variation in the musculature of the calf
measured by radiographic analysis reported sibling similarities (rmales = .56, rfemales = .63: preschool age) and MZ
intraclass correlations (rmales = .83, rfemales = .85: 12–13
years) which indicate an important genetic contribution
to the estimated calf muscle mass (Hewitt, 2005; Hoshi
et al., 1982). Genetic factors accounted for 61% of
eccentric strength in this study which is consistent with
Thomis, Beunen, Van Leemputte, et al. (1998) who
found heritabilities between .62 and .82 with the same
dataset but at different velocities as compared to the
present analyses. For isometric strength (h2 = .70),
several studies reached similar findings (.61–.82; Maes
et al., 1996; Perusse et al., 1987; Thomis, Beunen,
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Maes, et al., 1998; Thomis, Beunen, Van Leemputte, et
al., 1998; Thomis, Van Leemputte, et al., 1997), while
others found no evidence for a genetic contribution
(Karlsson et al., 1979) or low to moderate heritabilities
(.22–.49) in isometric strength (Arden & Spector, 1997;
Carmelli & Reed, 2000; Tiainen et al., 2005). Possible
explanations for these discrepancies could be (i) a different statistical method used for calculating
heritabilities (Arden et al., 1997, computed h2 based on
correlation analysis where h2 = 2*[rMZ – rDZ]); (ii) a
difference in sample sizes; (iii) sample not representative
for the population (Karlsson et al., 1979) or older subjects (mean age between 63–76 years; Carmelli & Reed,
2000; Tiainen et al., 2005). Tiainen et al. (2004) compared variances in isometric strength for three different
muscle groups (handgrip, knee extension and ankle
plantar flexion strength). For isometric strength of the
knee extensors 68% of the variance was explained by
genes, while a CE model fitted best for both other
strength characteristics. However, the poorer fitting AE
models with higher AIC values showed comparable a2
values of .65 and .72.
Only 32% of the variance in concentric strength was
explained by genes. However, Sklad et al. (1992) and
Maes et al. (1996) reported results that pointed to a high
genetic contribution for concentric strength (.74–.79).
Discrepancies between this high genetic contribution and
the low contribution of genes in the present study could
in part be explained by the use of different strength measures and different contraction speeds.
Unique environmental factors (e.g., nutritional
status and physical activity that influence each individual subject specifically) explained the remaining
variance (Figure 2) in MCSA and the strength phenotypes. For concentric strength, the importance of the
specific environmental factors should be emphasized
(.67). Again, different strength measures and a higher
contraction speed used in the present study could
account for discrepancies with the above studies.
Differences in heritabilities for the three contraction types can be related to the factors that contribute
to these differences. Contractile and elastic elements
contribute to the force production during eccentric
muscle action, while only contractile elements
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contribute to the force production during concentric
muscle action (Cress et al., 1992). The genetic component that explains the variance in concentric arm
strength could partially contribute to the variability in
contractile proteins and the interindividual variation
in muscle fibre distribution in the arm muscles.
Heritability values for eccentric muscle torques can be
explained by genetic variation in the number of contractile proteins (actin and myosin) and genetic
variation in the number of passive elastic components
like titin and nebulin.
The multivariate design permits to decompose the
variances in the four phenotypes in general genetic
and environmental factors (Ac and Ec), which are
common to these phenotypes, and genes and environmental factors specific for each of the phenotypes
under study (As and Es). Hortobagyi et al. (1989)
studied contrasting athlete populations for eccentric
and concentric muscle force at three velocities for
simple arm flexion and extension. They argued that
intercorrelations higher than .71 would indicate a
greater proportion of generality than specificity
between modes, velocities and types of movement
(r 2 × 100 = 50% or greater common variance).
Correlations in our study are lower (.43–.67). Thus,
according to Hortobagyi’s theory there would be no
evidence for a general strength factor. However, in the
multivariate analysis a set of additive genes explains to
a large extent the covariance between MCSA and the
strength phenotypes (Table 3), while the influence of
the environment was obviously lower (5%–19%). The
presence of a general strength factor was also tested in
the same young adults for MCSA and isometric torques
in three different angles (Thomis, Van Leemputte, et al.,
1997). A general genetic factor explained 41% to 83%
of the variance in these different torques and MCSA.
The residual variance was mainly explained by unique
environmental factors having a specific influence on
each variable separately (17%–24%). The covariance
between the four variables was mainly caused by
genetic factors (86%–97%), while environmental
factors explained only 3% to 14% of the covariance. A
common genetic component which accounted for 32%
of the total variance in leg extension power and 48% in
knee isometric strength was shown by Tiainen et al.
(2005). Both variables had a nonshared environmental
effect in common accounting for 4% of the variance in
power and 52% in strength. Remaining variance for leg
extensor power was due to trait-specific shared and
nonshared environmental effects. In the present study,
the relative importance of generality versus specificity
for each phenotype was calculated by summing AC + EC
and AS + ES, respectively. We demonstrate that general
latent factors (AC + EC) play a major role in explaining
the variance in Fecc (67%) and Fiso (62%), while 67%
of the variance in Fcon was explained by the specificity
factors (AS + ES). An equal contribution of generality
and specificity factors was demonstrated for MCSA
(49% and 51%, respectively).

Knowledge of the underlying pleiotropic action of
genes and environmental causes of (co-)variation is
useful in the study of determinants for strength-related
sports performance and health status of the general
public. Baker et al. (2001) found significant differences in upper-body strength and power between
professional and college-aged rugby players. They postulated that these differences may be ascribed, at least
partially, to the significantly greater training experiences (environment) of the professional players.
Differences in exercise behavior are often included in
the ‘general environment’, although this is also determined by genetic factors that might in part be
‘fitness/ability’-related (Beunen & Thomis, 1999;
Stubbe et al., 2005) and therefore in part share the
same underlying genetic factors. Additionally, results
of our study suggest the presence of a common set of
underlying genes explaining the major part of the variance. Some of these genes, however, might therefore
not have a direct causal impact on the variance of the
different muscle strength phenotypes, but an indirect
effect via exercise behavior which in turn predisposes
subjects to generate more or less muscle strength
(genotype–exercise correlation and genotype–environment interaction effects). Some gene variants causing
variance in muscle strength do not necessarily have an
impact on biomechanical and physiological structures
of the muscle, but might provide subjects with a
genetic advantage towards exercise behavior, nutrition
and other health benefits which results in stronger
muscles. Furthermore, the genetic advantage of some
subjects to generate more muscle strength might
encourage them to engage in regular sports participation which further amplifies this genetic advantage.
Within our study design, twin pairs were included if
they had similar within-pair physical activity profiles,
and therefore might have induced a higher than
expected DZ within-pair similarity compared to the
general population, which might introduce some
common environmental effects in exercise behavior
within this sample.
The present interpretations can only be generalized
for a young, male population. The selection of this age
group (22.4 ± 3.7 years) could raise the question
whether a different maturity level has an impact on
the results with regard to different genetic and environmental contributions to the variance in each
phenotype. Only a few subjects might not have
reached full maturity at age 17. Furthermore, two
recent studies (Peeters, Thomis, Maes, Beunen, et al.,
2005; Peeters, Thomis, Maes, Loos, et al., 2005) concluded that the stability in isometric and explosive
strength during adolescence are caused by both stable
genetic influences and stable unique environmental
influences, where additive genetic factors seem to be
the most important source for isometric strength in
boys. In the present study, twin pairs with similar
physical activity patterns (= similar environmental
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factor) were sampled to avoid inducement of differences in the environment at the start of the study.
Furthermore, the choice of a fast dynamic contraction type (120° s–1) does not really represent a true
explosive contraction and therefore results might not
be generalized to all explosive concentric and eccentric contractions.
In summary, within the limitations of the sample
size, as part of a training protocol, our findings
suggest that muscle cross-sectional area, eccentric, isometric and to a lesser extent concentric strength are
high genetically determined characteristics of the
human body and are therefore an important domain
of interest to localize the responsible genes. High
genetic correlations between the four phenotypes
under study suggested shared (pleiotropic) gene
action. Further research should be conducted to
explore which genes are responsible for the variance in
these four phenotypes and which specific polymorphisms cause strength differences in the population.
The search for specific gene variants is currently in
progress in a large sib-pair study (Huygens et al.,
2005) and in training intervention studies (Roth et al.,
2003; Thompson et al., 2004). However, the present
results emphasize the possibilities to test for the effects
of QTLs and specific polymorphisms in a pleiotropic
action by analyzing multivariate models including
both MCSA and different contraction type strength
measures, which might profit from increased power
(Boomsma, 1997).
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