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Abstract

Objectives: Decreased muscle mass is known to be associated with several serious medical
conditions. We analyzed the Fifth Korean National Health and Nutrition Examination Survey
(KNHANES V, 2010-2011) to estimate the heritability of muscle mass in Korean parent-offspring
pairs.

Study Design: Cross-sectional.

Main outcome measures: A total of 1233 parents (average age 57.67 + 8.50 years) and 917
offspring (average age 29.10 + 7.57 years) from 743 families were included in the analysis.
Muscle mass was estimated based on three different indices: appendicular skeletal muscle mass
(ASM) measured with a dual-energy X-ray absorptiometry (DXA), weight-adjusted ASM (SMI),
and height-adjusted ASM (RASM). The heritability was estimated by employing the maximum-
likelihood variance components implemented in Sequential Oligogenic Linkage Analysis Routines
(SOLAR). The best-fitting model was determined out of four polygenic models. Pearson’s partial
correlation coefficient was also calculated using the muscle mass indices to further study the
association between father or mother and son or daughter pairs.

Results: The heritability estimates of the muscle mass indices ranged from 55% to 80% (all p <
0.01). The correlation coefficient of father and offspring ranged from 0.11 to 0.40, while that of
mother and offspring ranged from 0.23 to 0.43 (all p < 0.01).
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Conclusions: The heritability estimates of muscle mass in Koreans are large and significant,
suggesting that parental muscle mass is an important predictor of the offspring’s muscle mass. The
result implies that there may be a genetic factor partly determining muscle mass.

Introduction

One of the most notable changes in the elderly is a decrease in muscle mass. When this is
accompanied with a decrease in muscle function, sarcopenia can be diagnosed [1].
Sarcopenia can increase the risk of osteoporotic fractures, which affect mortality, morbidity,
and quality of life [2]. Even without evident fracture, sarcopenia can lead elderly persons
into the frailty cycle [3], which in turn can result in multi-organ functional impairment.
Sarcopenia is also linked to accumulation of visceral fat mass, increasing the risk of obesity
and cardiometabolic conditions such as diabetes, hypertension and cardiovascular diseases
[4]. Several studies have researched the determinants of muscle mass, in an attempt to
prevent or slow the progression of sarcopenia [5,6]. However, none of the pharmacologic
interventions proposed is sufficiently effective and safe; currently, exercise with or without
nutritional intervention is the only intervention applicable [7].

Studies of the genetic influence on body composition have been performed in different
settings. In particular, the heritability of body mass index (BMI) and obesity is well
established [8], and a strong genetic influence on bone mineral density and fat mass has also
been demonstrated [2,9-12]. Although the genetic influence on muscle mass and muscle
strength has been highlighted, along with other aspects of body composition [13,14], most of
these studies had small samples and were done in Caucasian or African populations.
Considering the specificities of the Asian population in terms of body size and lifestyle,
studies of this population can aid understanding of the genetic influence on the muscle mass.

There is a consensus that muscle mass and muscle strength should be considered together
when defining sarcopenia, but there is no concrete operational definition for sarcopenia or a
standardized intervention program in this regard [1]. According to the Korean Sarcopenic
Obesity Study (KSQS), the prevalence of sarcopenia in women aged over 60 years is 4.1%
or 14.2%, depending on the definition of muscle mass [15]. Given that there is no consensus
on the definition of sarcopenia, a variety of muscle mass indices should be used.

To our knowledge, this is the first study of the heritability of muscle mass measured with
different muscle mass indices using a nationwide cohort in an Asian country. We
investigated the genetic influence on muscle mass measured with various indices in the
Korean population, by analyzing the pedigree set obtained from the Fifth Korean National
Health and Nutrition Examination Survey (KNHANES V, 2010-2011) database.
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2. Materials and methods

2.1. Subjects

This study employed the KNHANES V (2010-2011) database, which is a nationwide, cross-
sectional survey conducted by the Korean Ministry of Health and Welfare to obtain a
representative data regarding the health and nutrition of the non-institutionalized Korean
civilian population. To target the Korean civilian population, statistics from the 2009
Resident Registration by the Ministry of Government Administration and Home Affairs
were extracted and a multi-stage clustered sampling method was used to select 3800
households, a total of 31,596 individuals (10,938 in 2010, 10,589 in 2011, 10,069 in 2012).

The KNHANES V has three parts: the health interview survey, the health examination
survey, and the nutrition survey. About 80% of sampled individuals participated in all three
surveys, and among them dual-energy X-ray absorptiometry (DXA) measurements were
available in 9800 individuals (7043 in 2010 and 2757 in 2011). Exclusion criteria for DXA
included any participants (1) who refused the test, (2) who was pregnant or suspected to be
pregnant, (3) who was unable to lie down on the table, (4) who weighed over 159 kg, or (5)
who had been administered a contrast agent within the previous week. All participants
signed an informed consent form (IRB registration number: 2010-02CON-21-C, 2011-
02CON-06-C). A detailed report of the KNHANES is available on http://knhanes.cdc.go.kr/.

Among the 9800 participants involved in all three surveys and who had DXA measurements,
we excluded those aged < 20years (n = 1412), and those from single-membered families (n
= 3173), families with unrelated members (n = 9), or families consisting of either siblings or
couples only (n = 3056). Finally, 253 families consisting of either a father or a mother and
their offspring (one or more), and 490 families with both parents and their offspring (one or
more) were included in this study (total 1233 parents and 917 offspring, 2150 individuals).

2.2. Data collection and measurements

A set of four mobile examination centers (MECs) with the required equipment visited each
district; participants were surveyed in the mobile center. The health interview survey of the
KNHANES included information on age, gender, education level, and marital status.
Participants’ body weight was measured to the nearest 0.1 kg while they wore light clothing.
Height was measured to the nearest 0.1 cm.

All instruments were calibrated each morning. BMI was calculated as weight/height? (kg/
m?2). The nutrition survey was carried out a week after the health interview using the 24-h
dietary recall method. Daily energy intake (in kcal/day) and daily protein intake (in g/day)
were estimated based on the Standard Korean Food Composition Table [16].

Appendicular skeletal muscle mass (ASM, in kg), defined as the total skeletal muscle mass
of the four limbs, was measured with the Discovery-W bone densitometer (Hologic, USA).
Daily quality control was done according to the manufacturer’s protocol. Skeletal muscle
index (SMI, in %) was calculated as ASM divided by body weight and multiplied by 100,
while relative appendicular skeletal muscle mass (RASM, in kg/m?) was defined as ASM
divided by the square of the height.
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Current smokers were defined as those who were smoking at the time of the survey, and had
smoked more than five packs of cigarettes during their lifetime. Drinking was categorized
into three levels: heavy drinker (women, =7 units/week; men, >14 units/week), social drinker
(women, 1-6 units/week; men, 1-13 units/week), or none. Exercise types were categorized
as resistance exercise, such as push-ups, crunches, chin-ups, or weightlifting, or as flexibility
exercise, such as stretches or free gymnastics; the frequency of each type of exercise was
checked. The Korean version of International Physical Activity Questionnaire Short-Form
(IPAQ-SF) was used to levels of physical activity [17]. Participants were put in one of three
categories of some physical activity, or a residual category (minimal physical activity) if
they responded ‘no’ to all three items: they were placed in the high physical activity group if
they performed intensive physical activity for over 20 min, more than 3 days a week; in the
moderate physical activity group if they performed moderate physical activity for over 30
min, over 5 days a week; or in the low physical activity group if they walked for over 30
min, more than 5 days a week.

Information regarding disease history, such as hypertension, diabetes, cardiovascular
disease, osteoarthritis, rheumatoid arthritis, thyroid disease, chronic renal failure, depression,
or cancer was examined through face-to-face interview by a member of the KNHANES
staff. The participants were assumed to have the disease if they were currently on medication
or had been diagnosed by a doctor.

2.3. Definition of heritability and four polygenic models

Heritability (h?) is defined as the proportion of the phenotypic variance in a trait that is
attributable to genetic effects [2]. We used the maximum-likelihood variance components
method implemented in the SOLAR (Sequential Oligogenic Linkage Analysis Routines)
software (SOLAR Eclipse version 8.1.1, Texas Biomedical Research Institute) to estimate
the heritability of the variables of interest. Heritability of ASM, SMI, and RASM were
estimated in four polygenic models, with adjustment for increasing numbers of covariates, to
measure the genetic contribution to the variance in the muscle mass measures. Model 1 was
adjusted for age and sex; model 2 incorporated model 1 plus adjustments for demographic
covariates, such as home income, education level, and marital status; model 3 incorporated
model 2 plus adjustments for lifestyle, such as BMI, daily energy intake, daily protein
intake, smoking/drinking habit, and physical activity; and model 4 incorporated model 3
plus adjustments for the presence of disease history, such as hypertension, diabetes, stroke,
Ml/angina, osteoarthritis, rheumatoid arthritis, thyroid disease, chronic renal failure,
depression, or cancer. For each analysis, only significant covariates (p= 0.1) were included
in the final model.

2.4, Statistical analysis

The sample weights provided by KNHANES were applied to all analyses to produce
weighted variables to represent the Korean population by accounting for the complex survey
design, survey non-response and post-stratification [18]. Continuous variables such as age,
waist circumference, daily energy or protein intake, ASM and its derivatives were presented
as mean and standard error (SE). Discrete variables were described as weighted percentages.
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To compare groups (father vs. mother, son vs. daughter), independent t-tests and chi-square
tests were used for continuous and discrete variables, respectively.

To estimate the heritability of ASM and RASM, inverse transformation was applied to
normalize the data, since the residual kurtosis exceeded the normal range. After
normalization, as per SOLAR’s requirement, the chi-square test was performed to estimate
the heterogeneity of genetic variance in model 3 and model 4 of ASM and RASM (those
shown with asterisks (*) in Table 2). If the standard deviation of the estimated trait was less
than 0.5, we multiplied the trait with the scaling factor recommended by SOLAR, and the
scaled trait was then used in the analysis [10]. The heritability estimates were not affected by
the scaling factor.

For the maximum-likelihood variance components method, the heritability only from parents
to offspring is calculated. Pearson’s partial correlation analysis was employed to evaluate the
association between the muscle mass indices of fathers and offspring, and that of mothers
and offspring. Adjustment was made for age and sex. The SAS 9.1 statistics package (SAS
institute, Cary, NC, USA) was used for the analysis.

3. Results

A total of 1233 parents and 917 offspring were included in the analysis. Their demographic
characteristics are shown in Table 1. The average age of the parents was 57.67 + 8.50 years
and the average BMI of parents was 23.90 + 3.01 kg/m2. While the mean BMIs of fathers
and mothers were not significantly different, daily energy intake was higher in fathers than
in mothers. The ASM, SMI, and RASM were higher in fathers than in mothers. Fathers
performed resistance exercise more frequently than mothers did, while the frequency of
flexibility exercise was similar in the two groups.

The average age of the offspring was 29.10 + 7.57 and the average BMI of offspring was
22.84 + 3.84 kg/m2. The mean BMI of sons was higher than that of daughters. The daily
energy intake of sons was also higher than that of daughters. The ASM, SMI, and RASM
were significantly higher in sons than in daughters. The sons performed more frequent
resistance exercises than did daughters, while the rate of flexibility exercise was similar in
the groups. In both parents and offspring, the majority of smokers and heavy drinkers were
males.

The heritability estimates (h?) of muscle mass indices and the standard errors (SE)
calculated with four polygenic models are shown in Table 2. Heritability of ASM from
parents to offspring ranged from 59% to 67%. The h? of ASM from parents to sons was
estimated to be 58% to 71%, depending on the model. The h? estimates of ASM from
parents to daughters ranged from 60% to 65%. For SMI, h? from parents to offspring was
estimated to be between 66% and 73%, 57% to 65% from parents to sons, and 77% to 80%
from parents to daughters. The h? estimate of RASM from parents to offspring was between
59% and 71%, while that from parents to sons was between 55% and 68%, and from parents
to daughters 61% to 71%. All estimates were statistically significant with p < 0.01.
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Fig. 1 shows the scatter plot analysis of parental and offspring ASM, SMI, and RASM,
respectively, and the Pearson’s partial correlation coefficient (/) of muscle mass indices are
labeled in the figure. For ASM, rvalues for daughter-father, daughter-mother, son-father,
and son-mother were 0.31, 0.39, 0.28, and 0.31 respectively. For SMI, the rvalues for
daughter-father, daughter-mother, son-father, and son-mother were 0.39, 0.43, 0.40, and 0.29
respectively. For RASM, the rvalues were 0.31, 0.40, 0.27, and 0.30, in the same order as
above. All the correlation analysis was statistically significant with p < 0.01.

4. Discussion

In this study, we analyzed a total of 1233 parents and 917 offspring from 743 Korean
families to estimate the heritability of muscle mass. Baseline characteristics of fathers vs.
mothers and sons vs. daughters showed similar results as previous studies with similar age
groups in Korea [19]. The heritability estimates for ASM, weight-adjusted ASM and height-
adjusted ASM all showed a strong genetic influence. Even after adjustments for age, sex,
demographic covariates, lifestyle factors, and medical history in our polygenic models to
eliminate the possible confounding effect of the covariates, heritability of the muscle mass
indices remained significant (adjusted h? ranging from 64% to 79%). Heritability from
parents to offspring, from parents to sons, and from parents to daughters were estimated
separately; all pairs showed a significant heritable trait. Pearson’s partial correlation analysis
was used to investigate the association between the muscle mass of mother or father, and
that of son or daughter; rwas as high as 0.39 for father-daughter pairs, 0.43 for mother-
daughter pairs, 0.40 for father-son pairs, and 0.31 for mother-son pairs. The analysis thus
consistently showed a statistically significant positive correlation between father or mother
and son or daughter pairs after adjustments were made.

High heritability values of muscle mass in this study correspond with most previous studies
on European and African populations; the heritability estimates across these studies were
mostly over 50%, which is consistent with our results [11,20-22]. The consistent heritability
estimate implies that genetic factors play a key role in determining muscle mass, regardless
of the population. Furthermore, the influence of ethnicity on body compaosition and
cardiometabolic risk has been well recognized [23], and the existence of ethnic variability in
the heritable trait of metabolic syndrome has been reported [24]. The present study has
shown that the high degree of heritability of muscle mass demonstrated in other ethnicities is
also present in the Korean population.

Previous studies have focused on the strong genetic influences on body composition, and
have revealed that bone mass, fat mass, and lean mass are all highly heritable. Some studies
have found a shared genetic component in bone mineral density and lean mass [2,12],
corresponding to the recent concept of the bone-muscle unit [25]. However, although the
incidence of sarcopenia is increasing as the elderly population has grown, studies that
specifically target sarcopenia are lacking. In defining sarcopenia, it has been suggested that
both quantitative and qualitative traits of skeletal muscle be considered. The heritability of
muscle strength (the qualitative trait) has been estimated to be 30~85% [14]. Given that
muscle mass (the quantitative trait) is also heritable, as supported by the result of the present
study, there may be heritable trait in sarcopenia itself [14].
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For quantitative measurement of muscle mass, ASM, SMI, and RASM have been proposed
so far. The European Working Group on Sarcopenia in Older People (EWGSOP) and the
Asian Working Group for Sarcopenia (AWGS) have suggested that low muscle mass be
defined according to SMI. However, in the Korean population, such a criterion will lead to a
comparatively low cutoff point. According to the Korean Sarcopenic Obesity Study (KSQOS),
the prevalence of sarcopenia in women aged over 60 years is 4.1% or 14.2%, when defined
with RASM or SMI respectively [15]. In this study, we looked at all three muscle mass
indices for precise analysis, and the heritability estimates of the three values were all
significant.

There are several weaknesses in the present study. First, this is an observational study based
on a cross-sectional survey. Thus, caution should be exercised in drawing conclusions based
on the suggested association. Second, the age group was not stratified. Considering that age
could affect the power of heritability, stratification might help better understand the
relationship between age and the genetic influence on muscle mass. Lastly, we obtained the
medical history of participants from self-reported data instead of standardized lab results or
medical records, which may lead to inaccurate and inconsistent results.

However, the study’s strength lies in the large sample size and in the balanced gender
distribution of participants. Second, in the analysis, demographic covariates, such as home
income, education level, and marital status, as well as other factors known to affect muscle
mass, such as dietary protein intake or physical activity, were adjusted. Third, the study was
based on the national representative data collected from all parts of the country, eliminating
other possible compounding effects.

This was the first study on the heritability of muscle mass in Asia with nationwide cohort
using three different muscle mass indices. In conclusion, there may be a strong genetic
factor partly determining muscle mass. Further research into the heritability of sarcopenia
might help building the devising of strategies for the prevention of sarcopenia and related
diseases.

This work was supported by Basic Science Research Program through the National Research Foundation of Korea
(NRF) funded by the Ministry of Science, Information and Communications Technology (ICT) & Future Planning
(No. 2012R1A1A2041924 to JHK).

Abbreviations:

ASM appendicular skeletal muscle mass
RASM relative appendicular skeletal muscle mass
SMI skeletal muscle index
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(a) Pearson’s partial correlation of ASMs of parent and offspring. (b) Pearson’s partial

correlation of SMIs of parent and offspring. (c) Pearson’s partial correlation of RASMs of
parent and offspring.
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Table 2
a. Heritability of ASM, SMI, and RASM.
ASM SMI RASM
h2 SE p-value hZ SE p-value h? SE  p-value
From parents to offspring (son or daughter)
Model1 0.60 0.04 <0.01 067 0.04 <0.01 059 004 <0.01
Model2 059 0.04 0.66 0.04 059 0.04
Model 3 0.67* 0.04 0.73 0.05 0.71* 0.04
Model 4  0.66* 0.04 0.72 0.04 0.70*  0.04
From parents to son
Model1 059 006 <001 057 005 <001 055 0.06 <0.01
Model2 058 0.06 0.57 0.05 0.55 0.06
Model 3 0.71* 0.06 0.65 0.06 0.68 0.07
Model 4 0.71* 0.06 0.64 0.06 0.67 0.07
From parents to daughter
Model1 0.60 0.05 <0.01 077 0.05 <0.01 061 0.05 <0.01
Model2  0.60  0.05 0.77 0.05 061 0.05
Model 3  0.65* 0.05 0.80 0.05 0.71  0.05
Model 4  0.64* 0.05 0.79 0.05 071 0.05

Model 1: adjusted for age and sex.

Model 2: adjusted for age, sex, home income, education level, and marital status.

Model 3: adjusted for age, sex, home income, education level, marital status, BMI, daily energy intake, daily protein intake, smoking/drinking
habit, exercise, and physical activity.

Model 4: adjusted for all the covariates mentioned in model 3 and whether the participants had certain medical conditions, such as hypertension,
diabetes, stroke, Ml/angina, osteoarthritis, rheumatoid arthritis, thyroid disease, chronic renal failure, depression, or cancer.
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