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Background: The onset and progression of sarcopenia are highly variable among individuals owing to genetic and environmental
factors. However, there are a limited number of studies measuring the heritability of muscle strength in large numbers of parent-adult
offspring pairs. We aimed to investigate the familial correlation and heritability of hand grip strength (HGS) among Korean adults.
Methods: This family-based cohort study on data from the Korea National Health and Nutrition Examination Survey (2014 to 2019)
included 5,004 Koreans aged =19 years from 1,527 families. HGS was measured using a digital grip strength dynamometer. Famil-
ial correlations of HGS were calculated in different pairs of relatives. Variance component methods were used to estimate heritability.
Results: The heritability estimate of HGS among Korean adults was 0.154 (standard error, 0.066). Correlation coefficient estimates
for HGS between parent-offspring, sibling, and spouse pairs were significant at 0.07, 0.10, and 0.23 (P<0.001, P=0.041, and P<0.001,
respectively). The total variance in the HGS phenotype was explained by additive genetic (15.4%), shared environmental (11.0%),
and unique environmental (73.6%) influences. The odds of weak HGS significantly increased in the offspring of parents with weak
HGS (odds ratio [OR], 1.69-3.10; P=0.027-0.038), especially in daughters (OR, 2.04-4.64; P=0.029-0.034).

Conclusion: HGS exhibits a familial correlation and significant heritable tendency in Korean adults. Therefore, Asian adults, espe-
cially women, who have parents with weak HGS, need to pay special attention to their muscle health with the help of healthy envi-
ronmental stimuli.
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INTRODUCTION

Sarcopenia is an age-related disease, in which muscle mass,
strength, and function may decline with age [1,2]. As sarcopenia
increases the risk of falls and fractures, reduces the quality of
life, and increases the risk of disease and even death, it has be-
come a major threat to the health of older adults [3]. However,
despite its seriousness, questions related to the underlying cellu-
lar mechanisms, biomarkers, accuracy of diagnostic tests, and
effective preventive or treatment strategies remain unaddressed
[4].

Muscle mass and strength vary through a lifetime, generally
increasing with growth in youth and young adulthood, being
maintained in midlife, and subsequently decreasing with age
[5]. Although the pathophysiology of sarcopenia is very com-
plex, previous studies have clearly shown that the effects of
both genetic and environmental factors are closely intertwined
and can hasten muscle weakening toward functional impair-
ment and disability. Accordingly, the onset and progression of
sarcopenia are highly variable among individuals owing to ge-
netic and environmental differences [6,7]. Moreover, it appears
necessary to maximize muscle mass and strength in youth and
young adulthood, maintain them in middle age, and minimize
muscle loss in older age [8].

Heritability, which is defined as the ratio of additional genetic
variations to the total phenotypic variation, generally assesses
the genetic contribution to a trait [9]. The remaining variance is
explained by the shared family environmental and unique envi-
ronmental factors. As an accurate measure of the average genet-
ic share can be obtained based on family relationships, family
studies can provide an estimate of the overall genetic impact of
a particular trait [10]. However, previous studies reporting on
the substantial contribution of genetic factors to muscle mass
and strength in adult life were mostly twin studies, and herita-
bility estimates of >50% were not uncommon in these studies
[11]. To our knowledge, few studies have demonstrated the rela-
tive influence of genetic and environmental factors on the phe-
notypic variance of muscle strength during adulthood in a fami-
ly-based cohort comprising parent-adult offspring pairs. There-
fore, in this study, we aimed to investigate the familial correla-
tion and heritability of hand grip strength (HGS) in a large fami-
ly-based cohort among the participants in the Korea National
Health and Nutrition Examination Survey (KNHANES) con-
ducted between 2014 and 2019.
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METHODS

Study participants

Participants in this study were recruited from the KNHANES
conducted from 2014 to 2019; HGS measurements were per-
formed as part of the KNHANES. The KNHANES is a cross-
sectional nationwide survey that employs a stratified, multistage,
clustered probability sampling method to select a representative
sample of non-institutionalized South Korean civilians [12]. The
survey consists of a health interview, health examination, and
nutrition survey. Data were collected through household inter-
views and standardized physical examinations conducted at mo-
bile examination centers. The KNHANES database is available
in English on a publicly accessible website (http://knhanes.kdca.
go.kr/knhanes/eng). All the participants provided informed con-
sent. All survey protocols were approved by the Institutional
Review Board of the Korea Disease Control and Prevention
Agency (approval number: 2013-12EXP-03-5C, 2018-01-03-P-
A, 2018-01-03-C-A). Of the 47,309 participants in KNAHNES
(2014 to 2019), we initially selected those aged =19 years
(n=37,916). Next, we excluded participants from families with-
out data on the parents or offspring (»=28,061 and n=1,850, re-
spectively). We also excluded participants without data on HGS
(n=2,213) and those with missing data on smoking status, drink-
ing habits, exercise habits, protein intake, or comorbidities, such
as diabetes, hypertension, stroke, coronary artery diseases, chron-
ic kidney diseases, arthritis, thyroid diseases, and cancers (n=
248). The remaining 5,004 participants from 1,527 families,

47,309 Participants from
KNHANES 2014-2019

\

37,916 Participants
=19 years old

32,912 Participants excluded
- 28,601 with no data on parents
» - 1,850 with no data on offspring
- 2,213 with no data on HGS
- 248 with missing data on covariables

\

5,004 Participants
(1,527 families) included

Fig. 1. Flow chart of study participant selection. KNHANES, Ko-
rea National Health and Nutrition Examination Survey; HGS, hand
grip strength.
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with data from both parents and their offspring, constituted the
study cohort (Fig. 1).

Anthropometric, lifestyle, and dietary parameters

All the participants underwent a thorough physical examination.
Data on age, weight, height, smoking status, drinking habits,
and exercise habits were recorded. Weight and height were mea-
sured with the participants wearing light clothing without shoes.
Body mass index (BMI) was calculated by dividing the weight
by height squared. Smoking status was categorized as never,
past, or current. Heavy alcohol consumption in men and women
was defined as the consumption of =7 and =5 drinks, respec-
tively, at one time, more than twice per week. Resistance exer-
cise was defined as exercises, such as push-ups, dumbbell or
barbell lifts, or chin-ups, performed more than once per week.
Nutrient intake was estimated using a multiple-pass 24-hour di-
etary recall technique, and protein intake was measured on a
food item basis.

Measurement of HGS

HGS was measured using a digital grip strength dynamometer
(T.K.K 5401, Takei Scientific Instruments Co., Ltd., Tokyo, Ja-
pan), which measures between 5.0 and 100.0 kg of force with an
accuracy of +0.1 kg and has an adjustable span. During HGS
measurement, participants were asked to stand upright with their
feet placed hip-width apart and to look forward with the elbows
fully extended. The dynamometer was held in a neutral comfort-
able position using one hand (not flexed or extended) with the
index finger at 90° flexion. The participants were instructed to
squeeze the grip continuously at full force for at least 3 seconds.
Approximately 60 seconds were allowed for recovery between
measurements. The maximum HGS value of the dominant hand
during the three trials was chosen as the representative HGS
measurement. In this study, weak HGS was defined as HGS val-
ues <28.9 and <16.8 kg in men and women, respectively, ac-
cording to previously reported Korean reference data [13]. To
enhance the robustness of our study results, we conducted sensi-
tivity analyses using an alternative threshold for weak HGS
based on the definition of sarcopenia from the Korean Working
Group on Sarcopenia 2023 (KWGS 2023; HGS values <28.0
and <18.0 kg in men and women, respectively) [14].

Statistical analysis

Continuous and categorical variables are expressed as meant
standard deviation (SD) and numbers with percentages, respec-
tively. Differences between the two groups in each variable

Copyright © 2023 Korean Endocrine Society

among the baseline characteristics were analyzed using Stu-
dent’s ¢ test (for continuous variables) or the chi-square test (for
categorical variables). Intraclass correlation coefficients (ICC)
for HGS were estimated in order to evaluate familial correlations
between specific pairs of relatives within the pedigrees. Being
from the same family was considered as a random effect (shared
family setting) in the model. ICCs were calculated for parent-
offspring, sibling, and spouse pairs using the FCOR (familial
correlation) program in the Statistical Analysis for Genetic Epi-
demiology (S.A.G.E.) software application version 6.4.2 (http://
darwin.cwru.edu/sage/). The ICCs can be interpreted as indicat-
ing poor, fair to good, and excellent reliability when the values
are <0.40, 0.40-0.75, and =0.75, respectively [15]. Comparison
between ICCs of specific pairs of relatives was performed using
Fisher’s r to z transformation method to determine the relative
contribution of genetic and environmental effects (https:/www.
medcalc.org/calc/comparison_of correlations.php). The herita-
bility of HGS was estimated using variance component analysis
after adjusting for important confounding variables, such as sex,
age, BMI, protein intake, smoking status, alcohol consumption,
exercise habits, and comorbidities. The residual variance in HGS
was partitioned into three components: additive genetic factors
(A), shared family environmental factors (C), and unique envi-
ronmental factors (E). The best-fit model was chosen based on
the likelihood estimates of the different models described by A,
C, and E. The ACE model was initially fitted to the data and then
compared with the following three submodels. One submodel
contained additional genetic and unique environmental factors
(AE), another submodel contained shared and unique environ-
mental factors (CE), and the final submodel contained unique
environmental factors (E). Heritability was defined as the ratio
of the residual variation in a trait due to an additive genetic fac-
tor (A) to the total residual variation. To evaluate heritability for
muscle strength, the SOLAR-Eclipse software package version
8.1.1 (http://solar-eclipse-genetics.org/) was used. To compare
offspring HGS according to parental HGS, the least-square (LS)
means with 95% confidence intervals (CIs) were estimated us-
ing a mixed model, on the assumption that random effects ac-
counted for correlations within the same family. Conditional lo-
gistic regression was used to analyze the odds of weak HGS in
the offspring according to parental HGS, by considering match-
ing within the same family. Statistical analyses were performed
using SAS version 9.4 (SAS Institute, Cary, NC, USA). Statisti-
cal significance was established at P<0.05 using a two-sided
test.
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RESULTS

Baseline characteristics of the study participants

The clinical characteristics of the 5,004 participants from 1,527
families (1,527 fathers, 1,527 mothers, 1,017 sons, and 993
daughters) are shown in Table 1. Among the parents, fathers were
older and heavier, consumed larger amounts of protein, and exer-
cised more often than mothers (all P<0.001). A larger number
of fathers were current smokers and binge drinkers than mothers
(all P<0.001). Muscle strength was greater in fathers than in
mothers (39.3+7.5 kg vs. 24.4£5.0 kg, P<0.001). Among the
offspring, sons were older and heavier, consumed larger amounts
of protein, and exercised more often than daughters (P<0.001 to
0.003). A larger number of sons were current smokers and binge
drinkers than daughters (all 7<0.001). HGS was greater in sons
than in daughters (41.8+8.0 kg vs. 24.0+4.8 kg, P<0.001).

Familial correlation of HGS

The estimated correlation coefficients for HGS in each pair of
relatives within a family after adjustments for important con-
founding variables, such as sex, age, BMI, protein intake, smok-

ing status, alcohol consumption, exercise habits, and comorbidi-
ties, are shown in Table 2. The estimated correlation coefficients
for HGS were as follows: between parents and their offspring,
Pparents offspring=0.07 (95% CI, 0.05 to 0.09; P<0.001); between
siblings, Fsivlings=0.10 (95% CI, 0.05 to 0.14; P=0.041); and be-
tween spouses, Fspouses=0.23 (95% CI, 0.20 to 0.25; P<0.001).
When the correlation coefficients between different pairs of rel-
atives were compared, there were no significant differences be-
tWEeN Fparents offspring AN Fsiviings (P=0.547). However, there were
significant differences between rparents offspring aNd Fspouses (P<
0.001) and between 7sibiings and 7spouses (P=0.013). These findings
indicate a significant familial correlation of HGS in Korean
adults, albeit with relatively weak reliability of the estimated
correlation coefficients.

Heritability of HGS

To estimate the heritability of HGS, we first built the ACE mod-
el with all three components and then tested the model against
the nested submodels AE, CE, and E before and after adjust-
ments for confounding factors (Table 3). In the crude model,
before adjustments for confounding factors, the removal of the

Table 1. Baseline Characteristics of the Study Participants
Variable Parents Offspring
Father (n=1,527) Mother (n=1,527) P value® Son (n=1,017)  Daughter (n=933) P value®
Age, yr 584479 55.1+7.6 <0.001 27.8+7.6 26.8+6.6 0.004
BMI, kg/m* 24.4+29 23.9+34 <0.001 243+4.1 21.7+3.8 <0.001
HGS, kg 39.3£7.5 244+5.0 <0.001 41.8+8.0 24.0+4.8 <0.001
Weak HGS 121 (7.9) 105 (6.9) 0.269 53(5.2) 58(6.2) 0.339
Smoking 1,187 (79.1) 57 (3.8) <0.001 533 (53.1) 111 (12.0) <0.001
Drinking 326 (21.7) 45 (3.0) <0.001 159 (16.0) 68 (7.3) <0.001
Exercise 429 (29.7) 220 (14.8) <0.001 366 (37.4) 174 (19.0) <0.001
Protein intake, g/day 80.9 (68.4) 58.9(27.2) <0.001 95.3 (58.9) 67.2(38.2) <0.001
Comorbidities
Diabetes 288 (19.8) 151 (10.2) <0.001 16 (1.7) 11(1.2) 0.441
Hypertension 626 (41.9) 421 (27.9) <0.001 94 (9.5) 27(2.9) <0.001
Arthritis 65 (4.5) 212(14.2) <0.001 8(0.8) 5(0.6) 0.472
Thyroid disease 21(1.4) 53 (3.6) <0.001 3(0.3) 7(0.8) 0.170
Cancers 70 (4.8) 106 (7.1) 0.009 3(0.3) 11(1.2) 0.023
Stroke 18(1.2) 4(0.3) 0.002 2(0.2) 0 0.171
Coronary artery disease 60 (4.1) 17 (1.1) <0.001 2(0.2) 0 0.171
Chronic kidney disease 8(0.6) 2(0.1) 0.052 1(0.1) 2(0.2) 0.526
Values are expressed as mean+ standard deviation or number (%).
BMI, body mass index; HGS, hand grip strength.
*P values were obtained using the chi-square test and Student’s 7 test, as appropriate.
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A component from the ACE model significantly worsened the
model fit, indicating that the ACE or AE model was optimal. In
both the ACE and AE models, the heritability estimate (4*) was
0.215 (standard error [SE], £0.038).

In the adjusted model, after adjustments for age, sex, BMI,
protein intake, smoking status, alcohol consumption, exercise
habits, and comorbidities, the removal of the A or C components
from the ACE model significantly worsened the model fit, indi-

Table 2. Familial Correlations of Hand Grip Strength in Differ-
ent Pairs of Relatives

Familial relation Pair count ICC (95% CI) Pvalue
Parent-offspring 3,900 0.07 (0.05-0.09) <0.001
Mother-daughter 933 0.27(0.24-0.30) <0.001
Father-daughter 933 0.17 (0.14-0.20) <0.001
Mother-son 1,017 0.20 (0.17-0.23) <0.001
Father-son 1,017 0.21(0.18-0.24) <0.001
Siblings 445 0.10 (0.05-0.14) 0.041
Sister-sister 106 0.34 (0.25-0.43) 0.001
Sister-brother 246 0.29 (0.23-0.35) <0.001
Brother-brother 93 0.25 (0.15-0.35) 0.016
Spouses 1,527 0.23 (0.20-0.25) <0.001

ICC for hand grip strength were estimated to evaluate familial correla-
tions between specific family pairs within the pedigrees, after adjustments
for important confounding variables, such as sex, age, body mass index,
protein intake, smoking status, alcohol consumption, exercise habits, and
comorbidities.

ICC, intraclass correlation coefficient; CI, confidence interval.

cating that the ACE model was optimal (Table 3). In the ACE
model after adjustments for confounding factors, the 4> was
0.15440.066, and the total variance in HGS could be explained
by the additive genetic factors (A, 15.4%; 95% CI, 8.9% to
22.0%), shared environment factors (C, 11.0%; 95% CI, 7.9%
to 14.1%), and unique environmental factors (E, 73.7%; 95%
CIL 69.3% to 78.0%).

Odds of weak HGS in offspring according to parental
muscle strength

Based on the findings indicating that HGS exhibited a familial
correlation and that 15.4% of the variance in the HGS pheno-
type was explained by additive genetic influence, we analyzed
the odds of weak HGS of the offspring according to the HGS of
their parents (Table 4). The LS mean of HGS in the offspring
from either one (31.4%0.5 kg, P<0.001) or both parents with
weak HGS (30.3£1.4 kg, P=0.048) was significantly lower
than that in the offspring from both parents with normal HGS
(33.0£0.5 kg). Moreover, the odds of weak HGS was signifi-
cantly higher in the offspring of either one parent with weak
HGS (odds ratio [OR], 1.69; 95% CI, 1.03 to 2.78) than in those
of both parents with normal HGS. The odds of weak HGS was
even higher in the offspring of both parents with weak HGS
(OR, 3.10; 95% CI, 1.14 to 8.45). In the sensitivity analyses,
utilizing a different threshold for weak HGS based on the sarco-
penia definition of KWGS 2023, we also observed significantly
higher odds of weak HGS in the offspring of either one or both
parents with weak HGS, in comparison to those with both par-

Table 3. Heritability Estimates of Hand Grip Strength

Crude model Adjusted model
Model* Variance component®
H*+£SE (95% CI) P value 2LL° h*£SE (95% CI) P value c = 2LLY
ACE®  0.21540.038 (0.177-0.253) <0.001 28,363.2036 0.154%0.066 (0.089-0.220)° <0.001°¢ 0.154° 0.110° 0.737°  19,092.8807°
AE 0.21540.038 (0.177-0.253) <0.001 28,363.2036 0.344+0.035(0.309-0.378) <0.001  0.344 0.656 19,104.9556
CE 28,395.8128 0.167  0.833 19,098.3457
E 28,395.8128 1.000 19,199.8823

SE, standard error; CI, confidence interval; LL, log-likelihood.

Heritability (h*) was estimated as the proportion of the total phenotypic variance explained by additive genetic effects using variance component analysis.
Adjusted model included sex, age, body mass index, protein intake, smoking status, alcohol consumption, exercise habits, and comorbidities as confounders.

*ACE=additive genetic factors and shared and unique environmental factors included in the variance component model, AE=additive genetic factors
and unique environmental factors included in the variance component model, CE=shared and unique environmental factors included in the variance
component model, and E=unique environmental factors included in the variance component model; "2 X log-likelihood for the corresponding model
before adjustments for confounders; “A=additive genetic factors, C=shared environmental factors, and E=unique environmental factors in the variance
component model after adjustments for confounders; -2 X log-likelihood for the corresponding model after adjustments for confounders; °Best-fitted
model after adjusting for confounders was selected using the likelihood ratio test.

Copyright © 2023 Korean Endocrine Society
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Table 4. Odds of Weak HGS in the Offspring according to Parental HGS

Parental HGS b nTear'l Hos P value® OffSpring OR (95% CI) P value®
offspring, kg Weak HGS (n=111)  Normal (n=1,839)

No parent with weak HGS (n=1,707) 33.04+0.5 - 88(79.3) 1,619 (88.0) 1.00 -

One parent with weak HGS (n=218) 31.440.6 <0.001 19 (17.1) 199 (10.8) 1.69 (1.03-2.78) 0.038

Both parents with weak HGS (2=25) 30.3+1.4 0.048 4(3.6) 21 (1.1) 3.10 (1.14-8.45) 0.027

<16.8 kg in men and women, respectively.

through conditional logistic regression analysis.

Values are expressed as mean=standard error or number (%) unless otherwise indicated. The cutoff values for weak HGS were defined as <28.9 and

HGS, hand grip strength; LS, least-square; OR, odds ratio; CI, confidence interval.
“P values were obtained in the mixed model, on assuming that random effects accounted for correlations within the same family; °P values were obtained

Table 5. Odds of Weak HGS in the Offspring by Sex according to Parental HGS

Parental HGS b n?ear'l HOS P value® OffSpring OR (95% CI) P value®
offspring, kg Weak HGS Normal

Son n=53 n=964
No parent with weak HGS (n=891) 40.8+1.2 - 44 (83.0) 847 (87.9) 1.00 -
One parent with weak HGS (n=109) 392+14 0.063 7(13.2) 102 (10.6) 1.30(0.59-2.89) 0.519
Both parents with weak HGS (n=17) 37.5+22 0.095 2(3.8) 15 (1.6) 2.38(0.58-9.83) 0.230

Daughter n=58 n=875
No parent with weak HGS (n=816) 244104 - 44 (75.9) 772 (88.2) 1.00 -
One parent with weak HGS (n=109) 22.5+0.6 <0.001 12 (20.7) 97 (11.1) 2.04 (1.08-3.87) 0.029
Both parents with HGS (n=8) 225+1.8 0.283 2(3.5) 6(0.7) 4.64(1.12-19.13)  0.034

<16.8 kg in men and women, respectively.

through conditional logistic regression analysis.

Values are expressed as mean+standard error or number (%) unless otherwise indicated. The cutoff values for weak HGS were defined as <28.9 and

HGS, hand grip strength; LS, least-square; OR, odds ratio; CI, confidence interval.
“P values were obtained in the mixed model, on assuming that random effects accounted for correlations within the same family; °P values were obtained

ents having normal HGS (OR, 1.73; 95% CI, 1.09 to 2.75 and
OR, 2.64; 95% CI, 1.07 to 6.49, respectively) (Supplemental
Table S1).

Next, we analyzed the odds of weak HGS in offspring, divid-
ing them into sons and daughters, based on parental HGS (Table
5). In the sons, the LS mean of HGS and odds of weak HGS
were not significantly different according to parental HGS (Ta-
ble 5). However, in the daughters, the LS mean of HGS was
significantly lower when either one of the parents had weak
HGS (22.5£0.6 kg, P<0.001) than when both parents had nor-
mal HGS (24.410.4 kg). Moreover, the odds of weak HGS sig-
nificantly increased in daughters when either one or both par-
ents had weak HGS (OR, 2.04; 95% CI, 1.08 to 3.87 and OR,
4.64; 95% CI, 1.12 to 19.13, respectively) than when both par-
ents had normal HGS (Table 5). However, the interaction term
of the offspring’s sex on the presence of weak HGS in parents
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was not significant (data not shown). In the sensitivity analyses
using the KWGS 2023 threshold, we observed that the odds for
weak HGS did not differ significantly based on parental HGS in
sons, while a significant increase was observed in daughters
when either one or both parents exhibited weak HGS (OR, 1.76;
95% CI, 1.02 to 3.10 and OR, 3.73; 95% CI, 1.36 to 10.24, re-
spectively) (Supplemental Table S2).

DISCUSSION

In this study, we analyzed a Korean family-based cohort com-
prising a large number of parent-adult offspring pairs and found
that there was a familial correlation in the HGS of adults. HGS
also exhibited a significant heritable tendency in Korean fami-
lies. Specifically, the phenotypic variance in HGS in Korean
adults could be explained by additive genetic (15.4%), shared

Copyright © 2023 Korean Endocrine Society
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family environmental (11.0%), and unique individual environ-
mental influences (73.7%). Moreover, the odds of weak HGS
increased in the adult offspring of at least one parent with weak
HGS than in those of both parents with normal HGS. However,
on analyzing the odds of weak HGS by the sex of the offspring,
significant changes based on parental HGS were only seen in
daughters and not in sons.

The heritability of the muscle phenotype, including muscle
mass and strength, has long been an interesting subject of re-
search because the genetic determination of the muscle pheno-
type in humans could lead to the discovery of the causes and
contributors responsible for age-related muscle weakness and
thus to the development of preventive strategies [11]. In previous
studies on twin pairs, the heritability estimate of grip strength
varied from 14% to 88% [16-19]. Moreover, a study including
adult twin pairs revealed a slightly curvilinear heritability of
grip strength across the ages of 45 to 96 years; the maximum
heritability of approximately 60% was observed in the youngest
group, which reached the minimum heritability of approximately
50% at the age of 70 years [20]. Similarly, in a recent meta-anal-
ysis of studies on the heritability of the muscle strength-related
phenotype in twins and families, the total heritability estimate
of grip strength was 56% and that of the muscle strength-related
phenotype was inversely correlated with age [11]; these findings
showed that muscle strength is heritable but that the effect of en-
vironmental factors may gradually increase with age. Various
candidate gene association studies or genome-wide association
studies conducted to gain a deeper understanding of the genetic
association underpinning the muscle phenotypes relevant to sar-
copenia have indicated that a number of genes, such as alpha-ac-
tinin 3 (ACTN3), angiotensin converting enzyme (ACE), and vi-
tamin D receptor (VDR), are associated with the inter-individual
variation in muscle phenotypes in the elderly [21]. Another stud-
ies that analyzed elderly Europeans from the Cohorts for Heart
and Aging Research in Genomic Epidemiology (CHARGE)
consortium also identified several loci associated with HGS
[22,23]. Although these findings helped to further elucidate the
genetic basis of sarcopenia, the genetic mechanism underpinning
the age-related changes in the muscle phenotype is still largely
uncharted due to the limited number of studies in this field.

In this regard, the familial correlation and significant herita-
bility of HGS in the large number of Korean families in the
present study has provided additional evidence for the contribu-
tion of genetic factors to the inter-individual variability of the
muscle phenotype in humans. In the present study, we analyzed
Korean families comprising parents and their adult offspring
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and found that HGS was reduced and the odds of weak HGS
was increased in Korean adult offspring of parents with weak
HGS than in those of parents with normal HGS. While sarcope-
nia has been regarded as a disease that should be prevented or
treated mainly in the elderly, the muscle health status in the el-
derly is also a result of that in their youth [24,25]. It is well
known that muscle mass and strength reach maximal levels in
young adulthood until up to approximately 40 years and that
they start to decrease by approximately 1% to 5% per year be-
yond the age of 50 years [5,26]. Therefore, efforts to maximize
muscle mass and strength in young adulthood and to maintain
them in middle age will be helpful in preventing the problematic
loss of these muscle parameters to the degree that sarcopenia
develops in later life [8]. In this context, the heritable tendency
and significant associations between the HGS of parents and
their adult offspring in our study suggest that adults whose par-
ents have weak HGS should pay a lot of attention to improving
and maintaining their muscle health during their youth.

While it has been well established that aging is associated
with the deterioration of muscle health in both men and women,
there have also been studies that have highlighted the influence
of sex on changes in muscle mass and strength with aging [27].
A previous study compared the longitudinal change in muscle
strength between male and female same-sex twins from early
adolescence to young adulthood and reported that the variability
and total increase in muscle strength were higher in male ado-
lescents than in female ones [16]. Previous studies have report-
ed that men may experience greater muscle mass loss with ag-
ing, while the deterioration of muscle quality may be greater in
older women [28-30]. Moreover, a recent study on myocellular
aging revealed more severe type II myofiber atrophy, higher
type I myofiber grouping, and greater myofiber size heterogene-
ity in older women than in older men [31]. Although the mecha-
nistic basis of these sex differences in aging-related changes in
the muscle phenotype remains to be elucidated, the effects of
sex hormones and genetic and environmental factors have been
considered as possible contributors [27]. Testosterone increases
muscle size and reinforces muscle strength, whereas estrogen
does not produce definitive positive effects on muscles; there-
fore, androgen-mediated mechanisms involving various testos-
terone concentrations based on each individual’s genetic and
environmental factors powerfully shape the development of
muscle strength in male adolescents, while this effect is subdued
or lacking in female adolescents [32,33]. Moreover, elderly men
with declining testosterone levels exhibit more rapid muscle
loss than women with decreasing estrogen levels [34-36]. In the
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present study, although there were significant familial correla-
tions in the HGS of both sons and daughters with that of their
parents, the odds of weak HGS in the offspring changed signifi-
cantly based on parental HGS, especially in daughters rather
than in sons. In light of the findings in previous studies, a possi-
ble reason for this might be that the heritable tendency and ef-
fect of shared family environmental factors within a family
meaningfully affect muscle health in young Korean female
adults, while the effects of testosterone and unique individual
environmental factors are important in young Korean male
adults. Therefore, women who have parents with weak HGS
should pay more attention to muscle health from their youth
since sarcopenia may be a greater public health problem in
women in view of their longer lifespan and higher rates of dis-
ability [37].

The HGS heritability estimates calculated in the large number
of Korean families in our study were somewhat low compared
with those reported in old twin or family studies that were most-
ly conducted in Western countries [11]. In our study, it appeared
that a unique environmental influence, rather than a genetic in-
fluence, was a stronger determinant of the phenotypic variance
in HGS, even though there is a significant heritable tendency in
HGS. Furthermore, the higher correlation coefficient between
spouses compared to that between parents and offspring, as well
as between siblings, suggests that shared environmental influ-
ences play a more dominant role in determining the familial
correlation of HGS than genetic influences in Korean families.
Environmental factors, such as nutrition and physical exercise,
can influence musculoskeletal development by favoring and
maintaining peak muscle mass and strength in early and adult
life and can also affect the decline in muscle mass and strength
commonly seen with aging [4,38,39]. Since the rate of decline
in muscle mass and strength during older life depends on the
previously reached peak, the implementation of preventive
strategies for maximizing the peak at a young age and for main-
taining the peak in adulthood with adequate nutrition and physi-
cal activity has been regarded as an important intervention for
minimizing the decline in muscle mass and strength in older life
[40]. Previous studies have reported that unhealthy behaviors in
midlife are associated with poor physical performance in older
life, while higher levels of physical activity during midlife are
associated with good physical performance in older life [41,42].
Therefore, the results of our present study have highlighted the
importance of healthy environmental stimuli for promoting
muscle health during youth in order to prevent age-related mus-
cle deterioration, especially when an individual’s parents have
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weak HGS. In a similar context, the fact that sons consumed
larger amounts of protein and exercised more often than daugh-
ters in the present study might be the possible reason why the
risk of weak HGS in sons did not change based on parental
HGS, unlike in daughters. Additionally, serum vitamin D levels
are known to be linked with HGS [43-45] and prior research has
highlighted a familial correlation in serum vitamin D levels, pri-
marily influenced by shared environmental factors rather than
genetics [46]. Therefore, it is possible that the familial correla-
tion of HGS observed in our study may have been driven by the
familial correlation in serum vitamin D levels although we were
unable to directly examine the impact of serum vitamin D levels
on the familial correlation of HGS due to limited serum vitamin
D level data for most of our study participants. However, the
low heritability estimates of HGS in our study compared with
those in previous studies might have also originated from differ-
ences in race and study period.

This study has several strengths. First, this study is the first to
evaluate the familial correlation and heritability of HGS in a
large number of Asian families. Although many differences in
human health and diseases between races or ethnicities can
originate from genetic differences [47], most previous studies
investigating the heritability of muscle health were performed
in Western countries with a very small number of Asians. There-
fore, the present study provides novel insights into the pattern of
genetic influences on the phenotypic variation in HGS in Asian
populations. Second, we analyzed data from a nationwide sur-
vey conducted in Korea (KNHANES), which included a nation-
ally representative sample of non-institutionalized Korean civil-
ians; this enhances the credibility of our study’s results. Howev-
er, this study had some limitations. First, the cross-sectional na-
ture of the KNHANES meant that we could not determine cau-
sation in this study. Second, since there are no standard cutoff
values for determining weak HGS in young and middle-aged
adults, we applied the same cutoff values in both parents and
their offspring. The cutoff values for weak HGS used in this
study were those presented in a previous KNHANES study,
which established a reference value for HGS in 7,969 South
Koreans according to age and proposed a cutoff value for weak
HGS by deriving —2 SD values in young healthy Korean adults,
as recommended by the European Working Group on Sarcope-
nia in Older People (EWGSOP) [13,38]. Lastly, while sarcope-
nia encompasses multiple components, such as reduced muscle
mass, diminished muscle strength, and compromised physical
performance, our investigation primarily focused on examining
the heritability of muscle strength utilized HGS as the parameter
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of interest. Therefore, further research aimed at encompassing a
broader range of factors contributing to sarcopenia would en-
hance our understanding of the genetic underpinnings of sarco-
penia.

In conclusion, we found a familial correlation and significant
heritable tendency in HGS in a large nationally representative
family-based cohort in South Korea. In this study, the possible
parental influences on the risk of weak HGS in adult offspring
seemed especially important in daughters. Nevertheless, unique
individual environmental factors were the strongest determi-
nants of the phenotypic variance in HGS. Therefore, we recom-
mend that Asian adults, especially women, who have parents
with weak HGS, pay special attention to their muscle health
with the help of healthy environmental stimuli.
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