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Abstract

Summary Bone mineral density (BMD) of offspring was sig-
nificantly associated with their parents’ BMD. Parental BMD
Z-score <—1 was a significant predictor for BMD Z-score <—1
in their offspring. Peak bone mass acquisition during early
adulthood is more substantially influenced by genetic factors
rather than lifestyle or environmental factors.

Introduction A person’s BMD is affected by both genetic and
environmental factors. Family history of osteoporosis or fra-
gility fracture is a well-known risk factor for low bone mass or
fracture. The purpose of the present study was to investigate
the familial association of BMD between parents and off-
spring in Korean population.

Methods This is a cross-sectional study based on the data
from the Korea National Health and Nutrition Examination
Surveys (KNHANES) conducted from 2008 to 2011. A total
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of 5947 subjects (3135 parents and 2812 offspring) were
included.

Results In age-adjusted partial correlation analyses, all BMD
values acquired from the lumbar spine, femur neck, total hip,
and whole body showed significant associations between par-
ents and offspring. Among these associations, whole-body
BMD showed the strongest relationship between offspring
and parents. The narrow-sense heritability of BMD ranged
from 0.203 to 0.542 in male offspring and from 0.396 to
0.689 in female offspring. Multiple linear regression analyses
showed that offspring’s BMD was independently associated
with BMD of both parents after adjusting for covariates.
Lifestyle or environmental factors including dietary calcium
intake, serum 25-hydroxyvitamin D level, regular exercise,
current smoking, and alcohol intake showed only moderate
or no associations with BMD. In multiple logistic regression
analyses in offspring aged 19-25 years, the son’s risk of hav-
ing BMD Z-score <—1 was associated with both parents’
BMD Z-score <—1, while the daughter’s risk was only asso-
ciated with maternal BMD Z-score <—1.

Conclusions Our findings confirm the strong familial associ-
ation of BMD between parents and offspring in Korean pop-
ulation and suggest that peak bone mass acquisition during
early adulthood is more substantially influenced by genetic
factors rather than lifestyle or environmental factors.

Keywords Bone mineral density - Familial association -
Heritability - Osteoporosis - Peak bone mass
Introduction

Osteoporosis is a systemic skeletal disorder characterized by de-

creased bone strength, which leads to an increased risk of frac-
ture. Osteoporosis-related fractures can cause significant
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morbidity and disability, which reduces the quality of life and can
even lead to death [1, 2]. Asia is expected to be seriously affected
by osteoporosis-related fractures in the near future with a pro-
gressive increase in the elderly population. It is estimated that
50 % of all osteoporotic fractures will occur in Asia by 2050 [3].
The residual lifetime risk of osteoporosis-related fractures for
Koreans >50 years of age was 23.8 % for men and 59.5 % for
women [4, 5].

Osteoporosis is clinically diagnosed based on the measure-
ment of bone mineral density (BMD). People usually reach
their peak BMD, or peak bone mass, by their early 20s and
subsequently lose bone mass with aging, especially after men-
opause in women. The risk of developing osteoporosis is in
large part determined by the peak bone mass attained in early
adulthood [6, 7]. Therefore, identifying factors involved in
acquisition of peak bone mass is necessary for effective pre-
vention against osteoporosis in later life. Both genetic and
environmental factors likely contribute significantly to the de-
termination of peak bone mass, although the relative contri-
butions of these factors are incompletely understood [6]. The
importance of genetic factors has been demonstrated by fam-
ily studies, which showed that 50-85 % of the variance in
BMD is genetically determined [8—16]. Aside from these ge-
netic factors, lifestyle or environmental components including
nutrition and physical activity have also been shown to affect
the peak bone mass acquisition [17-22].

Although a number of family studies have demonstrated the
heritability of BMD, most of them were conducted using small
sample sizes. Also, many of those studies have been conducted
in Caucasian populations. The heritability or genetic effects in
BMD may vary between different ethnic groups given the vary-
ing risks of osteoporosis between different ethnic populations
[23]. Therefore, more data from non-Caucasian populations will
help us understand the ethnic differences in the heritability or
genetic effects in BMD. Although there have been some Asian
studies that demonstrated the familial association of BMD
[14-16, 24, 25], only a few of them were conducted in the
population of large sample size. The purposes of the present
study were to investigate the familial association of BMD be-
tween parents and offspring and evaluate the relative contribution
of genetic and environmental factors to the bone mass of adoles-
cent and young adult offspring based on a large database from
the Korea National Health and Nutrition Examination Surveys
(KNHANES) conducted from 2008 to 2011.

Subjects and methods
Study participants
This study is based on the data acquired from the KNHANES

conducted from 2008 to 2011. The KNHANES is a
community-based cross-sectional survey that has been
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conducted by the Division of Chronic Disease Surveillance,
Korea Centers for Disease Control and Prevention, to assess
the health and nutritional status of the civilian non-
institutionalized population of South Korea. The sampling
frame was based on the 2005 population and housing census
of Korea. The sampling units were randomly selected. In 2008,
there were 200 randomly selected sampling units with 23
households in each unit (yielding 4600 households). In 2009—
2011, there were 192 randomly selected sampling units with 20
households in each unit (yielding 3840 households). For each
year, the sampling units were newly selected and did not over-
lap with previous samples. From 2008 to 2011, a total 0f 46,777
individuals were sampled, and a total of 37,753 individuals
(9744 in 2008; 10,533 in 2009; 8958 in 2010; and 8518 in
2011) participated in the survey. Among those participants,
BMD measurements were obtained from 21,303 individuals
(3583 in 2008, 7920 in 2009, 7043 in 2010, and 2757 in
2011) aged 10 years and older (to be more exact, BMD mea-
surements were obtained from participants aged 19 years or
older from July 2008 to May 2011 and from those aged 10—
18 years from July 2009 to May 2011). Among those with
BMD data, offspring aged 1025 years (2832) and their parents
(3162) were included in the present study. After excluding those
(and their family members) with paralysis due to stroke (eight
parents and six offspring), renal failure (13 parents and eight
offspring), and liver cirrhosis (six parents and six offspring), a
total of 1904 families with 5947 individuals (3135 parents and
2812 offspring) were finally included in the current analyses
(Supplemental Fig. 1). All the participants in this survey signed
an informed consent form.

Data collection

The overall survey consists of a health interview survey, a
nutrition survey, and a health examination survey. The survey
collected data via household interviews and by direct stan-
dardized physical examinations conducted in specially
equipped mobile examination centers. Demographic, anthro-
pometric, and behavioral characteristics were measured.
Height and weight were measured, while subjects wore light
clothing using standardized techniques and equipment. Body
mass index (BMI) was calculated by dividing weight by the
square of height (kg/m?). Physical activity was measured by
self-report using the International Physical Activity
Questionnaire in subjects >12 years of age. Subjects were
questioned about whether they exercised at an intensity that
left them sweating or with slight difficulty in breathing.
Subjects who exercised regularly were asked about the weekly
frequency of exercise and the duration of the session. Data on
smoking and alcohol drinking were collected among subjects
>19 years of age. Smoking status was divided into three cat-
egories: current smoking, ex-smoking, and nonsmoking.
Alcohol drinking was assessed by questioning the subjects
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about their drinking behavior during the year before the
interview. Participants’ dietary intakes including total calorie
and calcium were assessed through a 24-h recall interview. For
biochemical analysis, blood samples were collected during the
survey. Blood samples were properly processed, immediately
refrigerated, and transported in cold storage to the central test-
ing institute (Neodin Medical Institute, Seoul, Korea). Blood
samples were analyzed within 24 h after transportation. Serum
25-hydroxyvitamin D [25(OH)D] levels were measured using
a 1470 Wizard gamma counter (PerkinElmer, Turku, Finland)
and by radioimmunoassay (DiaSorin, Stillwater, MN, USA).
The intra- and inter-assay coefficient of variation was 2.9~5.5
and 6.3~12.9 %, respectively.

BMD measurement

BMD of total, axial, and peripheral skeleton was measured using
a Discovery QDR4500W dual-energy X-ray absorptiometry de-
vice (Hologic Inc., Bedford, MA, USA) located in mobile exam-
ination centers. Before the measurement, a quality control was
performed using the phantom provided by the manufacturer. To
assess the precision of the device, the BMD of 30 randomly
selected subjects was measured twice to determine the minimum
tolerance (lumbar spine 1.9 %, femoral neck 2.5 %, total hip
1.8 %). The BMD values measured in parents and offspring aged
19-25 years were converted into the Z-score using the Asian
reference provided by the manufacturer.

Statistical analyses

Statistical analyses were carried out using SPSS version
18.0 for Windows (SPSS, Chicago, IL, USA).
Demographic characteristics and BMD of parents and off-
spring were analyzed. Offspring were divided into two
groups according to their age: 10—18 and 19-25 years.
Dietary calcium intake (mg/1000 kcal/day) of participants
was calculated as the daily amount of dietary calcium
intake adjusted by energy intake. Regular exercise was
indicated as “yes” when the subject regularly did moder-
ate exercise (>30 min per session and more than five
times per week, involving activities like slow swimming,
doubles tennis, volleyball, badminton, table tennis, and
carrying light weights) or strenuous exercise (>20 min
per session and more than three times a week, involving
activities like running, climbing, fast cycling, fast swim-
ming, football, basketball, jump rope, squash, tennis sin-
gles, and carrying heavy weights). Current smoking was
indicated as yes for subjects who currently smoked ciga-
rettes. Alcohol drinking was indicated as yes for subjects
who consumed at least one glass of alcohol every month
over the last year. BMD measured at the lumbar spine
(L1-L4), femur neck, total hip, and whole body was used
for the statistical analyses. To evaluate the association

between BMDs of parents and offspring adjusted for their
respective age, partial correlation analyses were per-
formed by calculating Pearson’s correlation coefficients
of residuals from two simple linear regressions of BMD
on age for parents and offspring separately. Narrow-sense
heritability, defined by the ratio of the additive genetic
variance over the phenotypic variance, was estimated by
regressing offspring’s BMD on the average BMD of their
parents [26]. In addition to partial correlation analyses,
multiple linear regression analyses were used to simulta-
neously evaluate the effects of explanatory variables on
BMD in offspring with all the variables being standard-
ized and BMD from parents as covariate being further age
adjusted. Multiple logistic regression analyses were also
conducted to quantify the effect of explanatory variables
as risk factor on BMD, where a binary response variable
took a value of one if any BMD Z-score from the lumbar
spine, the femur neck, or the total hip was less than or
equal to —1 and zero otherwise. Odds ratio (OR) and 95 %
confidence interval (CI) were reported as a result of these
analyses. All tests were two sided, and P < 0.05 was
considered statistically significant.

Results

A total of 1904 families with 3135 parents and 2812 offspring
were included in the final analyses. Among those families,
1228 families have both parents, 103 families have only fa-
ther, and 576 families have only mother. The average age of
parents was 47.9 + 5.8 years for fathers and 44.7 + 5.5 years
for mothers. The average age of offspring was 16.5 +4.6 years
for sons and 17.1 + 4.7 years for daughters. Offspring were
divided into two groups according to their age (10—18 and 19—
25 years) for the purpose of statistical analyses. Other demo-
graphic characteristics and BMD are presented in Table 1.

Correlation of BMD between parents and offspring

Partial correlation analyses of BMD between parents and
offspring adjusted for their respective age showed statis-
tically significant associations for all four body sites (lum-
bar spine, femur neck, total hip, and whole body) consid-
ered in this study (Supplemental Table S1). Generally,
BMD values measured at the same sites among parents
and offspring showed higher partial correlation coeffi-
cients than those measured at the different sites with a
few exceptions. Among these associations, whole-body
BMD showed the strongest relationship between parents
and offspring, with partial correlation coefficients ranging
from 0.420 to 0.558. In addition, such positive correla-
tions were also evident in estimates of the narrow-sense
heritability (Table 2). For male offspring, the heritability
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Table 1 Demographic characteristics and BMD of parents (n = 3135) and offspring (n = 2812)
Parents Offspring
Age 10-18 years Age 19-25 years
Father Mother Son Daughter Son Daughter
(n=1331) (n=1804) (n =945) (n=829) (n=453) (n=585)
Age (years) 479+58 447 +55 13.7+£25 13.7+2.5 222+2.1 22.0+2.0
BMI (kg/m?) 244+29 234433 20.7£3.8 20.1+£3.4 23.3+3.7 21.3+£34
Dietary calcium intake 256.0 £ 124.5 280.2 +£139.9 246.1 £126.2 250.2 £126.6 241.8 £150.9 261.3+£192.0
(mg/1000 kcal/day)*
Serum 25(OH)D level (ng/ml) 19.6 £6.7 162+59 172+54 16.1+5.1 17.0+59 14.5+5.1
Regular exercise”
Yes 373 (28.0) 464 (25.7) - - 143 (31.6) 117 (20.0)
No 954 (71.7) 1334 (73.9) - - 309 (68.2) 467 (79.8)
Missing 4(0.3) 6(0.3) - - 1(0.2) 1(0.2)
Current smoking®
Yes 633 (47.6) 84 (4.7) - - 182 (40.2) 58(9.9)
No 694 (52.1) 1713 (95.0) - - 270 (59.6) 526 (89.9)
Missing 4(0.3) 7(0.4) - - 1(0.2) 1(0.2)
Alcohol drinking®
Yes 1048 (78.7) 856 (47.5) - - 351 (77.5) 343 (58.6)
No 278 (20.9) 933 (51.7) - - 100 (22.1) 236 (40.3)
Missing 5(04) 15 (0.8) - - 2(04) 6(1.0)
LS BMD (g/cm?) 0.973 +0.137 0.970 £0.128 0.779 £ 0.165 0.828 £0.150 0.997 £0.118 0.958 £0.110
FN BMD (g/cm?) 0.816 £0.118 0.745 £ 0.104 0.798 £ 0.144 0.723 £0.120 0.933 £0.137 0.791 £0.107
TH BMD (g/em?) 0.987 £ 0.120 0.897 £0.113 0.885+£0.142 0.830+£0.124 1.034 +0.130 0.900 + 0.106
WB BMD (g/cm?) 1.194 £ 0.112 1.136 £ 0.107 1.004 +0.139 0.986 +0.124 1.202 £ 0.106 1.112 £ 0.099

Mean + SD or number (%)

BMD bone mineral density, BMI body mass index, 25(OH)D 25-hydroxyvitamin D, LS lumbar spine, FN femur neck, 7H total hip, WB whole body
? Dietary calcium intake (mg/1000 kcal/day) was calculated as the daily amount of dietary calcium intake adjusted by energy intake

® Regular exercise was indicated as “yes” when the subject regularly did moderate exercise (>30 min per session and more than five times per week,
involving activities like slow swimming, doubles tennis, volleyball, badminton, table tennis, and carrying light weights) or strenuous exercise (>20 min
per session and more than three times a week, involving activities like running, climbing, fast cycling, fast swimming, football, basketball, jump rope,

squash, tennis singles, and carrying heavy weights)

¢ Current smoking was indicated as “yes” for subjects who currently smoked cigarettes

4 Alcohol drinking was indicated as “yes” for subjects who consumed at least one glass of alcohol every month over the last year

estimates ranged from 0.203 to 0.542 over four body
sites, while those for female offspring ranged from
0.396 to 0.689.

Table 2 Narrow-sense heritability of BMD estimated by parent—
offspring regression

LS FN TH WB
Son 0.203 0.442 0.532 0.542
Daughter 0.396 0.530 0.574 0.689
Overall 0.304 0.505 0.559 0.618

BMD bone mineral density, LS lumbar spine, FN femur neck, TH total
hip, WB whole body

@ Springer

Predictors for BMD in offspring

Multiple linear regression analyses were conducted to find
the predictors for BMD in offspring (Table 3). Age was a
strong predictor for BMD measured at all sites in offspring
aged 10-18 years, but only weak or no associations were
found between age and BMD among offspring aged 19—
25 years. BMI was a significant predictor for BMD in both
offspring age groups. Concerning the relationship of BMD
between parents and offspring, significant associations
were evident for BMD measured at the same sites inde-
pendent of other covariates. With regard to the lifestyle or
environmental factors examined, there existed only mod-
erate or no associations with BMD. Dietary calcium intake
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Table 3  Standardized coefficients from multiple linear regression models for BMD by gender and site of offspring
Son Daughter
LS BMD FN BMD TH BMD WB BMD LS BMD FN BMD TH BMD WB BMD
Offspring aged 10-18 years
Age 0.703* 0.518%* 0.494* 0.636* 0.528* 0.288* 0.300* 0.490*
BMI 0.233* 0.308* 0.336* 0.151* 0.347* 0.470% 0.461* 0.260*
Dietary calcium intake 0.035 0.046 0.040 0.028 0.088* 0.019 0.044 0.0627%#*
Serum 25(OH)D level 0.030 0.041 0.028 0.013 0.031 0.100%* 0.100%* 0.009
Paternal BMD* 0.136* 0.161* 0.182% 0.266* 0.184* 0.178* 0.206* 0.260*
Maternal BMD* 0.214%* 0.240* 0.238* 0.305%* 0.212% 0.277* 0.264* 0.324*
Offspring aged 19-25 years
Age 0.126%%* —0.047 0.018 0.156%* 0.059 —0.119%%* —0.077 0.145%*
BMI 0.297* 0.303* 0.332% 0.275% 0.324* 0.275% 0.366* 0.095%#*
Dietary calcium intake 0.139%#* 0.056 0.068 0.106 0.049 0.027 0.055 0.006
Serum 25(OH)D level 0.043 0.102 0.106 0.054 0.043 0.117%%% 0.098##:* 0.026
Regular exercise 0.165%* 0.198%#* 0.178%** 0.163%** —0.001 —0.033 —0.037 0.007
Current smoking 0.067 0.105 0.096 0.090 0.017 0.057 0.035 0.049
Alcohol drinking —0.066 —0.014 —0.084 —0.085 —0.041 —0.055 —0.031 -0.070
Paternal BMD* 0.291* 0.260%* 0.265%* 0.359* 0.202%* 0.226* 0.210* 0.441*
Maternal BMD* 0.321%* 0.254* 0.294%* 0.335% 0.361* 0.307* 0.366* 0.410*

BMD bone mineral density, BMI body mass index, 25(OH)D 25-hydroxyvitamin D, LS lumbar spine, FN femur neck, TH total hip, WB whole body

*P <0.001; ¥*P < 0.01; ***P < 0.05

* Age-adjusted, standardized BMD values measured at the same site of offspring

showed positive correlations with lumbar spine and
whole-body BMD of daughters aged 10-18 years and with
the lumbar spine BMD of sons aged 19-25 years. Serum
25(0OH)D level was only associated with femur neck and
total hip BMDs of daughters of both age groups. Among
offspring aged 19-25 years, regular exercise was positive-
ly correlated with BMD measured at all sites in sons, but it
was not in daughters. Moreover, current smoking and al-
cohol drinking showed no associations with offspring’s
BMD.

Predictors for BMD Z-score <—1 in offspring aged
19-25 years

Among offspring aged 19-25 years (n = 453 for son, 585 for
daughter) and their parents (n = 599 for father, 805 for moth-
er), the number of participants with BMD Z-score <—1 at any
site among the lumbar spine, the femur neck, or the total hip
was 91 (15.2 %) for fathers, 168 (20.9 %) for mothers, 90
(19.9 %) for sons (19-25 years), and 162 (27.7 %) for daugh-
ters. Multiple logistic regression analyses were carried out to
find the predictors for BMD Z-score <—1 (Fig. 1). BMI was
associated with BMD Z-score <—1 in offspring with the OR
(95 % CI) 0 0.751 (0.644-0.876) and 0.768 (0.676-0.871) in
sons and daughters, respectively. Among the lifestyle or envi-
ronmental factors examined, however, only regular exercise

was associated with low BMD with the OR (95 % CI) 0f0.197
(0.064-0.610) in sons. Other lifestyle or environmental factors
such as dietary calcium intake, serum 25(OH)D level, current
smoking, and alcohol drinking did not show any associations
with BMD Z-score <—1 in offspring aged 19-25 years. As for
the relationship of BMD Z-score between parents and off-
spring, the son’s risk of having BMD Z-score <—1 was asso-
ciated with paternal BMD Z-score <—1 with the OR (95 % CI)
0f'5.340 (2.068-13.789) and with maternal BMD Z-score <—1
with the OR (95 % CI) of 4.995 (2.046-12.193), while the
daughter’s risk of having BMD Z-score <—1 was only associ-
ated with maternal BMD Z-score <—1 with the OR (95 % CI)
of 5.289 (2.736-10.225). We also examined how much ORs
of BMD Z-score <—1 in offspring increased when both parents
had BMD Z-score <—1 compared with when either or neither
parents had low BMD after adjusting for covariates including
age, BMI, dietary calcium intake, serum 25(OH)D level, reg-
ular exercise, current smoking, and alcohol drinking (Fig. 2).
When either father or mother had BMD Z-score <—1, the ORs
(95 % CI) of BMD Z-score <—1 in sons increased to 8.733
(2.876-26.512) and 7.267 (2.663—19.832), respectively, while
a further increase t0 9.757 (1.561-60.990) was observed when
both parents had BMD Z-score <—1 compared with when
neither of their parents had BMD Z-score <—1. A litter differ-
ent pattern was observed for daughters. The OR (95 % CI) of
BMD Z-score <—1 in daughters increased to 4.844 (2.372—
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Fig. 1 Odds ratios (95 %
confidence interval) of covariates
for BMD Z-score <—1 in off- o
spring aged 19-25 years.

Asterisks: The lowest BMD Z- B
score measured at any site among
the lumbar spine, the femur neck,
and the total hip. BMI body mass
index, 25(OH)D 25-
hydroxyvitamin D, BMD bone
mineral density

A Son
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*

4.995 (2.046-12.193)
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BMI(kg/m?)

Dietary calcium intake (mg/1,000kcal/day)

Serum 25(0OH)D level (ng/ml)

Regular exercise (yes)

Current smoking (yes)

Alcohol drinking (yes)

Paternal BMD Z-score* < -1 (yes)

Maternal BMD Z-score* < -1 (yes)

8 9 10 11 12 13 14

Odds ratio (95% confidence interval)

B Daughter

0.926 (0.806-1.064) Age (years)

0.768 (0.676-0.871) BMI(kg/m?)

1.000 (0.999-1.002) Dietary calcium intake (mg/1,000kcal/day)

0.966 (0.910-1.025) Serum 25(0OH)D level (ng/ml)
0.961(0.412-2.242) Regular exercise (yes)
0.817 (0.272-2.450) Current smoking (yes)
1.338 (0.731-2.450) Alcohol drinking (yes)
0.956 (0.441-2.069) Paternal BMD Z-score* < -1 (yes)

5.289 (2.736-10.225) Maternal BMD Z-score* < -1 (yes)

0 1 2 3 4 5 6

8 9 10 11 12 13 14

QOdds ratio (95% confidence interval)

9.889) when only mother had BMD Z-score <—1 but showed
no significant change when only father had BMD Z-score
<-1. The OR (95 % CI) increased to 7.036 (1.581-31.307)
when both parents had BMD Z-score <—1.

Discussion

The present study showed that the BMD values of offspring
measured at any site among the lumbar spine, the femur neck,
the total hip, or the whole body were significantly associated
with parents” BMD. After adjusting for covariates including
age, BMI, and other lifestyle factors, both parental BMD
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remained significant factors to predict offspring’s BMD.
Also, the risk of BMD Z-score <—1 among offspring 19—
25 years of age was also associated with BMD Z-score <—1
of their parents. In contrast, lifestyle or environmental factors
examined in this study mostly had no associations with BMD,
with a few exceptions of moderate significance. These find-
ings confirm the strong familial association of BMD between
parents and offspring, and suggest that bone mass acquisition
during adolescence and young adulthood is more substantially
influenced by genetic factors rather than lifestyle or environ-
mental factors.

Our results are in accordance with findings from other fam-
ily studies from Western and Asian populations that showed
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Fig. 2 Odds ratios for BMD Z-
score <—1 in offspring aged 19—
25 years according to paternal
and/or maternal BMD Z-score
<—1. Asterisks: The lowest BMD
Z-score measured at any site
among the lumbar spine, the fe-
mur neck, and the total hip. BMI [
body mass index, 25(OH)D 25- 74
hydroxyvitamin D, BMD bone \‘
mineral density. *P < 0.001; “
°P < 0.01; °P < 0.05 51

Oddsratio 4 i

A Son

9.757¢

Maternal BMD Z-score* < -1

Maternal BMD Z-score* > -1

Paternal BMD Z-score* < -1

B Daughter

QOdds ratio

Paternal BMD Z-score* > -1

0.826

Maternal BMD Z-score* < -1

Maternal BMD Z-score* > -1

Paternal BMD Z-score* < -1

strong familial aggregation of BMD [8—16]. This familial her-
itability of BMD consistently found in various ethnic groups
suggests the existence of specific genes responsible for deter-
mination of BMD. For the last several years, there have been
efforts to identify the genes that are associated with BMD or
fragility of bone [27]. Recent genome-wide association stud-
ies have made great advances in identifying 62 genome-wide
significant loci that are associated with low bone mass and
osteoporotic fractures [28-30]. These findings from genetic
studies suggest the highly polygenic and complex nature un-
derlying BMD variation and the critical influences of several
biologic pathways on the development of osteoporosis and
fracture. In the present study, the narrow-sense heritability
was estimated based on the phenotypic BMD values of off-
spring and parents, which is likely to be less accurate than

Paternal BMD Z-score* > -1

those estimated by using genetic data from various study de-
signs such as a twin study or a genome-wide association study.
Nevertheless, the moderate-to-high heritability estimates (a
range of 0.203 to 0.542 for male offspring and 0.396 to
0.689 for female offspring) also suggests that the variation in
BMD can be accounted for by additive genetic components.
However, familial aggregation of BMD between parents
and offspring can also be explained by factors other than ge-
netic influences. Several lifestyle or behavioral habits known
to affect bone health have been shown to aggregate in fami-
lies, including milk consumption, physical activity, smoking,
alcohol intake, and vitamin D status [31-33]. In the present
study, statistical analyses were done to assess whether lifestyle
factors, such as dietary calcium intake, serum 25(OH)D level,
regular exercise, current smoking, and alcohol drinking, were
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correlated between parents and offspring (Supplemental
Tables S2 and S3). Some parent—offspring correlations were
revealed in the lifestyle factors, especially vitamin D status
and alcohol drinking. This result suggests that same family
members share some lifestyle or behavioral characteristics that
may affect bone health. Therefore, we can speculate that com-
mon lifestyle or behavioral habits shared by family members
also contribute to the strong familial association of BMD be-
tween parents and offspring observed in this study.

From the perspective of preventive strategies, identification
of people at high risk for osteoporosis is an important issue. It
is evident that insufficient acquisition of peak bone mass dur-
ing early adulthood can lead to development of osteoporosis
in later life [6]. Thus, nutritional or behavioral modifications
to improve bone health need to be emphasized for young
people with insufficient peak BMD. As our results suggest,
insufficient acquisition of peak bone mass during early adult-
hood can be predicted by parents’ BMD. Therefore, young
people whose parents have low BMD values should be the
subject of early education for bone health in order to modify
their lifestyle and behavior.

Although genetic factors primarily contribute to individual’s
bone mass acquisition, lifestyle or environmental factors also
play a role to some degree. Calcium intake is important in
determining bone mass acquisition during the crucial years of
rapid skeletal growth at younger ages [17-20]. Physical activity
also positively influences the acquisition of peak bone mass
[19-22]. Weight-bearing exercise, in particular, was found to
be a significant positive contributor especially in males [22].
Presently, our study also showed that some associations were
apparent between BMD and lifestyle factors, such as dietary
calcium intake, vitamin D status, and regular exercise, although
these components accounted for only a small proportion of
BMD variance compared with parental BMD. Lifestyle or en-
vironmental factors may play a greater role in determining
BMD with increasing age, while genetic influence on BMD
may lessen in later life, particularly after menopause in women
[34, 35]. Lifelong influences of lifestyle or environmental fac-
tors on bone health appear to dominate over genetic factors with
age. Therefore, lifestyle modification should be emphasized to
improve bone health throughout our lifetime.

The major strength of our study is its large sample size with
both male and female subjects. In addition, adolescents aged
10-18 years as well as young adults aged 19-25 years were
included, which allowed us to analyze the BMD of not only
those with their peak bone mass but also those experiencing
rapid bone growth. Furthermore, what makes this study more
unique and valuable is that it revealed the relative contributions
of paternal and maternal BMDs to their offspring’s BMD.

The present study also has some limitations. First, because
it is a cross-sectional observation study, the association found
in this study is not a proof of a causal relationship. Second,
although we adjusted age, BMI, or several lifestyle factors in

@ Springer

our statistical analyses, the familial associations found in this
study might be confounded by other covariates not included in
the analyses. In particular, familial aggregations of lifestyle
factors such as dietary calcium intake, vitamin D status, and
regular exercise might have been affected by the time of data
collection. Third, the participants’ medical history was from
self-reports. Also, a detailed history including the type of pre-
scribed medications was not obtained in the survey, which
made it difficult for us to clearly define the exclusion criteria.
Therefore, we only excluded those who were thought to have
a definite medical condition associated with abnormal bone
metabolism depending on self-reports. Fourth, lifestyle or en-
vironmental factors such as smoking and alcohol drinking
were not quantified or classified enough for the detailed sta-
tistical analyses.

In conclusion, our findings confirm the strong familial as-
sociation of BMD between parents and offspring and showed
that insufficient peak BMD in young adults can be predicted
based on their parents’ BMD. Therefore, our study provides
useful information about identification of young people at
high risk for osteoporosis in later life, for whom we should
provide early education to modify their lifestyle and behavior
to improve bone health.
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