
C L I N I C A L R E S E A R C H A R T I C L E

Within- and Across-Sex Inheritance of Bone
Microarchitecture

Jessica Pepe,1,2 Emmanuel Biver,1 Nicolas Bonnet,1 François R. Herrmann,1,3
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Context: Thematernal heritability of bonemicroarchitecture according to the sex of the offspring is
not known.

Objective: To explore sex difference and influence ofmother’smenopausal status on the heritability
of bone microarchitecture between mothers and their offspring.

Subjects andMethods: In 102mother-daughter and 161mother-son pairs, volumetric bonemineral
density (BMD) and bone microarchitecture were measured at the distal radius and tibia by high-
resolution peripheral quantitative computed tomography. A principal components analysis was
applied for the radius and the tibia volumetric BMD and microarchitecture parameters separately.
Two components, a trabecular one and a cortical one were identified at the radius and tibia. Half
heritability (½h2) was estimated as the slope of the regression between offspring and mothers for
each bone parameter separately.

Results: The mean age (6 standard deviation) of mothers and daughters was 50.6 6 4.1 years and
20.4 6 0.5 years, respectively; that of mothers and sons was 45.8 6 3.9 years and 15.2 6 0.5 years,
respectively. Most trabecular and cortical parameters were inherited in both mother-daughter and
mother-son pairs (b = 0.15 to 0.33; P = 0.05 to 0.001). At the tibia, trabecular and cortical principal
components were significantly inherited in both sexes, whereas only the trabecular one was
inherited at the radius (½h2, 21% to 35%). There was no difference in heritability of bone
microarchitecture between mother-daughter and mother-son pairs. All heritabilities remained
after adjustment for age, weight, height, gonadal status, and areal BMD (½h2, 9% to 25%). In
the mother-daughter pairs, there was no systematic drop of heritability across menopause.

Conclusions: Volumetric bone density and microarchitecture are highly and similarly inherited
between and within sexes. The genetic effects remain predominant across menopause. (J Clin
Endocrinol Metab 102: 40–45, 2017)

Sex differences in bone mineral density (BMD), bone
microarchitecture, and osteoporosis risk are well

documented (1, 2). However, it is unclear whether envi-
ronmental or genetic factors dissimilarly affect sex-related
differences (2, 3). To investigate the proportion of the var-
iance in bone traits explained by genetic factors, known

as the heritability (h2), several studies have shown a high h2

of the bone densitometric phenotypes, ranging from 60%
to 90% (4, 5). Factors thatmay explain thewide range of h2

reported so far are age and influence of environmental
factors: Themother-daughter pairs analyzed in these studies
ranged in age from prepubertal (6, 7) to early adolescent
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Abbreviations: ½h2, half heritability; aBMD, areal bone mineral density; BMD, bone
mineral density; DXA, dual-energy X-ray absorptiometry; h2, heritability; HR-pQCT, high-
resolution peripheral quantitative computed tomography; M-D, mother-daughter; M-S,
mother-son; PC, principal components; PCA, principal components analysis; vBMD,
volumetric bone mineral density.
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(8, 9) to adult (10, 11). Moreover, few studies reported
differences in the h2 of areal BMD (aBMD) betweenmother
and young daughter (M-D) pairs as compared with mother
and young son (M-S) pairs (7, 12). However, studies in
adult parent–offspring pairs have had variable results, with
some reporting no difference in h2 by sex (13–15), whereas
others have found approximately 20% higher h2 estimates
in men than in women when considering M-D and father-
son pairs (16, 17). Higher h2 for aBMD has also been re-
ported in M-D and father-son comparisons than across sex
(M-S and fathers and daughters) (18).

To explain these differences, not only the age and the
sex of the offspring but also the age and the menopausal
status of the mothers should be taken into account. In-
deed, inheritance of bone traits in premenopausal women
is influenced primarily by additive genetic effects on peak
bone mass, whereas inheritance of bone traits in post-
menopausal women is due to the combined genetic effects
on peak bone mass and rate of bone loss (19). In addition
to aBMD, trabecular and cortical microarchitecture also
plays an important role in the determination of bone
strength and fracture risk (20).

Currently, only 3 studies have investigated the h2 of
bone microarchitecture in mothers and offspring, as well
as in twins, using high-resolution peripheral quantitative
computed tomography (HR-pQCT) (21–23). These studies
reported a wide range of the h2 of volumetric BMD and
bonemicroarchitecture, ranging from30% to60%,without
assessing the sex-specific h2 issue, nor the influence of the
confounding effects of menopause.

The aim of this study was to investigate the within and
across-sex inheritance of bone microarchitecture in M-D
and M-S pairs and the influence of the mothers’ meno-
pausal status on the apparent h2 of aBMD, volumetric
BMD, and bone microarchitecture.

Methods

Subjects
To establish parent-offspring correlation for the various

bone parameters, we analyzed the dual-energy X-ray absorp-
tiometry (DXA) and HR-pQCT results of 161 boys at the mean
age of 15.2 years [standard deviation (SD), 60.5 years] and of
102 girls at the mean age of 20.4 years (SD, 60.5 years). The
boys and girls were recruited in prospective cohorts through the
Public Health Youth Service of the Geneva, Switzerland, region
at a mean age of 7.4 years (range, 6.5 to 8.5 years) between
September 1999 and September 2000, and of 8 years (range, 6.6
to 9.4 years) in 1993, respectively (24, 25). DXA andHR-pQCT
results were assessed in their mothers between 2007 and 2008.
Exclusion criteria for the children, when they were enrolled, were
ratio of weight to height below the third or above the 97th
percentile, according to Geneva reference values; presence of
physical signs of puberty; chronic disease; gastrointestinal disease
with malabsorption; congenital or acquired bone disease; and

regular use of medication. There were no exclusion criteria for
their mothers. The protocol was approved by the Ethics Com-
mittee of the University Hospitals of Geneva. Written informed
consent was obtained from the parents and their descendants.

Clinical assessment
A medical history was obtained from all participants. It

included age of menarche and of menopause, and current use of
hormone replacement therapy. Weight was measured using a
digital scale balance (model 764; SECA®, Hamburg, Germany)
to the nearest 0.1 kg; height was measured using a Harpen-
denstadiometer to the nearest 0.1 cm (Holtain®, Crymych, UK).
Pubertal stage was assessed according to Tanner’s criteria.

DXA measurements
Areal BMDwas evaluated by DXA (Discovery A; Hologic®,

Waltham, MA). Five skeletal sites were examined: L2 to L4
lumbar vertebrae, femoral neck, total proximal femur, ultra-
distal radius, and one-third of the distal radius in an ante-
roposterior view, as previously reported (25). The aBMD
phantom coefficient of variation was 0.413% for the study
DXA measurements.

HR-pQCT measurements
Volumetric bone mineral density (vBMD) and micro-

architecture variables were determined at the distal radius and
tibia by HR-pQCT using an Xtreme CT instrument (Scanco
Medical, Brüttisellen, Switzerland). A stack of 110 slices for
computed tomography (CT) were acquired over a 9-mm length
with an isotropic voxel size of 82 mm, starting proximally at 9.5
and 22.5 mm from a joint margin reference line for distal radius
and distal tibia, respectively. The effective dose was 3 mSv, and
the measurement time was 2.8 minutes. Determinations were
performed on the nondominant limb, unless a fracture was
reported in the region of interest. Recorded variables were as
follows: total, cortical, and trabecular vBMD, expressed in
milligrams per cubic centimeter of calciumhydroxyapatite; total
cross-sectional area and cortical and trabecular areas (in square
millimeters); trabecular number (per millimeter), thickness (in
millimeters), and spacing (in millimeters); trabecular spacing
standard deviation (SD), as an estimate of the heterogeneity of
the trabecular structure (in millimeters); and mean cortical
thickness (in millimeters) (26). Cortical porosity was calculated
as the number of void voxels in each binary cortex image di-
vided by the total number of voxels. The vBMD phantom
coefficient of variation was 1.24% for the study period.

Statistical analyses
All data are reported as mean 6 SD or as percentages.

Between-group differences were assessed by unpaired Student t
test. The h2 estimates by maternal descent (½h2) was estimated
as the slope of the regression (b) between offspring and mothers
for each bone parameter separately (7). A principal components
analysis (PCA) was conducted for the microstructure parame-
ters measured by HR-pQCT at the radius and the tibia sepa-
rately (27). PCA is a statistical data reduction technique in
which a set of correlated variables is transformed into a smaller
set of uncorrelated parameters, defined as the principal com-
ponents (PCs). Those PCs are linear combinations of the
original parameters. The advantage of PCA is that PCs sum-
marize most of the information (or variance) of the original
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dataset: The first principal component accounts for as much of
the data variability as possible, with the remaining variance
being explained decreasingly by the following PCs.

Variables entered in the PCA for radius and tibia were cortical
and trabecular vBMD, cortical areas, trabecular number, tra-
becular spacing SD, and mean cortical thickness (Supplemental
Table 1). Trabecular thickness was not included in this analysis
because it is strongly affected by partial volume effects. In the PCA,
we decided to include normalized parameters that were measured
in all samples andwith a b value of at least 0.10 inM-D pairs and/
or M-S pairs. After optimization by a varimax rotation step, PCA
identified 2 uncorrelated PCs at the radius and at the tibia sepa-
rately (PCs with eigenvalues .1.0), representing, together, 93%
and 87% of the variance of HR-pQCT parameters at the radius
and tibia, respectively. Based on the initial variables’ weight, the
first component can be interpreted as the trabecular micro-
architecture, the second component as cortical microarchitecture
(Supplemental Table 1).

To estimate the h2 of bone traits independently of the genetic
effect of body size, gonadal status of mothers and offspring,
aBMD, and the adjusted bone parameter residuals were calculated
by multiple regression analysis with 3 models. Model 1 included
age,weight, and height.Model 2 included the parameters ofmodel
1 plus pubertal stage for the sons, menarcheal age of the daughters
and the mothers, and years since menopause, taking into account
years of menopause hormone therapy for the mothers, which
means that the years on hormone therapywere considered as being
premenopausal. Model 3 included the parameters of model 2 plus
femoral neck BMD for HR-pQCT tibia parameters, and ultra-
distal radius BMD forHR-pQCT radius parameters. The residuals
of each model were then regressed between mothers and offspring
(27). A P value of ,0.05 was considered statistically significant.
Statistical analyses were performed using STATA version 14.1
(StataCorp, College Station, TX).

Results

Characteristics of mothers and offspring
The mean age of mothers and daughters was 50.66 4.1

years and 20.46 0.5 years, respectively; and of mothers and
sons, 45.8 6 3.9 years and 15.2 6 0.5 years, respectively

(Table 1). The parameters of bone trabecular micro-
architecture and cortical porosity appeared higher in the
mothers than in daughters and sons, with the exception of
radial cortical porosity in sons (Supplemental Table 2).

Heritability of areal bone mineral density
The ½h2 of aBMD ranged in both M-D pairs andM-S

pairs from 25% to 46% (Supplemental Table 2) and
was not different in both pairs (½h2 M-D vs ½h2 M-S,
P values ranged from 0.33 to 0.80).

Heritability of trabecular and cortical
microarchitecture: influence of sex

Most parameters of bone microarchitecture were
significantly inherited in both M-D and M-S pairs
(Supplemental Table 2). We found similar estimates of
½h2 at the radius and tibia; the highest h2 values were
observed for cross-sectional area, whereas the lowest
appeared the cortical vBMD and porosity.

Trabecular and cortical components were significantly
inherited at the radius and at the tibia in both sexes (½h2,
18% to 35%), with the exception of the cortical component
at the radius (Table 2). Therewas no difference in h2 of bone
microarchitecture between M-D and M-S pairs. All herita-
bilities remained after adjustment for age, weight, height,
gonadal status, and aBMD (½h2, 9% to 25%).

Heritability of trabecular and cortical
microarchitecture: influence of menopausal status

In theM-Dpairs, the groupof postmenopausalmothers
compared with the premenopausal mothers had a higher
mean age, lower body mass index, and lower aBMD
values at all sites (Supplemental Tables 3 and 4). Post-
menopausal mothers had lower mean cortical vBMD
values, cortical thickness at radius and tibia, less radial
cortical porosity, and lower trabecular number and

Table 1. Anthropometric Characteristics of the Subjects

Daughters (n = 102) Mothers (n = 102) Sons (n = 161) Mothers (n = 161)

Age, mean 6 SD, y 20.4 6 0.5 50.6 6 4.1 15.2 6 0.5 45.8 6 3.9
Height, mean 6 SD, cm 165 6 6.0 164.0 6 6.0 172.0 6 9.8 160.0 6 6.0
Weight mean 6 SD, kg 59.4 6 9.3 64.7 6 11.6 60.3 6 13.3 64.4 6 10.5
Body mass index, mean 6 SD, kg/m2 21.9 6 3.3 24.1 6 4.3 20.4 6 0.6 23.8 6 3.7
Pubertal stage, no. (%)
2 0 (0) — 5 (3.1) —

3 0 (0) — 13 (8) —

4 0 (0) — 83 (51.5) —

5 102 (100) — 60 (37.2) —

Menarcheal age, mean 6 SD, y 13.0 6 1.2 13.0 6 1.7 — 13.3 6 1.5
Premenopause/postmenopause,
no. of mothers (%)

— 51 (50)/51 (50) — 134 (83)/27 (17)

MHT in postmenopause, no. of mothers (%) — 26 (51) — 6 (22)
Menopause duration, considering MHT,
mean 6 SD, y

— 2.4 6 3.3 — 1.75 6 2.4

Abbreviations: —, no data; MHT, menopausal hormone therapy; SD, standard deviation.
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separation at the tibia compared with premenopausal
mothers (Supplemental Table 4). The mothers’ meno-
pausal status had no influence on ½h2 estimates for most
aBMD (P values ranged from0.29 and 0.81; Supplemental
Table 4). Trabecular and cortical microarchitecture
components remained inherited across menopausal status
(Table 3).

Discussion

By analyzing the correlation of bone microarchitecture
in mothers-offspring pairs of both sexes and subsets of

pre- and postmenopausal mothers, our study led to 2main
findings. First, additive effect of genes on both trabecular
and cortical microarchitecture is similar when inherited
from mothers by daughters and sons. Second, h2 in-
fluences on these traits mainly persist across menopausal
status.

Our results are in contrast with the hypothesis of a
gene-sex interaction in the determination of BMD and
microarchitecture in the population, which assumes it
could be possible that the genes that influence bone traits
in men may not be the same as the genes that influence
bone traits in women. Controversy exists because in a

Table 2. Mother-Daughter and Mother-Son Half Heritability for Principal Components of Microarchitecture

½h2 95% CI Model 1a: Adj ½h2 95% CI Model 2b: Adj ½h2 95% CI Model 3c: Adj ½h2 95% CI

M-D M-S P M-D M-S P M-D M-S P M-D M-S P

Radius
Trab. MA 0.35d

(0.19–0.51)
0.21e

(0.07–0.36)
0.22 0.34d

(0.18–0.50)
0.21e

(0.07–0.35)
0.25 0.30e

(0.14–0.47)
0.23e

(0.09–0.38)
0.51 0.29e

(0.14–0.45)
0.18f

(0.05–0.31)
0.92

Cort. MA 0.19
(20.02 to
0.47)

0.18
(20.05 to
0.42)

0.96 0.14
(20.09 to
0.37)

0.11
(20.10 to
0.33)

0.80 0.18
(20.03 to
0.41)

0.14
(20.06 to
0.35)

0.75 0.16
(20.12 to
0.45)

0.09
(20.16 to
0.35)

0.27

Tibia
Trab. MA 0.32e

(0.17–0.47)
0.23e

(0.07–0.40)
0.44 0.30d

(0.16–0.44)
0.17g

(0.02–0.31)
0.25 0.29e

(0.14–0.44)
0.21d

(0.06–0.30)
0.45 0.16g

(0.02–0.31)
0.17g

(0.03–0.32)
0.90

Cort. MA 0.22g

(0.04–0.40)
0.34e

(0.08–0.60)
0.45 0.25e

(20.07 to
0.43)

0.30g

(0.06–0.55)
0.83 0.20g

(0.20–0.39)
0.26g

(0.02–0.50)
0.72 0.21g

(0.02–0.39)
0.25g

(0.01–0.49)
0.77

Abbreviations: Adj, adjusted; CI, confidence interval; Cort, cortical; MA, microarchitecture; Trab, trabecular.
aModel 1: adjusted ½h2 for age, weight, and height.
bModel 2: adjusted½h2, parameters as inModel 1, plus pubertal stage in boys,menarcheal age in girls andmothers, years sincemenopause and hormone
replacement therapy in the mothers.
cModel 3: adjusted½h2, parameters as inModel 2, plus radius HR-pQCT parameters adjusted also for ultradistal radius areal BMDand tibia parameters for
femoral neck areal BMD.
dP # 0.0001.
eP # 0.001.
fP # 0.01.
gP # 0.05 for h2 in M-D and M-S separately.

Table 3. Mother-Daughter Half Heritability of Principal Components for Microarchitecture, According to
Menopausal Status

Bone
Premenopausal
M-D ½h2 95% CI

Postmenopausal
M-D ½h2 95% CI P

Premenopausal
M-D Adj ½h2 95%

CI: Model 1a

Postmenopausal
M-D Adj ½h2 95%

CI: Model 1a P

Radius
Trabecular MA 0.30b (0.06–0.54) 0.41c (0.18–0.64) 0.94 0.26b (0.02–0.50) 0.37d (0.15–0.59) 0.52
Cortical MA 0.27 (20.08 to 0.64) 0.14 (20.14 to 0.44) 0.58 0.23 (20.11 to 0.57) 0.12 (20.19 to 0.13) 0.59
Tibia
Trabecular MA 0.24 (20.01 to 0.54) 0.43e (0.23–0.62) 0.24 0.24b (0.02–0.47) 0.37c (0.17–0.36) 0.39
Cortical MA 0.28 (20.06 to 0.64) 0.27b (0.06–0.48) 0.94 0.27 (20.02 to 0.57) 0.25b (0.04–0.46) 0.89

Abbreviations: Adj, adjusted; CI, confidence interval; MA, microarchitecture.
aModel 1: Adjusted ½h2 for age, weight, and height.
bP # 0.05.
cP # 0.001.
dP # 0.01.
eP # 0.0001.
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whole-genome linkage analysis stratified by sex, sex-
specific quantitative trait loci were found in the Fra-
mingham sample (18) and in some other studies (28, 29),
but not in all studies (30).

One explanation of our findings could be that age at
menarche and menopause has a h2 on the order of ap-
proximately 50%; therefore, adjusting for these variables
in women may possibly reduce some of the genetic effects
from the overall h2 of bone traits (31).

In the M-D and M-S pairs in our study, we found the
only principal components of microarchitecture for
which h2 was not statistically significant were the radius
cortical variables. It may be possible that radius mea-
surements are more likely affected by the motion artifacts
and by the technical challenge of measuring cortical
porosity, especially in young people (32, 33).

In particular, because of the young age of the offspring
(a mean of 20 years old for the girls and 15 years for the
boys), the likelihood of not having reached the peak bone
mass is high. Others investigators have reported that
there is a transitory increase in intracortical porosity and
cortical thinning during the pubertal growth spurt; on the
other hand, there were few differences in trabecular
structure across the stages of pubertal maturation (34).
This might be an additional explanation of the difference
we found in the cortical component h2 compared with the
trabecular component in our population.

Indeed, a high h2 of cortical porosity in twins has been
shownwith HR-pQCT, using a different type of software
(23). The apparent differences in site specificity of h2

merit further investigation in larger family studies. A
recent paper showed that the h2 of BMD varies across
skeletal sites, reflecting the different relative contribu-
tions of genetic and environmental influences (35). A
possible explanation could be that genetic expression
might be influenced by loading; thus, the tibia could be
affected differently from the radius.

One strength of our study lies in the evaluation of
the maternal h2, which has been studied separately ac-
cording to the mothers’ menopausal status. We showed
that h2 of bone microarchitecture persists across meno-
pausal status.

Our study suffers from 2 main limitations. The first is
noninclusion of fathers in the study because of the dif-
ficulty in confirming paternity as compared with ma-
ternity. However, it would be desirable to include them
and siblings in further studies to determine if the asso-
ciations we have observed also apply to father-child pairs
and sex-concordant and -discordant siblings. The second
limitation is that the levels of testosterone and estradiol in
the sons were not measured, which could have contrib-
uted additional information and could have decreased the
adjusted h2 of bone microarchitecture.

In conclusion, our study showed a high h2 of bone
traits in both sexes, without any sex differences, and that
persists across menopausal status. These data suggest
that most of the genetic determinants of bone micro-
architecture rely on non–X-linked genes not regulated by
gonadal status.
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