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This study sought to estimate the extent of genetic influence on the variation in trabecular bone score (TBS). We
found that genetic factors accounted for ~45% of variance in TBS, and that the co-variation between TBS and bone
density is partially determined by genetic factors.
Introduction: Trabecular bone score has emerged as an important predictor of fragility fracture, but factors under-
lying the individual differences in TBS have not been explored. In this study, we sought to determine the genetic
contribution to the variation of TBS in the general population.
Methods: The study included 556 women and 189men from 265 families. The individuals aged 53 years (SD 11).
We measured lumbar spine bone mineral density (BMD; Hologic Horizon) and then derived the TBS from the
same Hologic scan where BMDwas derived. A biometric model was applied to the data to partition the variance
of TBS into two components: one due to additive genetic factors, and one due to environmental factors. The index
of heritability was estimated as the ratio of genetic variance to total variance of a trait. Bivariate genetic analysis
was conducted to estimate the genetic correlation between TBS and BMDmeasurements.
Results: TBS was strongly correlated with lumbar spine BMD (r = 0.73; P b 0.001). On average TBS in men was
higher than women, after adjusting age and height which are significantly associated with both TBS and lumbar
spine BMD. The age and height adjusted index of heritability of TBS was 0.46 (95% CI, 0.39–0.54), which was not
much different from that of LSBMD (0.44; 95% CI, 0.31–0.55). Moreover, the genetic correlation between TBS and
LSBMD was 0.35 (95% CI, 0.21–0.46), between TBS and femoral neck BMD was 0.21 (95% CI, 0.10–0.33).
Conclusions: Approximately 45% of the variance in TBS is under genetic influence, and this effect magnitude is
similar to that of lumbar spine BMD. This finding provides a scientific justification for the search for specific ge-
netic variants that may be associated with TBS and fracture risk.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Trabecular bone score (TBS), as the terminology implies, is an index
of bone fragility. TBS was derived from the dual energy X-ray absorpti-
ometry image to describe skeletal texture of microarchitecture [1]. Sev-
eral studies have shown that lower values of TBS were associated with
increased risk of fragility fracture [2], andmore importantly, the associ-
ation was independent of bone mineral density (BMD) and age [3]. The
independent contribution of TBS to fracture risk prediction suggests
arch Group, Ton Duc Thang
o Chi Minh City, Vietnam.
ham).
that a measurement of TBS could improve the accuracy of fracture risk
assessment for an individual [4,5].

Despite the emerging role of TBS in fracture risk assessment, the eti-
ology of TBS has been less well documented. In population based stud-
ies, TBS is strongly related to lumbar spine BMD, with the coefficient of
correlation ranging between 0.6 and 0.7 [6,7]. As with BMD, TBS is in-
versely related to advancing age and positively associated with greater
body mass index [6]. Moreover, the distribution of TBS closely follows
a normal (bell-shaped) distribution with an almost constant variance
across populations. It is likely that the bell-shaped distribution of TBS
is a result of effects arising from segregating alleles at multiple loci.
Thus, it could be reasonably hypothesize that the between-individuals
variation in TBS is partially determined by hereditary factors.

The present study was designed to test the above hypothesis. Our
primary aims were to determine the relative contributions of genetic
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Table 1
Characteristics of 556 women and 189 men.

Variable Women Men P-value

Number of subjects 556 189
Age (years) 54.1 (11.5) 53.0 (12.4) 0.307
Height (cm) 152.0 (5.3) 162.5 (6.5) b0.001
Weight (kg) 53.4 (8.0) 62.2 (11.6) b0.001
Body mass index (kg/m2) 23.1 (3.2) 23.5 (3.7) 0.327
Lumbar spine BMD (g/cm2) 0.86 (0.14) 0.94 (0.16) b0.001
Femoral neck BMD (g/cm2) 0.66 (0.11) 0.74 (0.14) b0.001
Whole body BMD (g/cm2) 0.98 (0.11) 1.06 (0.11) b0.001
Trabecular bone score 1.31 (0.11) 1.37 (0.09) b0.001

Lifestyle factors
Current smokers (%) 2.9 47.6 b0.001
Regular alcohol use (%) 3.4 43.0 b0.001

Note: Values in brackets are standards deviation.
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and environmental factors to the between-individual variation in TBS.
We also tested the hypothesis that the co-variation between TBS and
BMD is partly determined by shared genetic factors.

2. Study design and methods

2.1. Study design

This study was part of the VietnamOsteoporosis Study (VOS) which
was initiated in mid-2015. VOS is designed as a population based, long-
term and prospective study, with the setting being theHo ChiMinh City
(formerly Saigon). The City is a major economic hub of the ASEAN re-
gion, with a population of 8.2 million. The study's procedure and proto-
col were approved by the research and ethics committee of the People's
Hospital 115. The study was conducted according to the ethical princi-
ples of the Declaration of Helsinki, and all participants gave written in-
formed consent.

The inclusion criteria were men and women aged between 20 and
90 years, who agreed to participate in the Study. We excluded individ-
uals who were deemed to have impaired cognitive function or were
not willing to give informed consent or were physically unable to com-
plete clinical tests.

We used two approaches to recruit participants. In the first ap-
proach, we contacted community organizations to solicit a list of mem-
bers, and from the list we ran a computer program to randomly selected
individuals who met the age and gender criteria. A letter was then sent
to the selected individuals to invite them and their family members to
participate in the Study. In the second approach, we recruited partici-
pants via television, the Internet, andflyers in universities. Theflyers de-
scribed (in Vietnamese) the study's purposes, procedures, and benefits
of participants. Individuals agreed to participate in the study were
then transported to the Bone and Muscle Research Laboratory at the
Ton Duc Thang University for clinical assessment and evaluation. The
participants did not receive any financial incentive, but they received
a free health check-up, and lipid analyses.

2.2. Measurements

Each participant was administered with a structured questionnaire
by a trained interviewer. The questionnaire solicits information
concerning clinical history, medication use, lifestyle factors, history of
falls and fractures, and anthropometric factors. Height and weight
were measured by an electronic portable, wall-mounted stadiometer
(Seca Model 769; Seca Corp, CA, USA) without shoes or ornaments or
hats or heavy layers of clothing. Body mass index (BMI) was derived
as theweight in kilograms divided by the square of the height inmeters.

Participants were also asked to provide information on current and
past smoking habits. Alcohol intake in average numbers of standard
drinks per day, at present as well as within the last 5 years, was obtain-
ed. Clinical data including blood pressure, pulse, and reproductive histo-
ry (i.e. parity, age of menarche and age of menopause), medical history
(i.e. previous fracture, previous and current use of pharmacological
therapies) were also obtained. Two blood pressure measurements
were taken (5 min apart) in seated position, and the mean of two mea-
surements was taken as the individual's blood pressure. Individuals
were classified as having hypertension if their average systolic blood
pressure ≥ 140 mmHg or diastolic blood pressure ≥ 90 mmHg.

2.3. Bone mineral density and TBS measurements

Areal BMD was measured at the lumbar spine, femoral neck, total
hip and whole body using a Hologic Horizon (Hologic Corp, Bedford,
MA, USA). For the lumbar spine, we measured BMD from L2 to L4. The
densitometer was standardized by phantom before eachmeasurement.
Themeasurementwas done by a qualified radiology technologist. Based
on 20 individuals, the coefficient of variation in BMD at our labwas 1.5%
for the lumbar spine and 1.7% for the hip. Fat mass and lean mass were
derived from the whole body scan.

TBS measurements were performed in the Bone Disease Center at
the Lausanne University Hospital, Lausanne, Switzerland (TBS iNsight
Software, version 2.1; Medimaps, Merignac, France). These analyses
were performed blind to fracture status and any clinical parameters.
The software uses the antero-posterior spine raw image(s) from the
densitometer, including the BMD region of interest and edge detection
so that the TBS calculation is performed over exactly the same region
of interest as the BMD measurement. In the current analysis, we used
a research version of the commercialized TBS iNsight software, which
allows for large batched analyses from aworkstation. The short term re-
producibility of TBS determinations as been reported in several mono-
center studies ranges from 1.1%–1.9% CV [8].

2.4. Data analysis

The raw datawere stored in two separatefiles: the pedigreefile con-
tains all ID of an individual and the individual's father and mother, and
the phenotype file contains all demographic and clinical data identified
by an individual's ID. The two files werematched by individuals' unique
ID to construct a family based dataset for further analysis.

We used the multiple linear regression method to model the rela-
tionship between TBS or BMD and potential determinants. The determi-
nants considered in the analysis were gender, age, height, weight, and
BMI. In order to assess the relative importance of each predictor, we
used the “LMG”method [9] to decompose the overall R2 into individual
effect. TheR program [10]wasused to estimate the relative contribution
of individual predictor variable.

The primary objective of analysis was to estimate the index of heri-
tability (H2) of TBS and lumbar spine BMD. The secondary objectivewas
to determine the genetic and environmental correlations between TBS
and lumbar spine BMD. In order to estimate H2, the variance of a trait
(Vp) was decomposed into two components: one due to genetic factors
(Vg) and one due to environmental factors (Ve): Vp = Vg + Ve. Then,
H2 = Vg / Vp.

In order to estimate the variance components, we consider the value
of each trait of an individual (yi) as a function of the overall average (μ),
the pedigree/family of the individual and its environment or randomer-
rors:

yi ¼ μ þ gi þ ei

where gi is the randomdeviations from μ for individual i that are due
to additive genetic factors, and ei represents residual error effects, ac-
counting for the rest of the variation. It is assumed that gi is independent
from ei. It is further assumed that gi are normally distributed with mean
0 and variance-covariance G ∗ Vg, where G is thematrix of genetic coef-
ficients which are determined by the pedigree specific structure. For



Table 2
Determinant of trabecular bone score and lumbar spine BMD: Multiple linear regression
analysis.

Variable and
determinant

Regression coefficient (standard
error)

Relative importance
(%)

TBS (trabecular bone score)
Gender (male) 0.029 (0.013) 2.3
Age (+5 year) −0.025 (0.002) 22.7
Height (+1 cm) 0.001 (0.0007) 2.9

Lumbar spine BMD
Gender (male) 0.061 (0.015) 3.9
Age (+5 year) −0.026 (0.003) 12.7
BMI (+1 kg/m2) 0.010 (0.002) 5.4

Femoral neck BMD
Gender (male) 0.068 (0.012) 6.6
Age (+5 year) −0.027 (0.003) 18.5
BMI (+1 kg/m2) 0.009 (0.001) 6.9

Whole body BMD
Gender (male) 0.093 (0.015) 8.2
Age (+5 year) −0.026 (0.003) 12.6
BMI (+1 kg/m2) 0.010 (0.0018) 5.9

All regression coefficients are statistically significant at P b 0.001.
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example, full-siblings or parent-offspring would have a coefficient of
0.5, and identical twins would have the coefficient of 1. Moreover, ei
are assumed to follow a normal distribution with mean 0 and variance
Ve. The likelihood of each trait of the family members is assumed to fol-
low a multivariate normal distribution with the variance-covariance
matrix that is a function of the coefficient of relationship between
individuals.

We used a Bayesian approach to estimate the model parameters. In
the Bayesian approach, each parametermust be associated with a prob-
ability distribution which reflects our “belief” about each parameter's
possible values. In this analysis we used a non-informative prior for
each parameter. For the variance, we used the inverse gamma distribu-
tion as a prior. The prior distribution was then combined with the
Fig. 1. Distribution of trabecular bone score (left panel) and lumbar spine BMD (righ
likelihood of the data to derive the posterior distribution for each
model parameter. We used the R package MCMCglmm [11] to estimate
the posterior distribution of each parameter.

In order to estimate the proportion of covariance between TBS and
BMD is explained by genes common to both traits, we conducted bivar-
iate genetic analyses. The pairs of traits considered in the analysis were
TBS and lumbar spine BMD, TBS and femoral neck BMD, and TBS and
whole body BMD. In this analysis, the variance-covariance matrix of
two traits is decomposed into genetic and environmental components
based on the familial correlation structure. Accordingly, the genetic cor-
relation between TBS and BMD was determined by the ratio of covari-
ance between TBS and BMD over the product of the standard
deviation of TBS and the standard deviation of BMD. The environmental
correlation between TBS andBMDwas derived in the samemanner. The
genetic and environmental correlations were adjusted for age, gender,
and BMI.
3. Results

The study included 745 individuals from 265 families. Most (91%)
families are full siblings. The average (SD) age of participants was 53.8
(11.7) years, and there was no statistically significant difference be-
tween men and women in terms of age distribution. There was also
no significant difference between groups in terms of body mass index.
However, as expected, men had significantly greater BMD measure-
ments than women (Table 1).

The variation in TBS was significantly associated with gender, age,
and body height (Table 2). On average, TBS were 4.5% higher in men
than in women (Fig. 1). Advancing age was significantly associated
with lower TBS measurements, such that each 5 years increase in age
was associated with a 0.025 decrease in TBS. Each centimeter increase
in body height was associated with 0.001 unit increase in TBS. Collec-
tively, the three factors (gender, age and height) accounted for ~28%
of total variance in TBS. Relative importance analysis indicate that
most of the explained variance was accounted by advancing age.
t panel) by gender. On average, men had greater TBS and LSBMD than women.



Fig. 2. Relationship between age and TBS (left panel), age and LSBMD (middle panel), and TBS and LSBMD (right panel) stratified by gender.
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There was a significant and positive correlation between TBS and
LSBMD (Fig. 2). The correlation between lumbar spine BMD and TBS
was high (r=0.72; P b 0.001), and this correlation appears to be greater
in women (r=0.74) than men (r = 0.58). Bonemineral density at the
lumbar spine, femoral neck, and whole body was significantly associat-
ed with gender, age, and body mass index (BMI). The three factors col-
lectively “explained” 22%, 32%, and 27% of total variance in lumbar
spine, femoral neck, and whole body BMD, respectively (Table 2), with
age being the most important factor.

Results of biometric modeling of variance in TBS and BMD are show
in Table 3. In unadjusted analysis, genetic factors accounted for 51%
(95% CI, 44% to 58%) of total variance in TBS. However, after adjusting
for age, gender and body height, the index of heritability slightly re-
duced to 46% (95% CI, 39% to 54%). The unadjusted index of heritability
of lumbar spine BMD was 53% (95% CI, 42% to 60%); and this was re-
duced to 44% (95% CI, 31% to 55%) after adjusting for age, gender, and
Table 3
Index of heritability (median and 95% credible interval) of trabecular bone score and bone
mineral density measurements.

Variable
Univariate
analysis

Adjusted for gender, age and height (or
BMI)

Trabecular bone
score

0.51 (0.44–0.58) 0.46 (0.39–0.54)1

Lumbar spine BMD 0.53 (0.42–0.60) 0.44 (0.31–0.55)
Femoral neck BMD 0.77 (0.57–0.90) 0.71 (0.47–0.95)
Whole body BMD 0.66 (0.43–0.90) 0.43 (0.26–0.60)

1 Adjusted for age, gender and height.
BMI. The variation in femoral neck BMD had a strong genetic compo-
nent, with the adjusted index of heritability being 71%, which is greater
than that in whole body BMD (43%).

In the next analysis, we estimated the genetic and environmental
correlation between TBS and BMD after adjusting for covariates
(Table 4). The covariance between TBS and BMDwas determined by ge-
netic factors,with the genetic correlation being 0.35 (95% CI, 0.21–0.46).
The environmental correlation (0.39; 95% CI, 0.26–0.48) was slightly
higher than the genetic correlation. The genetic correlation between
TBS and femoral neck BMD (0.21), or between TBS and whole body
BMD (0.19), was lower than between TBS and lumbar spine BMD. It is
noted that the unadjusted phenotypic correlation between TBS and
femoral neck BMD (0.57), and between TBS and whole body BMD
(0.48) was lower than that between TBS and lumbar spine BMD (0.72).

4. Discussion

TBS has emerged as an independent predictor of fragility fracture,
with themagnitude of association being equivalent to that of bonemin-
eral density. However, etiological determinants of TBS have not been
well documented. In this family based study, we have demonstrated
that approximately 45% of the between-individual variance in TBS was
determined by genetic factors, after adjusting for age, gender and
height. Moreover, the about one third of the covariation between TBS
and lumbar spine BMD was also genetically determined.

To our knowledge, this is the first demonstration of the heritability
of TBS, and it is thus difficult to put the present study's finding within
context. However, the index of heritability of LSBMD in this study is



Table 4
Genetic and environmental correlation between TBS and BMD measurements.

Phenotypic correlation Genetic correlation1 Environmental correlation1

TBS and lumbar spine BMD 0.72
(0.67–0.76)

0.35
(0.21–0.46)

0.39
(0.26–0.48)

TBS and femoral neck BMD 0.57
(0.51–0.63)

0.21
(0.10–0.33)

0.18
(0.10–0.34)

TBS and whole body BMD 0.48
(0.40–0.55)

0.19
(0.02–0.30)

0.16
(0.05–0.29)

1 Adjusted for gender, age, and BMI. Phenotypic correlations are not adjusted for covariates. Values are coefficient of correlation and 95% confidence interval.
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lower than previous twin studies'. Classical twin sties [12,13] have typ-
ically shown that the index of heritability for lumbar spine BMD ranged
between 75% and 92%. In this study, we found that the heritability was
much lower (51%). This difference is somewhat expected, because it is
well known that twin studies tend to over-estimate the effect of genetic
factors of a trait [14]. In the classical twin model, the shared environ-
mental factors are assumed to be equal betweenmonozygotic and dizy-
gotic twins, and as a result, the heritability is often higher than in
siblings based studies.

It is still unknown whether the heritability of TBS is resulted from
polygenic effects or a single major gene effect. However, the biometric
model that we used in the estimation of heritability assumes that the
variation in each of the traits is determined by a mean plus a polygenic
background. Therefore, the data are consistent with this assumption,
whichmeans that the variation in TBS between individuals ismore like-
ly to be determined by multiple genes.

Apart from genetic factors, we found that the variation in TBS was
also related to gender, age, and body height. On average,men had great-
er TBS than women, and the difference was 0.6 standard deviation. The
difference was independent of age, gender, and height. It is not clear
why men had greater TBS value than women, but it is noted that TBS
is strongly correlated with lumbar spine BMD, and lumbar spine BMD
is greater in men than in women. By using the approach of “relative im-
portance” in the multiple regression analysis [10], we were able to as-
sert that age is the most important determinant of TBS. Age alone
accounted for almost 23% of total variance in TBS, and this attributable
proportion was almost 10 times greater than the effect of either gender
or height.

The finding of heritability of TBS has important implications in oste-
oporosis research. This finding provides a rationale for the search for
specific genes that determine the variation in TBS between individuals.
Strategies of gene search have shifted from candidate gene association
to genomewide association analysis (GWAS), and more recently
whole genome sequencing. The success of GWAS in the identification
of common genetic variants associated with BMD can also be applied
to search for specific genes that determine the variation in TBS. This
study provides an important clue. Because the relationship (as mea-
sured by the covariance) between TBS and LSBMD is under genetic reg-
ulation, it can be hypothesized that the two traits are more likely to
share some common genetic variants.

The present findings should be considered within context of
strengths and weaknesses. The study was based on a reasonably large
sample size of multiple families which allow a better estimation of ge-
netic parameters. The measurement of TBS was done with a state of
the art method. However, the study was mainly based on full-siblings
and two-generation, which provide less genetic relationship for a
more refine estimate of heritability. The sample size for the male
groupwasmodest, which limited the sex and gene interaction or genet-
ic – environmental interaction analyses.

In summary, the present study has shown that approximately 45% of
the TBS variance is attributable to genetic factors, and that this effect is
equivalent to the genetics of lumbar spine BMD. More interestingly, we
showed that TBS and lumbar spine BMD are more likely to share com-
mon genetic variants, and this suggests that a genomewide search for
genes associated with TBS is a worthwhile effort.
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