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Abstract

Summary Trabecular bone score (TBS) is a tool to improve evaluation of DXA scans, barely used in children. We proposed to
evaluate TBS with bone age (BA) compared to chronological age (CA). In girls, TBS value using BA is constant until age 8, and
in boys until age 10, and then starts to increase steadily. This data may help widen TBS use in pediatric populations.
Introduction Trabecular bone score (TBS) is a software-based tool for the analysis of DXA images to assess bone
microarchitecture in the lumbar region. It is used widely in adults to improve evaluation of fracture risk, yet it has been rarely
studied in children and no normal curves have been developed for pediatrics. The purpose of this study was to evaluate bone
(skeletal) age compared to chronological age to determine which is better in the pediatric population since both bone age (BA)
and trabecular density are equally susceptible to change in response to similar factors.

Methods Total body, lumbar region, and non-dominant hand scans were obtained with an iDXA device in all participants. DXA
scans of lumbar region for TBS analysis and AP images of non-dominant hand-for-BA were obtained for 565 children (269
female) aged 4to 19.

Results Simple correlation was calculated and 72 values for TBS and chronological age were obtained by linear regression, with
low correlations (0.36 for boys and 0.38 for girls), and then we created Loess curves to show the change for consecutive ages. In
girls, the curve forms a U shape with a nadir point at approximately age 10. We then replaced chronological age with BA, and
significant change was seen in the girls’ curve, where a turning point is seen at age 8. In boys, a similar trend shows a turning
point at age 10. Finally, BA-corrected TBS curves were constructed using LMS, obtaining curves with percentiles.
Conclusions The use of BA in the analysis and interpretation of TBS may help widen its use in pediatric populations by enabling
the appearance of normative data, but more information is needed to confirm this finding.
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Introduction

In the last few decades, research in children with DXAhas
greatly increased knowledge regarding bone physiology dur-
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ing growth and has led to the development of keystone con-
cepts such as peak bone mass and peak bone mineral content
increase during puberty [1]. The International Society for
Clinical Densitometry (ISCD) 2014 pediatric position regard-
ing interpretation and reporting of DXA [2, 3] recommends
that, when possible, country-specific reference values should
be used, and such values for children and adolescents have
been reported for several countries. Puberty is of the greatest
relevance in this age group; therefore, several methods for
adjustment have been based on the child’s height, bone size,
and Tanner stage. Besides Tanner stage, ISCD also suggests
bone age (BA) adjustment as another method to be consid-
ered for interpretation of results in some clinical situations,
especially when a significant BA delay is expected [3], but
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little information has been published using BA for adjustment
and analysis.

Although DXA has been used extensively as a proxy of skel-
etal status, it has been also recognized that it does not account for
all the parameters needed. Trabecular bone score (TBS) was
developed to evaluate the trabecular bone: It is a software-
based tool for the analysis of DXA images to assess bone
microarchitecture in the lumbar region. It analyzes images direct-
ly from DXA raw data by evaluating pixel gray-level variations
of the 2D projection image. By taking such variation and the
pixels’ distance into account [4], DXA image texture is then
linked to the texture of the projected bone as it has been shown
on several steps of validation, including finite element analysis
[5] and case-control studies [6].

Large cross-sectional and longitudinal studies have ad-
dressed TBS value in adult populations as an aid to im-
prove fracture risk evaluation [7]. ISCD has issued a po-
sition statement in 2015 regarding the applicability and
limitations of TBS in adult populations [8]. However, de-
spite the rationale behind the benefits that TBS may add
to bone density studies in young patients, few studies have
been published or have presented data on pediatric popu-
lations. In some of them, the commercially available ver-
sions of TBS software (adjusted for adults) have been
used to analyze particular groups of children [9, 10]; in
others, small groups of patients were analyzed with a cus-
tomized version of the TBS software [11-15]. In all of
them, TBS values describe U-shaped curves when an
LMS algorithm is applied to smoother the curve. Such a
U shape appears in two studies in girls and in one study
in boys. In a study designed to create normative data with
a larger population, Del Rio et al. [16] again found U-
shaped curves in both genders. The common feature in
most of these studies is that data were not adjusted for
puberty. The exception was Shawwa et al. [15], in which
they grouped participants according to Tanner stage, and
TBS scores seemed to increase from stage III in girls and

IV in boys (Table 1). The purpose of this study is to
determine whether such a U-shaped curve is an artifact
related to TBS methodology or a novel biological phe-
nomenon related to trabecular bone and detected by TBS.

According to ISCD recommendations, bone or skeletal age
is recommended for evaluating skeletal maturation using a
well-established pattern of ossification center appearance in
long bone epiphyses or short bones. This method has largely
been determined using an anteroposterior x-ray image of the
non-dominant hand [17]. In 1976,Tanner and Whitehouse
established that pubertal stages, including the growth spurt,
correlate better with BA than with chronological age both in
boys and girls, given the considerable variation in maturation
onset ages [18]. In our work, we decided to use BA as another
factor for analysis.

Methods
Study design:cross-sectional

Study population Healthy children of both sexes aged 4—
19 years from a subsample of those currently being recruit-
ed at the Clinical Epidemiology Unit, Hospital Infantil de
México Federico Gémez, for a body composition reference
values study were invited to participate. Written consent
was obtained from their parents and assent was obtained
from children 8 years and over before performing DXA
scans. The sample used for this analysis was balanced to
get enough numbers for each chronological year as well as
to allow for sex comparisons. Lumbar region and non-
dominant hand scans were obtained separately with an
iDXA (GE Healthcare, Madison, WI) in all participants.
Pseudo volumetric lumbar BMD (3D BMD) was calculat-
ed based on cylindrical model proposed by Kroger et al.
[19]. TBS assessment was conducted with a custom ver-
sion of TBS (Med-Imaps SASU, France) that includes a

415 girls, ages 1-16 years old
143 girls, 109 boys, ages 0-2 years old
Cross-sectional 4126 children and teenagers

U-shaped curve using LMS
U-shaped curve in boys using LMS
U-shaped curve in both using LMS

(2606 girls, 1520 boys),
ages 0—19 years old

Table 1 Previous studies analyzing TBS in children

Del Rio LM et al. 2013 [11] * Spain Cross-sectional
Winzenrieth R et al. 2013 [12] * France  Cross-sectional
Del Rio LM et al. 2014 [16] * Spain

Libber J et al. 2015 [13] * USA Longitudinal
Donaldson AA et al. 2015 [9] * USA Cross-sectional

Shawwa K et al. 2016 [15] ** Lebanon Cross-sectional

68 girls along 18 months.
Mean age 12+0.3 year

170 boys, 168 girls ages

TBS increased 5.5% from an average
1.269 basal to 1.342 by 18 months

57 adolescent girls, ages 11-18 years old Lumbar spine TBS was shown to correlate

significantly with age, height, weight,
and BMI

U-shaped curve in girls using LMS

1017 years old. Tanner stages [ to V

*Not adjusted for puberty
**Adjusted by Tanner stage for puberty
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Table 2 Demographic data of the participants

Male 268 (47.5%) Female 296 (52.5%)

Age (years, SD)
Bone age (years, SD)
Mean TBS (SD)

10.9 3.7)
11.0 (4.5)
1.440 (0.128)

10.6 (3.8)
10.7 (4.1)
1.482 (0.155)

dedicated soft tissue correction for pediatric subjects based
on exvivo data and considering spinal tissue thickness and
acquisition mode. Hand skeletal images were interpreted
by a single pediatric endocrinologist using Greulich and
Pyle Atlas [17] blinded to the chronological age of the
child. DXA-obtained images to calculate BA have been
validated previously by other groups [20].

Statistical analysis It was generated by SPSS v.21. The LMS
statistical method proposed by Cole and Green [21] was used
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to construct TBS BA-related curves using Cole’s LMS
smoother module in R.

Results

DXA scans of lumbar region for TBS analysis and AP
images of the non-dominant hand for BA were obtained
for 565 children (269 females) aged 4-19 years
(Table 2). Data were collected and images were ana-
lyzed with a custom TBS version as previously
described.

Simple correlation was calculated and # values for
TBS and chronological age were obtained by linear re-
gression, with low correlations (0.36 for boys and 0.38
for girls). In a more detailed analysis, we used a Loess
curve to show the change for consecutive ages. When
only chronological age was used, the Loess curve in
girls forms a U-shaped curve with a nadir point at
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Fig.1 TBS Loess graphs for boys (a) and girls (b) using chronological age, and using bone age in boys (c) and girls (d). In girls, a U-shaped curve is seen

with a lowest point around age 7 in chronological age
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approximately age 10, which then starts to increase
steadily. In boys, no U shape is seen, and there is only
an inflection by age 11 (Fig. la,b). Such a U shape
resembles those obtained in previous works.

As a second step, we replaced chronological age with BA,
and significant change is seen in the girls’ Loess curve (Fig.1c,d),
where a turning point is seen at age 8followed by a steady and
marked increase until age 19. In boys, the same trend is seen but
the turning point appears at age 10, and the curve is slightly more
linear with a less-marked slope than in girls.

Finally, TBS curves were constructed using the LMS statisti-
cal method proposed by Cole and Green [21]. These were drawn
using percentiles 3, 5, 10, 25, 50, 75, 90, 95, and 97 using CA as
shown in Fig. 2 and using BA in Fig. 3. The latter are proposed
as a method to obtain normal values in pediatric population and
may also be seen as mean and SD by age in Table 3.

Discussion

TBS may be a useful and convenient method to evaluate tra-
becular bone in children.This tool is likely particularly rele-
vant in children with skeletal pathologies from underlying
endocrine, metabolic or kidney disease, transplant recipients,
among others. However, reference values for each population
need to be developed to be useful. Several studies that have

a Boys
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Fig.2 TBS charts for boys (a) and girls (b) using LMS for chronological
age, lines correspond to percentiles
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Fig.3 TBS charts for boys (a) and girls (b) using LMS for bone age.
Lines correspond to percentiles

reported TBS reference values for a particular group of chil-
dren and adolescents have found their data difficult to interpret
since a U-shaped curve (accentuated among girls) is a com-
mon finding. We hypothesized that using BA as a correction
factor would yield a more accurate analysis. Therefore, the
present study was aimed at presenting the TBS reference
values in Mexican children using BA as a correction factor,
taking the ISCD recommendations into account. We propose a
novel approach using BA instead of chronological age to ad-
just for the variation found in previous studies to obtain nor-
mative data for TBS in children.

The idea of using BA instead of chronological age to ana-
lyze TBS in children was conceived when we analyzed the
previous failed attempts from other groups to obtain reference
data, even those including tanner stage. This is because BA
has a good relationship with physiological changes during this
period of life because, even though normal puberty may pres-
ent in diverse timing patterns in healthy children, BA corre-
lates better with pubertal milestones. For example, the timing
of pubertal events and the accelerated bone maturation rate
associated with the rapid phase of growth are easily recogniz-
able using BA, even though they may present at different ages
[22].

The differences between Figs. 1 and 2 show the changes in
loess curves when BA is used to adjust for pubertal stage
(instead of chronological age). The latter seems to explain
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§ é 2 § - better a biological phenomenon. Chronological age of puberty
- |- == onset may also be variable in both genders and show a wide
S _ range of maturational rates, from very early to very late bloo-
% E 2 § % mers (up to 5 years of difference) [23]. Puberty onset appears
' ’ in girls at a BA of 8and in boys at a BA of 10, regardless of
4% Slgeg o chronological age [24]. This is caused by the influence of
9 Sl AT B s sexual steroids in bone morphology from which BA is calcu-
- lated. Therefore, BA better explains many of the hormonal
B O - S B influences of puberty onset as a single variable [25, 26]. It
;E glzg== could be inferred that during growth, TBS reflects the crucial
% =1 . - influence of sexual steroids at the beginning of puberty in the
2 dlzrgayg increase of trabecular complexity of the axial skeleton, which
3 -l -< -~ is what TBS texture analysis attempts to calculate. This phe-
g | - - nomenon has been described with different bones (long ex-
2 % f g % 2 tremities) and technologies (pQCT) in longitudinal studies in
= ' ’ girls and in both genders [27, 28]. Unlike other technologies,
dw; Sy, TBS is widely available; it is a software that may be installed
5 gl B it R to any DXA equipment and is suitable to be used in research
&= and clinical settings, which would improve diagnosis in pedi-
A 3 - atric populations. Normative data must be generated for TBS
§ S|[x=249 in pediatric populations in the same way they have been pub-
% _ lished for adult populations [29-31]. In the case of pediatric
£ g g - § Q and adolescent populations, we have demonstrated that taking
= - =" =" BA into account provides an accurate analysis that allows
§0 s better understanding of the biological pubertal changes in
bt a2l T o F
k= S|mg = adolescence.
5 N There is a lack of information for adults between 20 and
:g Sls <28« 30 years regarding TBS values. Information derived from
g |28 healthy Caucasian American women starts at 30 years of
ﬁ _ age, and the average lumbar spine TBS in the youngest group
A 2 § S 3 © (30-39 years old) was 1.382 [29]. Our study ends at individ-
§ o [ = =< uals who were 19 years old, where the mean TBS found in
= al e - girls age 19 was 1.628 £ 0.1. A recent cross-sectional study of
% E/ E § % § 44 girls 1 year after menarche found that their TBS values are
> similar to those found in adult women, 1.352 on average [32],
E g 2 = § = yet data are lacking as to whether this is the definitive peak
‘é o | =2 =2 value. This may indicate that a phenomenon similar to peak
& ~| < - bon.e mass seen .Wl.th.BMD may happen also in TBS; however,
El | 2|9 8% 8 until proven, this is just a hypothesis.
2 % S Bl Until recently, BA analysis has been a manual process, with
g :20 202w . either a certain degree of interpersonal variability when using
'Zﬁn gl3laEgrx atlas methods or it is cumbersome and time consuming when
= using score-based methods. In our study, a single pediatric
; 5; A g A endocrinologist read the hand images blinded to chronological
3 =a2a age, to control variability. The development of software tools
uE 2 2 that can automate such tasks improves both analysis time and
a R ] reproducibility significantly. BoneXpert [33], developed in
g - Denmark and validated in several populations of healthy chil-
g 3 dren and in some with diverse diseases, may increase the
é § availability and ease of use of BA in clinical practice [34].
- 5‘ The limitations of this study include selection of partici-
2 2 pants. This was made in a consecutive manner as an explor-
e = atory survey, but the sample was taken within a group of a
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population selected for a larger study, which attempts a better
representation of the population. Additionally, age extremes
are underrepresented in this sample, particularly in the young
adult side where, considering that bone accretion phenome-
non, which takes place until age 25-30 when peak bone mass
is attained, it would add much to the information currently
available about this phenomenon.We did not perform height
Z-score or height for age analysis, although this was a healthy
children study and no participants had height outside =2 Z-
score.

Conclusion

TBS is a novel technology with proven utility for bone status
evaluation in adults, but so far, it has rarely been used in
children. The analysis and interpretation of BA may help wid-
en its use in pediatric populations by enabling the appearance
of normative data. Then TBS may be validated for evaluating
children with diverse diseases that may affect bone health.
This study adds a possible explanation for the apparent lack
of biologic sense from the previously reported data in pediatric
populations by using BA when analyzing TBS. More data are
needed to confirm these findings.
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