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ABSTRACT

Bone modeling is an important process in the growing skeleton. An inadequate bone modeling in response to
mechanical loads would lead some children to develop weaker bones than others. The resulting higher stresses in
the bones would render them more susceptible to fracture. We aimed to examine the association between fe-
moral stress (FS) derived from structural parameters and BMD in relation to incident fractures in children. Bone
stress was evaluated at the medial femoral neck, a skeletal site subject to large forces during normal locomotion.
This study comprises 1840 children from the Generation R Study, with whole body and hip DXA scans at a mean
age of 6.01 years. Hip structural analysis (HSA) was used to measure femur geometry for the FS calculation. Data
on fractures occurring over the following 4 years after the DXA assessment were obtained by questionnaire.
Incident fracture was observed in 7.6% of the participating children. Cox-multivariate regression analysis, de-
scribed as hazard ratios (HR), showed that after adjustment for sex, ethnicity, age, weight and lean mass fraction,
there was a significant increase in the risk of incident fracture for every standard deviation (SD) decrease in total
body BMD (HR: 1.35, 95% CI 1.05-1.74, p-value = 0.021), femoral neck BMD (HR: 1.31, 95% CI 1.09-1.58, p-
value = 0.005) and narrow neck BMD (HR: 1.39, 95% CI 1.14-1.68, p-value = 0.001). Whereas, every incre-
ment of one SD in femoral stress resulted in 1.33 increased risk of incident fractures (HR: 1.33, 95% CI
1.13-1.57, p-value = 0.001). This association remained (borderline) significant after the adjustment for DXA
derived BMD measurements. Our results show that increased bone stress may underlie greater susceptibility to
traumatic fractures in children (partially independent of BMD) and underscore the utility of hip DXA scans for
the assessment of paediatric bone health and specifically fracture risk.

1. Introduction

children have been investigated in relation to different risk factors,
including age, sex and ethnicity [1,7-13]. In line with the findings in

Fractures in children represent an important public health issue
with increasing high incidence [1-4], and deleterious consequences for
health and developmental processes [1,5,6]. Understanding the
etiology of childhood fractures is crucial for the development of new
preventive strategies aiming at lowering fracture incidence. Fractures in

the elderly [14-16], several studies in children [1,17-20] have found
that fracture risk is associated with lower levels of bone mineral density
(BMD).

However, the strength of the growing skeleton depends not only on
the amount of bone material, but also on its distribution — material must
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be placed within the bone in a way that it best resists the forces it
experiences [21,22]. During skeletal growth, structural geometry of
bones is constantly adapting to muscle and gravitational forces exerted
during daily activities [23]. Consequently, bone tissue is formed on
bone surfaces when strains or local deformations exceed some norma-
tive value. Also, bone tissue is removed from the locations where strains
fall below some minimum value [24,25]. These changes in bone geo-
metry are primarily influenced by dynamic loads and not by static ones
[24]. In line with this, Petit et al. showed that overweight children had
wider and stronger femur, which was largely explained by lean mass
[26] used as a surrogate for skeletal load.

If the adaptive process is like other biological phenomena, one
should expect some heterogeneity, where some individuals build
stronger bones than others when subjected to similar mechanical sti-
muli. A convenient location for studying this adaptation is the inferior
medial cortex of the femoral neck. This site exhibits a relatively thick
cortex because it concentrates the ground reaction and muscle forces
from normal locomotion. Those who may show an inadequate bone
modeling should deposit less bone in the medial cortex of the femoral
neck, what would translate in higher load stresses [23]. Recently, a
derivation of the femoral stress (FS), computed using a single plane
engineering model incorporating loading information and femur geo-
metry — extracted from DXA images — using the hip structural analysis
(HSA) software method, was described [23,25,27]. This comprehensive
biomechanical assessment comprises both axial and bending forces
acting on the femur [23].

The aim of this study was to examine prospectively the association
between femoral structural parameters summarized in the FS, as as-
sessed by HSA, and incident fracture risk. We studied incident fracture
over a period of 4years after DXA assessment in children, with an
average age of 6 years, taking part in a large population-based preg-
nancy cohort in Rotterdam, The Netherlands.

2. Methods
2.1. Study population

This study was embedded in The Generation R, a multiethnic, pro-
spective, prenatal cohort established at the Erasmus University Medical
Center, Rotterdam. A total of 9778 pregnant women with a fixed de-
livery date (April 2002-January 2006) were enrolled. Details about
cohort design and data collection have been previously described [28].
All measurements used in the current research (except fracture history)
were registered in the second phase of the study at a mean age of 6.01
( = 0.45) years. This study followed the guidelines of the Helsinki De-
claration and it was approved by the ethics committee (The Medical
Ethics Committee of the Erasmus Medical Centre- MEC-2012-165).
Written informed consent was signed by both parents and the mea-
surements were performed only in children who were willing to parti-
cipate.

2.1.1. Participant characteristics

Child's date of birth and sex were extracted from the hospital re-
gistries and medical records. Age of the child was calculated at the date
of the DXA scan. Trained personnel at the Erasmus research center
measured height and weight of children, using standardized proce-
dures. Child's ethnic background was assessed from a questionnaire
based on country of birth of the child's parents (classification of
Statistics Netherlands) [29]. Further, ethnic background of the children
was narrowed to three main ethnical groups (European, Asian and
African) as described elsewhere [25]. Level of physical activity (PA) in
children was assessed through questionnaires as sport participation
(yes/no) and number of hours per day spent playing outside (dichot-
omized to less/ > 2h) [30]. Indicators of socioeconomic status
(household income and maternal education level) were assessed using
questionnaires administrated to the parents. Household income was
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classified in 3 categories (net income < 2000, from 2000 to
3200, > 3200 euros per month), while maternal education level was
assessed based on the Dutch Standard Classification of Education
[31,32].

2.1.2. DXA measurements

Participants underwent DXA scanning at a mean age of 6.01
( + 0.45) years using a GE-Lunar iDXA device (GE Healthcare Lunar,
Madison, WI, USA) following standard manufacturer's protocols and
analyzed using enCORE software (V. 13.60). The coefficient of variation
was determined to be 0.23% [33]. Daily quality assurance was per-
formed using a phantom. Before scanning, all participants had to take
off heavy clothes and shoes and to remove metal accessorizes. They
were placed in a supine position, with their arms alongside the body,
flat hands and the palms down on the scanner. The feet of the partici-
pants were positioned with toes placed together to form an inverted V
shape, procuring internal rotation of the hips and strapped to avoid
movement. Total body scans were available in 6508 children, while
only 3976 children underwent total hip scans. Furthermore, all scans
underwent stringent quality control and were excluded from further
analysis when device errors, incorrect positioning or movement during
scanning occurred (62 total body and 107 hip scans). Lean mass (LM)
was obtained from total body DXA scans and lean mass fraction (LMF)
was calculated (LMF = LM/weight). Femoral neck (FN) BMD was as-
sessed from total hip scans. Total body less head (TBLH) BMD was used
to assess bone density rather than total body BMD following the re-
commendations for the measurements in children (International Society
for Clinical Densitometry for the measurement in children) [34].

2.1.3. Hip structural analysis and femoral stress

The HSA software developed by Beck et al. [35] was used to derive
structural parameters from the hip DXA scans to compute FS. FS was
calculated in the narrowest point of the femoral neck cross-section
(where narrow neck (NN) BMD was also determined) on its medial
surface using a single plane mechanical model, as described in detail
elsewhere [23]. FS comprises both bending and axial forces acting on
femur in a one-legged stance configuration: the force exerted on the
great trochanter by the hip abductor muscle, the joint force applied on
the femur by the pelvis and the reaction force at the knee [23]. The
distribution of forces in the one-legged stance configuration, which was
used to assess biomechanical loading of the hip, has been shown to
closely resemble the average distribution of stress during the walking
cycle [36].

The general formula for FS calculation is described below:

— M * YMedial 5
I A

FS

(M; - bending moment (N-m) on the neck cross-section using
measured femoral neck length (m) and body weight (N), P, — axial load
on the neck cross-section using body weight (N), I — the cross-sectional
moment of inertia at the NN (m*), A — cross-sectional area of the NN
(m?), Ymedial — the perpendicular distance between the medial surface
and the neutral axis (m)). Detailed derivation of the formulas to cal-
culate the FS can be found in the Supplementary Note 1.

2.1.4. Fractures

Fracture history was assessed in the third phase of the study at a
mean age of 9.85 ( = 0.34) years using questionnaires administrated to
the parents. It inquired fractures occurring since birth. In the present
study, BMD parameters and femoral stress were studied in relation to
incident fractures, occurring after the age of the DXA scan. However,
fractures occurring since birth were also included in the sensitivity
analysis, as if there is an inadequate bone modeling response, it might
probably be present since birth.
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2.2. Statistical analyses

Association between incident fracture and standardized TBLH-BMD,
FN-BMD, NN-BMD or FS of the participants was evaluated in a Cox
regression model adjusted for sex, ethnicity, age, weight and LMF. Also,
association between incident fracture and BMD parameters was eval-
uated in models additionally adjusted for height (as recommended by
the ISCD guidelines) [37]. The association between incident fracture
and FS was evaluated in the models additionally adjusted for the site-
specific BMD parameters (TBLH-, FN- and NN-BMD) to assess effect
independence. The same analyses were conducted for the BMD para-
meters/FS and fractures occurring since birth in a logistic regression
model and using already described adjustment(s). Furthermore, sensi-
tivity analyses were conducted as follows: 1) Analysis adjusting for a
previous fracture (prior to the age of DXA); 2) Analysis excluding
children who sustained multiple fractures after the age of DXA
(N = 1829); 3) Analysis adjusting for number of hours per day spent
playing outside and sport participation; 4) Analysis adjusting for socio-
economic status (maternal education level and net household income).
To avoid loss of power due to missing data for socio-economic
(4.7-8.3%) or physical activity variables (5.0-16.0%), multiple im-
putation based on the Markov Chain Monte Carlo method was per-
formed. Five imputed datasets were created and pooled effect estimates
calculated. The associations between fractures and bone variables are
described as hazard ratios (HRs) and 95% confidence intervals (CI) for
Cox regression models. Pearson correlations between the FS and the
different BMD parameters were also calculated. Statistical significance
threshold was set at p-value < 0.025 after Bonferroni correction for
multiple-testing (p-value < 0.05/k; k = 2, based on two main hy-
potheses: bone mineral density against bone geometry in prediction of
incident fractures in children). The variation inflation factor (VIF) was
estimated for all the models to assess potential multicollinearity. SPSS
Statistics version 21 (IBM Corp, New York, USA) was used in all the
analysis.

2.2.1. Non-response analysis

To assess a probable selection bias in our analyses, baseline char-
acteristics (i.e. sex, ethnicity, age, weight, height, LMF and TBLH-BMD)
of the 1840 children included in our study were compared to: 1) 2729
children who did not have data available for FN-BMD, NN-BMD and/or
FS; 2) 1691 children who did not have fracture data available, 3) 1264
children who were lost in follow-up.

3. Results

Of 1840 children (945 girls and 895 boys) with valid total body and
hip DXA scans at a mean age of 6.01 ( + 0.45) years, 139 (7.6%) sus-
tained at least one fracture over the following 4 years (Table 1). As
previously reported [13], out of 139 reported fractures, 57% were lo-
calized in arm or wrist, 12% in leg or ankle, 30% were of other loca-
lizations, while 1% did not have information on localization. Only 11
children (7.9%) reported more than one fracture during the follow-up
period. In our study, children of European background were the ma-
jority (1614, 87.7%), followed by children of African (136, 7.4%) and
Asian (90, 4.9%) background. Information about the total number of
fractures (occurring since birth) together with their localization and
severity in the Generation R Study has been described elsewhere [13].
Non-response analyses showed that Generation R participants not in-
cluded in our study were on average older, heavier, taller, had higher
TBLH-BMD and lower LMF, also the study population comprised a
higher proportion of children of European background as compared to
those not included in this study (Supplementary Table 1).

In our study population, there were no significant differences in the
percentages of boys (7.2%) and girls (7.9%) who sustained a fracture
during follow-up (p-value = 0.52). Although the percentage of children
from European background who fractured (8.0%) was almost two times
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Table 1

Descriptive characteristics of the study sample; N — sample size, SD — standard
deviation, LMF - lean mass fraction, TBLH-BMD - total body less head bone
mineral density, FN-BMD - femoral neck BMD, NN-BMD - narrow neck BMD,
FS - femoral stress, N/A - not applicable.

N = 1840 Fracture No_Fracture p-Value
(139) (1701) AFracture
Mean (SD) Mean (SD)

Sex®

Females (N = 945, 51.4%) 75 (7.94%) 870 (92.06%) 0.52

Males (N = 895, 48.6%) 64 (7.15%) 831 (92.85%)

Ethnicity®

European (N = 1614, 87.7%) 129 (7.99%) 1485 (92.01%) 0.06

Asian (N = 90, 4.9%) 4 (4.44%) 86 (95.56%)

African (N = 136, 7.4%) 6 (4.41%) 130 (95.59%)

Age (years) 5.94 (0.31) 6.02 (0.46) 0.007

Weight (kg) 22.22 (3.52) 22.63 (3.63) 0.20

Height (m) 1.18 (0.05) 1.19 (0.06) 0.38

LMF (%) 72.57 (4.80) 72.16 (4.83) 0.34

TBLH-BMD (g/cm?) 0.532 (0.05) 0.543 (0.05) 0.011

FN-BMD (g/cm?) 0.678 (0.09) 0.701 (0.09) 0.003

NN-BMD (g/cm?) 0.358 (0.05) 0.374 (0.05) 0.001

FS (MPa) 0.094 (0.02) 0.090 (0.02) 0.018

§ = Count (percentage), significant p-values (p-value < 0.05) are presented
in bold.

higher than the percentage of children from Asian (4.4%) or African
(4.4%) background, no significant differences in the proportions were
detectable (p-value = 0.06), probably due to the low number of non-
European children included (Table 1). Weight, height or LMF of chil-
dren, at the DXA date, did not differ significantly between the children
that fractured during follow-up and those who did not. However,
children who did not sustain a fracture had significantly higher BMD at
all skeletal sites (TBLH-BMDmean_difference = 0.01 g/cmz, 95% CI
0.002-0.02, p-value = 0.011; FN-BMD mean_difference = 0.02 g/cmz,
95% CI 0.01-0.04, p-value = 0.003; NN-BMDmean_differ-
ence = 0.02g/cm? 95% CI 0.01-0.02, p-value = 0.001) and sig-
nificantly lower FS (FSmean_difference = 0.003MPa, 95% CI
0.001-0.006, p-value = 0.018) (Table 1).

Further adjustment for sex, ethnicity, age, weight and LMF, resulted
in ~1.3 increase risk of incident fracture per SD decrease in TBLH-BMD
(HR: 1.35, 95% CI 1.05-1.74, p-value = 0.021, VIF < 3.4); FN-BMD
(HR: 1.31, 95% CI 1.09-1.58, p-value = 0.005, VIF < 2.4) and NN-
BMD (HR: 1.39, 95% CI 1.14-1.68, p-value = 0.001, VIF < 2.4)
(Table 2). Additional adjustment for height resulted in negligible
changes in effect size estimates (data not shown). Also, every SD

Table 2

Association between bone mineral density (BMD) parameters and FS measured
in 1840 children at 6.01 ( = 0.45) years of age and incident fracture risk in the
following 4 years. Table presents hazard ratios (HRs) with 95% confidence in-
tervals (CI) and p-values for incident fractures per standard deviation (SD)
decrease in BMD and SD increase in FS calculated by Cox regression model
corrected for sex, ethnicity, age, weight and LMF; Z - standardized values,
TBLH-BMD - total body less head bone mineral density (g/cm?), FN-BMD —
femoral neck bone mineral density (g/cm?), NN-BMD — narrow neck bone mi-
neral density (g/cmz), FS - femoral stress (MPa), LMF- lean mass fraction, N/A
— not applicable.

Variables HR FS (95% CI) p-Value HR BMD (95% CI) p-Value
Z_TBLH-BMD N/A N/A 1.35 (1.05-1.74) 0.021
Z_FN-BMD N/A N/A 1.31 (1.09-1.58) 0.005
Z_NN-BMD N/A N/A 1.39 (1.14-1.68) 0.001
ZFS 1.33 (1.13-1.57) 0.001 N/A N/A
Z_FS (+TBLH-BMD) 1.28 (1.08-1.53)  0.006 1.22 (0.94-1.58) 0.15
Z_FS (+FN-BMD) 1.23 (1.00-1.52)  0.05 1.14 (0.91-1.44) 0.25
Z_FS (+NN-BMD) 1.18 (0.94-1.47) 0.15 1.23 (0.96-1.58) 0.11

Significant p-values (p-value <0.025) are presented in bold.
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increment in FS was associated with 1.33 increase risk of incident
fracture (HR: 1.33, 95% CI 1.13-1.57, p-value = 0.001, VIF < 2.10)
(Table 2). Additional adjustment for DXA derived BMD measurements
resulted in a small attenuation of this association, specifically, HR: 1.28
(95% CI 1.08-1.53, p-value = 0.006, VIF < 3.6) when adjusting for
TBLH-BMD and HR: 1.23 (95% CI 1.00-1.52, p-value = 0.05, VIF <
2.6) when adjusting for FN-BMD. In contrast, inclusion of FS as cov-
ariate in the survival models, reduced fracture risk per TBLH-BMD- and
FN-BMD-SD decrease for 10% and 13% respectively. Adjustment for
HSA-derived NN-BMD caused an 11% decrease in the risk of fracture
per SD increment in FS (HR: 1.18, 95% CI 0.94-1.47, p-value = 0.15,
VIF < 2.7) and per SD decrease in NN-BMD rendering both associa-
tions non-significant (Table 2). The analysis including fractures occur-
ring since birth supported the same conclusions (Supplementary
Table 2). All the Cox models satisfied proportional hazard assumption.
The FS was not significantly correlated with TB-BMD (p = —0.01, p-
value = 0.68), while it was moderately correlated with FN-BMD
(p = —0.46) and NN-BMD (p = —0.49) (p-value < 0.0001).

Results remained practically unchanged even after adjusting for
previous fracture, socio-economic status (maternal educational level
and household income) or PA (Supplementary Tables 3, 4 and 5).
Likewise, no relevant changes in estimates were found after exclusion of
11 children who sustained more than one fracture during the follow-up.

4. Discussion

The present study examined the association between site specific
BMD and FS in 1840 children aged 6.01 years and incident fracture over
the following 4 years. Every SD decrease in TBLH-BMD was associated
with 1.35 higher risk of fracture after correcting for sex, ethnicity, age,
weight and LMF. These results were mirrored by BMD measured at
femoral and narrow neck, where every SD decrease in FN- and NN-BMD
was associated with 1.31 and 1.39 increase in risk of fractures respec-
tively. Furthermore, every SD increment in FS translated to a 1.33 in-
creased risk of incident fracture. Interestingly, when site-specific BMD
was included in the model, the association of BMD and incident fracture
became non-significant (p-value > 0.1). Conversely, association be-
tween femoral stress and incident fractures remained (borderline) sig-
nificant after correction for both TBLH- and FN-BMD. Our results show
that FS predicts the risk of incident fracture in children partially in-
dependent from DXA derived BMD (TBLH- and FN-BMD). These results
suggest that in the absence of 3D imaging techniques at the femur, the
implementation of structural analysis techniques to evaluate DXA
images (i.e., HSA analysis and FS derivation) provide additional insight
to the assessment of bone health in the paediatric population.
Moreover, FS captures fracture propensity in children at a systemic
level, possibly reflecting biomechanical characteristics of the devel-
oping skeleton.

Childhood fractures have already been reported as associated with
reduced BMD [17-20,38]. In a previous prospective study examining
the association between childhood fractures and DXA-derived para-
meters of bone [1], a 12% increase in risk of fractures was reported per
SD decrease in TBLH-BMD. Our results confirm the inverse association
between TBLH-BMD and incident fractures, but we find a three times
higher risk per TBLH-BMD SD than that reported earlier by Clark et al.
[1]. The discrepancies in the results could be due to the difference of
age at the DXA assessment (9 years) or the shorter follow-up (2 years) of
their study. Nevertheless, we consider that the adjustment for weight
(in our study) could play a major role in the reported discrepancies. By
this adjustment we are accounting for the fact that heavier children
would develop stronger bones, and considering bone characteristics in
fracture prediction independently of body size. Already in Clark et al.,
when evaluating the association of bone area and bone mineral content
with fracture, the inclusion of weight in the association models led to a
greater inverse association between these variables and fracture risk.
Unfortunately, the same analyses are not reported for BMD [1].
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The same study evaluated the association between incident fracture
risk and humeral geometric and biomechanical properties in 1317
children, finding no evidence for an influence of these parameters on
fracture risk. However, these properties were assessed on whole body
DXA scans, which provide much lower resolution for measuring site-
specific skeletal properties as compared to the proximal femur scans
used in our study. Also, they did not focus particularly on the asso-
ciation between fracture risk and stresses developed in the bone. Our
study reports a strong association between FS and risk of incident
fracture in children. The correlation between femoral stress and risk of
fracture has also been reported in an adult population [23].

To our knowledge, this is the first study attempting to determine
whether femurs among children suffering incident fractures are geo-
metrically weaker. The FS gathers bone mechanical properties from
DXA data that is not evident when expressed as BMD. In contrast to HSA
strength parameters (e.g. cross-sectional moment of inertia which
measures directly the ability of bone to resist bending), the FS com-
prises both bending and axial forces of the femoral neck, and therefore,
provides a more comprehensive description of the distribution of stress
in the proximal femur. Although the stress is derived from measure-
ments assessed at the femoral neck, our results indicate that it is able to
capture differences in fracture susceptibility at other sites, i.e. most of
the fractures in children are located in the arm or wrist [13]. This
suggests that the inadequate bone modeling, if present, may be sys-
temic. Since the skeletal forces are predominantly muscle generated
[39], our models were adjusted for LMF and PA (sensitivity analysis) to
account for differences in skeletal loads among children [23]. In chil-
dren, total, leg or appendicular lean mass have a very high correlation,
and therefore, the use of any of these parameters for correction in the
models did not essentially modify the effect estimates. The fact that the
association of stress with fracture was evident even after adjustment for
LMF, sport participation and number of hours per day spent playing
outside, may support the hypothesis that the FS can be capturing as-
pects of inadequate bone modeling in response to skeletal loads.
However, the assessments of PA in our study are crude (questionnaire-
based) and may not fully represent the magnitude, frequency and
duration the bones are exposed to loading; therefore, we cannot fully
discard that PA patterns are influencing our findings.

The Generation R Study is well-suited to investigate the determi-
nants of paediatric bone health as participants have a narrow age range,
live in the same geographical area and are followed up within one re-
search center using the same DXA device. However, our study has also
some limitations. The proximal femur scanning is currently not re-
commended by ISCD for the assessment of paediatric bone health [40].
However, the ISCD recognizes that data used for this recommendation
was of limited size and only fair quality [40]. As this study comprises
healthy children, we are restricted by the amount of radiation exposure
permitted to perform repeated measurements within a short time frame.
Therefore, it was not possible to determine the coefficient of variation
for this measurement. However, it can be high especially in growing
children. Despite the possible drawbacks when using paediatric hip
DXA scans, the measurements derived from them have been highlighted
as important for understanding the influence of mechanical loading on
the hip development and bone health in general during childhood [41].
Our findings, together with the findings of Medina-Gomez et al. [25],
conducted in a well powered setting, underscore the utility of hip DXA
scans in the field of paediatric bone health. During the follow-up of our
study, some participants could have entered puberty, a period of pro-
nounced hormonal changes, growth and increase in bone accrual in
children [42]. For instance, it is known that during the pubertal growth
spurt and early adolescence, fracture incidence in children shows a
steep rise [2,43]. Also, prior to the occurrence of puberty, during the
mid-childhood growth spurt, secretion of adrenal androgens might af-
fect body composition [44]. Both of these events could potentially in-
fluence the process of bone accrual and thus our results. Hence, due to
the critical changes occurring during puberty and narrow age range of



O. Grgic, et al.

the Generation R Study, our findings may not be generalizable to
children outside the studied age range. In addition, information on
fractures was collected from questionnaires, in only 39.2% of the par-
ticipants, and not radiographically confirmed, which could have re-
sulted in some degree of recall bias. Furthermore, FS is derived from
HSA measurements. Even though HSA is a well-established metho-
dology for the measurement of structural geometry of the proximal
femur, it remains a two-dimensional assessment of a 3D structure. Some
of the underlying assumptions about trabecular/cortical bone propor-
tions and degree of mineralization differ between children and adults,
potentially leading to less precise measurements [45]. However, even if
measurement errors were introduced, we would expect them to be
systematically distributed across the whole sample having low im-
plications in the differences reported here. LMF was used as a proxy of
muscle force. Although lean mass was shown to be highly correlated
with pQCT assessed muscle cross-sectional area, this was reported in
children of a narrow age range (9-12 years) and should be further in-
vestigated [26]. Despite sensitivity analysis and number of included
confounders, residual confounding cannot be discarded. For instance,
hip DXA scans were performed only in approximately half of the par-
ticipants and differences in baseline characteristics between the eval-
uated children and these with missing data were found. Also, 1264
children were lost to follow-up for unknown reasons, and thus, selec-
tion bias cannot be ruled out in our study.

5. Conclusions

This is the first prospective study showing that the HSA-derived
femoral stress, which integrates the stress distribution of the femur in
relation to the ground, joint and muscle forces acting on the femur,
actually constitutes the biomechanical assessment that captures frac-
ture propensity in children partially independent from DXA derived
BMD. In assessment of paediatric bone health, DXA derived measure-
ments are not providing complete picture and should be accompanied
with biomechanical bone parameters. The femoral stress suggests dif-
ferential bone modeling adaptations to mechanical stimuli in the de-
veloping bones of children; which are plausibly controlled by genetic,
environmental, and hormonal interactions subject to interventions
guided to identify and prevent fracture susceptibility. We believe that
our findings demonstrate the utility of hip DXA scans in the field of
paediatric bone health and fracture risk assessment.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bone.2019.02.018.
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