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ABSTRACT
Objectives  To describe the epidemiology and 
concordance of bone health in a population-based sample 
of Australian parent-child dyads at child age 11–12 years.
Design  Population-based cross-sectional study (the Child 
Health CheckPoint) nested between waves 6 and 7 of the 
Longitudinal Study of Australian Children (LSAC).
Setting  Assessment centres in seven cities around 
Australia, February 2015–March 2016.  Participants: of 
all participating CheckPoint families (n=1874), bone data 
were available for 1222 dyads (1271 children, 50% girls; 
1250 parents, 86% mothers).
Outcome measures  Peripheral quantitative CT (pQCT) 
of the non-dominant leg scanned at the 4% (distal) and 
66% (mid-calf) tibial sites. Stratec XCT 2000 software 
generated estimates of bone density, geometry and 
polar stress-strain index.  Parent-child concordance 
were assessed using Pearson’s correlation coefficients 
and multivariable linear regression models. Percentiles 
were determined using survey weights. Survey weights 
and methods accounted for LSAC’s complex sampling, 
stratification and clustering within postcodes.
Results  Concordances were greater for the geometric 
pQCT parameters (periosteal circumference 0.38, 95% CI 
0.33 to 0.43; endosteal circumference 0.42, 95% CI 0.37 
to 0.47; total cross-sectional area 0.37, 95% CI 0.32 to 
0.42) than density (cortical density 0.25, 95% CI 0.19 to 
0.30). Mother-child and father-child values were similar. 
Relationships attenuated only slightly on adjustment 
for age, sex and body mass index. Percentiles and 
concordance are presented for the whole sample and by 
sex.
Conclusions  There is strong parent-child concordance 
in bone geometry and, to a lesser extent, density even 
before the period of peak adolescent bone deposition. 
This geometrical concordance suggests that future 
intergenerational bone studies could consider using 
pQCT rather than the more commonly used dual X-ray 
absorptiometry (DXA).

INTRODUCTION
Globally, more than half of adults over the age 
of 50 years are estimated to have osteoporosis 

or osteopenia,1 with high resulting economic 
and societal burden.1–3 However, skeletal 
health in later life is a product of two major 
factors—the peak bone mass established 
in childhood,4–6 and the subsequent rate of 
inevitable bone loss during mid-life.3 7 8 Thus, 
shifting the focus from older adults to identify 
poor bone health in childhood and mid-life 
could help optimise risk stratification before 
disease is overt.1 9 

Implicit in understanding ‘poor’ bone 
health at these younger ages is knowledge of 
the epidemiology of ‘normal’ bone health at 
the population level. Bone health is usually 
reported as areal bone mineral density (BMD) 
measured by dual X-ray absorptiometry 
(DXA). In children, unfortunately, DXA is 
influenced by the cross-sectional size of the 
bone with BMD overestimated for larger 
bones.10 DXA is currently the only bone 
health measure used clinically in children, 
and despite having robust reference data, 
there is still a lack of clear understanding 
about the spread of data in otherwise healthy 

Strengths and limitations of this study

►► Peripheral quantitative CT gives geometric param-
eters as well as volumetric bone density that is not 
affected by bone size, making comparison of bone 
parameters between different age groups more 
meaningful.

►► This study reports precise distributions for geometric 
skeletal parameters in children  aged 11–12 years, 
which were previously lacking.

►► It is the largest population-based study to investi-
gate parent-child concordance of bone density and 
geometry measurements.

►► Most of the participating parents were mothers, re-
sulting in less precise descriptive and concordance 
estimates for fathers.
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children, with no clear cut-off points to delineate healthy 
state from disease.11–14 Data for healthy mid-life adults 
are also scant, with most epidemiological studies limited 
to the elderly or groups with well-known risk factors 
such as postmenopausal women. Limited Australian 
studies suggest, however, that mid-life Australians have 
similar bone health to comparable populations with a 
prevalence of osteoporosis of 0.9%–2.9% in adults aged 
40–44 years.15 16

Peripheral quantitative CT (pQCT) gives detailed infor-
mation not only on bone density, but bone geometry, size 
and strength, which some suggest may better predict skel-
etal fragility than bone density  alone.17–19 In addition, 
pQCT has minimal radiation, is quick and can be used at 
all ages.20–22 Unlike  DXA, pQCT differentiates between 
cortical (outer shell) and trabecular (inner spongy) 
bone, which are affected differently by physiological life 
changes.10 A concerning issue with DXA is the ‘two-com-
ponent limitation’ such that true BMD is invariably overes-
timated or under estimated as there are always more than 
two tissue components within an analysed area.23How-
ever, population-based and age-based reference data are 
needed to define osteoporosis using pQCT.24 The impor-
tance of robust reference data can be inferred from small 
existing reference populations such as a white American 
convenience sample of 416 children aged 5-18 years with 
tibial pQCT parameters, where older children had larger, 
thicker cortical bones than younger children within the 
same height interval.25 In adults, cross-sectional data from 
the Italian InCHIANTI ageing study of just over 1000 
participants aged from their 20s to their 80s indicated 
a linear trend of decline in trabecular BMD, starting in 
early adulthood in both men (−0.94+0.11 mg/cm3 per 
year) and women (−1.23+0.09 mg/cm3 per year).23

Genetics may account for as much as 80% of an indi-
vidual’s peak bone density, such that osteoporosis often 
clusters in families.26–30 Heritability and intergenerational 
concordance studies have mainly used DXA.26–29 For 
example, 291 Australian mother-child pairs (premeno-
pausal and prepubertal, respectively) showed correlations 
of 0.12–0.40 for bone density using DXA.26 However, only 
a handful of small studies have explored heritability using 
tibial pQCT.31 In adults in eight Afro-Caribbean fami-
lies, genetic effects accounted for 42% of the variation 
in cortical BMD at the mid-shaft and 69% of the varia-
tion in trabecular BMD at the distal tibia. In 55 Finish 
girl-mother-grandmother trios,32 bone mineral content 
differences between girl-mother pairs was less irregular 
than between girls and unrelated premenopausal women 
and woman-grandmother pairs. The authors suggested 
that this supported a stronger genetic influence in bone 
accrual than bone loss.

The Child Health CheckPoint, nested within Growing 
Up in Australia (also known as the Longitudinal Study of 
Australian Children (LSAC)), offered an opportunity to 
collect population-based pQCT data on the bone health of 
Australian parent-child dyads measured on the same day 
and using the same protocols. We aimed to (1) describe 

skeletal characteristics such as volumetric density, geom-
etry and strength in children aged 11–12 years and their 
parents and (2) investigate parent-child concordance in 
these same measures.

METHODS
Study design and participants
Details of the initial LSAC study design and recruitment 
are outlined elsewhere.33 34 Briefly, in 2004 LSAC recruited 
the nationally representative B cohort of 5107  infants 
(57.2% eligible) using a two-stage random sampling 
design with postcode as the primary sampling unit. Addi-
tional data collection waves occurred every 2 years there-
after. A total of 73.7% (n=3764) were retained to LSAC 
wave 6 in 2014, when 3513 families consented to their 
contact details being shared with the CheckPoint team. 
In 2015, these families were sent an information pack via 
post followed by an information and recruitment phone 
call. The CheckPoint’s detailed cross-sectional biophysical 
assessment, nested between LSAC waves 6 and 7 at child 
age 11–12 years, took place between February 2015 and 
March 2016; 1874 families participated. A more detailed 
description of the CheckPoint study design is available 
elsewhere.35 36

Consent
The attending parents/caregivers provided written 
informed consent for themselves and their children to 
participate in the study.

Procedures
pQCT scans, anthropometry and pubertal status were 
collected during each participant’s 3.5-hour visit to the 
CheckPoint assessment centre in one of seven large cities 
(mainly state capitals) around Australia. During this 
visit, each child and parent rotated sequentially through 
a number of 15 min assessment stations, including the 
‘Bone Zone’ station comprising pQCT imaging of the leg, 
facial photography and receptive vocabulary.35 Parent-
child dyads attended Bone Zone together, where first the 
parent and then the child underwent a pQCT scan. The 
pQCT machine was difficult to transport and required 
site-specific radiation licensing, so that the 518 Check-
Point families who attended regional centres or home 
visits were not scanned (figure 1). Participants were not 
scanned if they had any radiological procedure within the 
preceding 5 days, or if they refused. Six pregnant women 
chose not be scanned. Participants were included in these 
analyses if they provided at least one useable bone health 
metric (see below). Nine non-biological parents were also 
excluded from the concordance analyses.

Skeletal assessment
One of three qualified research assistants holding Radi-
ation Use licences conducted each pQCT scan using 
a single Stratec XCT 2000L pQCT scanner (Medizin-
technik, Germany). Quality control was measured daily 
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using a standard phantom (XCT2000L, 0.370 1/cm), 
and every 30 days using a cone phantom, and was always 
within the manufacturer's nominal (mean, SD) range of 
0.370±0.005. Each participant was allocated 7 min for one 
scout and two research scans of his/her non-dominant 
lower leg (tibia), classified as the leg preferentially used 
to kick a ball. The research assistant identified by palpa-
tion and marked with pen the superior edge of the medial 
malleolus and the medial edge of the tibial plateau.25 The 
length of the tibia was taken to be the distance between 
these two points as measured using a standard measuring 
tape. The seated participant then placed their leg, shoe-
less, through the gantry of the pQCT scanner and the 
research assistant secured their foot to the pQCT footrest.

A scout scan identified the distal epiphysial plate and 
allowed placement of a reference line at its proximal 
edge. The researcher then identified the 4% (ankle) and 
66% (shin) sites of the tibia using this reference line in 
relation to the limb length. The 4% site corresponds to 
the distal shaft of the tibia, which contains mostly trabec-
ular bone with a thin cortex; bone turnover in trabecular 
bone is higher than that of cortical bone.37 The 66% site 
corresponds to the tibial diaphysis, comprised mainly of 
cortical bone which is a major determinant of the intrinsic 
stiffness or elastic modulus of bone22 37; this site features 
in existing clinical reference ranges.25 One tomographic 
image was taken at each of these sites, at a scan speed 
of 20 mm/s, slice thickness of 2.4 mm and voxel size of 

0.4 mm. Participants whose calf diameters were too large 
for the gantry (≥140 mm; 2 children and 94 parents) were 
not able to have a scan at the 66% site; both children and 
89 parents proceeded only with a scan at the 4% site.

Image processing
Using the Stratec XCT 2000 software (V.6.20C), one of two 
trained research assistants manually contoured ‘regions 
of interest’ around each bone image at both the 4% and 
66% site. The research assistants then used the MACRO 
analysis function to generate bone health measures with 
almost perfect inter-rater agreement (Intraclass correla-
tion coefficient >0.99).

Bone health measures
Extracted measures were chosen to support compari-
sons with other published analyses25 and in collabora-
tion with Stratec scientists and a Senior Scientist at The 
Children’s Hospital in Westmead, New South Wales, 
Australia. From the 4% site, trabecular BMD (mg/cm3) 
and total cross-sectional area (mm2) were calculated 
using the threshold 169.0 and peel and contour modes 
‘1’ with a trabecular area of 45%.23 25 38 For the 66% site 
the peel and cortical modes were changed to ‘2’ and a 
density threshold of 710 g/cm3 was applied to separate 
the cortical bone from other tissues. Metrics from the 
66% site were cortical BMD (mg/cm3), total cross-sec-
tional area (mm2) and endosteal circumference, perios-
teal circumference and cortical thickness (all mm).25 39 
We used the circular ring model to determine the circum-
ference and thickness. BMD measures provide volumetric 
amounts of mineralised bone tissue at a site independent 
of bone size,40 while area, thickness and circumference 
are all geometric bone parameters. Finally, we derived 
the polar stress-strain index (SSI, mm) from geometry 
and density measures at the 66% site using a threshold 
of 480 mg/cm3.41 SSI represents the resistance of bone 
against torsional load, with some considering it a good 
summary predictor of bone strength.42

Scans were excluded from analyses if they contained 
excessive movement artefacts according to a linear scale 
which is similar to the one described by Blew et al.43 Two 
percent (107) scans were excluded from some or all anal-
yses based on the  presence of motion or other image 
artefacts, resulting in lack of a clearly definable region of 
interest or poor image resolution.

Other sample characteristics
Bone health measures differ with age, body mass index 
(BMI) and sex, all of which could affect parent-child 
correlations. Briefly, age was calculated to nearest week 
using date of birth and date of assessment. Date of birth 
was either self-reported (parent) or imported from 
Medicare Australia’s database at the time of LSAC enrol-
ment (children). Sex was self-reported by parents and 
imported from the Medicare Australia database for chil-
dren. Height, to the nearest 0.1 cm, was measured using 
a portable rigid stadiometer (Invicta IP0955, Leicester, 

Figure 1  Participant flow chart. *Unable to assess due 
to equipment failure, poor quality data or time constraints. 
^Data from nine non-biological child-parent pairs excluded 
from concordance analyses. c, number of children; HV, 
home visit assessment; LSAC, Longitudinal Study of 
Australian Children; MAC, main assessment centre; mAC, 
mini assessment centre; n, number of families; p, number of 
attending adults.
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UK), without shoes or socks, in light clothing and in dupli-
cate. A third measurement was taken if the difference of 
the first two measurements exceeded 0.5 cm; final height 
was the mean of all measurements made. Weight, to the 
nearest 0.1 kg, was measured with an InBody230 bioelec-
trical impedance analysis scale (Biospace, Seoul, South 
Korea). BMI was calculated as kg/m2. For children, an 
age-adjusted and sex-adjusted BMI z-score was also calcu-
lated using the US Centers for Disease Control growth 
reference charts.44 Pubertal status is important in bone 
development as during this time sex differences in bone 
mass emerge.45 Children self-reported pubertal develop-
ment on an iPad questionnaire at the assessment centre 
using the Pubertal Development Scale,46 from which they 
were categorised into prepubertal, early pubertal, midpu-
bertal, late pubertal and postpubertal stages. We consid-
ered any child who was in the early pubertal category or 
above as having started puberty.

In Australia, Socio-Economic Indexes for Areas provide 
standardised scores for socioeconomic position by 
geographic area (postcode of family domicile) compiled 
from 2011 Australian Census data. We used the Index 
of Relative Socioeconomic Disadvantage (Disadvantage 
Index), which numerically summarises the social and 
economic conditions of Australian neighbourhoods 
(national mean of 1000 and SD of 100, where higher 
values represent less disadvantage).47

Statistical analysis
All analyses were performed using Stata V.14.2 (StataCorp, 
College Station, Texas,  USA). Continuous descriptive 
statistics were summarised using weighted means and SD; 
categorical variables were summarised by number and 
weighted percentage for children and adults separately. 
Summaries of the parental and child bone measures are 
reported using weighted means, SD and 95% CIs for chil-
dren and adults separately, by sex and overall. A range of 
percentiles (5, 10, 25, 50, 75, 90 and 95) were determined 
for the data using survey weights.  Survey weights were 
calculated taking into account the selection probability 
of each child, and were adjusted for non-response, loss 
to follow-up and benchmarked to population numbers in 
major (poststratification) categories of the population of 
children born in 2004. SEs were calculated taking into 
account the complex design and weights.48 More detail 
on the calculation of weights is provided elsewhere.49

Parent-child concordance was assessed by (1) Pear-
son’s correlation coefficients with 95% CIs and (2) linear 
regression with the child variable as the dependent vari-
able and parent variable as the independent variable, 
adjusted for both parent and child age, height and sex. 
Additional Pearson’s correlation coefficients and linear 
regression models (adjusted for parent and child age 
and height and child sex) were also fitted for mothers 
and fathers separately. The Pearson’s correlation and 
linear regression analyses were repeated using weighted 
multilevel survey analyses; as these yielded similar results, 
unweighted results are presented.

Patient and public involvement
Because LSAC is a population-based longitudinal study, 
no patient groups were involved in its design or conduct. 
To our knowledge, the public was not involved in the 
study design, recruitment or conduct of the LSAC study 
or its CheckPoint module. Parents received a summary 
health report for their child and themselves at or soon 
after the assessment visit. They consented to take part 
knowing that they would not otherwise receive individual 
results about themselves or their child.

RESULTS
Sample characteristics
One thousand eight hundred seventy-four families took 
part in CheckPoint with 1356 families attending a Check-
Point main assessment centre, 1271 children and 1250 
parents had at least one bone metric included in the aim 
1 descriptive analyses, and 1222 biological child/parent 
pairs were included in the aim 2 concordance analyses 
(figure  1). Table  1 shows sample characteristics of chil-
dren and parents stratified by sex. The sex distribution 
was evenly represented in children (50.4% girls), but the 
parent sample largely comprised mothers (86.3%). Mean 
child age-specific and sex-specific BMI z-scores (0.37) 
were higher than Centers for Disease Control historical 
norms and participants on average were slightly more 
advantaged (Disadvantage Index mean score 1011, SD 
61) than the national Australian population (mean 1000, 
SD 100).47 Pubertal status was missing for 108 children 
with bone measures, but of those who completed the 
questionnaire 87.4% of the boys and 95.4% of the girls 
had started puberty.

Population epidemiology of skeletal characteristics
Summary statistics for parent and child pQCT values are 
displayed in table 2, and broken down for reference into 
5th to 95th percentiles in table 3. As expected, the means 
of most pQCT variables were higher in parents (reflecting 
their larger size and more developed skeleton) than chil-
dren. The exception to this was mean endosteal circum-
ference, which was slightly larger in children (62.1 mm, 
SD 8.7) than parents (61.5 mm, SD  9.0). This likely 
reflects both children’s relatively larger medullary cavity 
and the predominance of mothers, whose mean endos-
teal circumference of 60.6 mm (SD 8.5) was distinctly 
smaller than that of fathers (67.5 mm, SD 9.8).42 50 51 The 
corresponding distribution graphs (figure  2) demon-
strate approximately normal distribution in all measures 
for both children and adults.

Parent-child concordance
Table 4 presents concordance between parent and child 
bone measures. Pearson's correlations were moderate for 
the geometric parameters such as periosteal circumfer-
ence (0.38, 95% CI 0.33 to 0.43), endosteal circumference 
(0.42, 95% CI 0.37 to 0.47) and total cross-sectional area 
at the 66% site (0.37, 95% CI 0.32 to 0.42). Measures of 
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bone density showed a weak concordance between parent 
and child, with correlations of 0.24 (95% CI 0.19 to 0.29) 
and 0.25 (95% CI 0.19 to 0.30) for trabecular and cortical 
BMD, respectively. Similarly, all linear regression results 
(adjusted for age, sex and height) showed a significant 
association between parents and children.

DISCUSSION
Principal findings
Our study provides normative values for tibial pQCT in a 
population-based national sample of Australian children 
aged 11–12 years and mid-life adults (their parents). Our 
results highlight that geometric bone characteristics have 
a stronger concordance within parent-child dyads than 
both trabecular and cortical bone density. Generally, 
stronger intergenerational concordance observed with 
geometric parameters suggests that pQCT may offer a 
potential advantage over DXA when comparing skeletal 
health between generations. This is particularly so given 
issues with DXA in assessing bone health in children due 
to the confounding effects of bone size.

Strengths and limitations
For pQCT to be used more widely, normative popu-
lation-based reference ranges are needed.22 52 To our 
knowledge, this study provides the most robust pQCT 

normative data for children aged 11–12 years and mid-life 
adults to date. Measuring the tibia rather than radius 
lessens poor quality scans, as the leg is easier to keep 
still than the arm.43 This is also one of only a handful of 
studies to examine intergenerational concordance using 
pQCT. Unlike DXA, pQCT differentiates between many 
different skeletal parameters spanning density, size and 
thickness which may each be under distinct biological 
and genetic control.53 We believe that this gives a more 
complete picture of bone health, since both density and 
geometry contribute to breaking strength.54

Limitations include the smaller number (n=171) of 
fathers than mothers. Nonetheless, the male sample is 
still larger than other comparable studies covering this 
age and may still provide a useful normative adult refer-
ence until larger studies become available. Bone parame-
ters could be influenced by pregnancy and lactation, with 
some studies suggesting an overall protective effect55; 
thus, findings might differ somewhat for women who are 
not parents. We primarily wanted to report variation in 
population-based parameters rather than examine causes 
of this variation, so did not adjust for a range of variables 
that are known to impact bone health, such as pubertal 
status,56 physical activity/ambulation status,57–59 vitamin 
D level,60 racial ancestry,61 62 hormonal status (meno-
pause),6 63 medication history (such as long-term steroid 

Table 1  Sample characteristics of children and parents; values are weighted mean (SD), except where specified as (%)

Sample characteristics All Male Female

Children* (n=1271) (n=629) (n=641)

Age, years 11.9 (0.4) 11.9 (0.4) 11.9 (0.4)

Height, cm 153.0 (7.8) 152.4 (8.0) 153.6 (7.7)

Weight, kg 45.9 (11.0) 45.2 (11.3) 46.6 (10.9)

BMI, kg/m2 19.4 (3.6) 19.3 (3.6) 19.6 (3.6)

BMI z-score 0.37 (1.00) 0.37 (1.02) 0.37 (0.99)

Disadvantage Index 1010.9 (61.0) 1007.9 (63.0) 1013.9 (58.0)

Started puberty (%) 91.3 87.4 95.4

Pubertal status (%)  

 �  Prepubertal 8.7 12.6 4.6

 �  Early pubertal 25.0 42.3 6.9

 �  Mid-pubertal 53.1 39.5 67.2

 �  Late pubertal 12.7 5.5 20.1

 �  Postpubertal 0.6 0.0 1.2

Parents† (n=1250) (n=171) (n=1079)

Age, years 43.8 (5.6) 46.5 (6.9) 43.3 (5.2)

Height, cm 166.2 (7.9) 178.0 (7.4) 164.4 (6.2)

Weight, kg 77.6 (18.5) 91.1 (15.7) 75.5 (18.1)

BMI, kg/m2 28.0 (6.0) 28.7 (4.3) 27.9 (6.3)

*n for each child variable ranges from 1045 to 1271. 
†n for each parent variable ranges from 1242 to 1250.
Age range is 10.4–12.9 for children and 28.9–69.0 for parents. 
BMI, body mass index.
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use) and other medical conditions (eg, inflammatory 
bowel disease).64 However, many of these data and bioas-
says are/will become available along with genetic informa-
tion, and could be the subject of future predictive papers 
in this same cohort. Physical activity and its effect on bone 
health in our study population has been reported else-
where.65 Osborn et al reported a small association between 
moderate vigorous physical activity  (MVPA) with each 
additional hour of MVPA associated with greater peri-
osteal and endosteal circumference (standardised effect 
sizes 0.25, 95% CI 0.10 to 0.40 and 0.21, 95% CI 0.03 to 
0.39, respectively) and bone strength (0.26, 95% CI 0.14 
to 0.38).

Finally, perhaps the greatest limitation of using pQCT is 
that parameters are not yet standardised. Therefore, our 
results are only directly comparable to the small number 
of studies that used a similar protocol.22 52 One study 
showed how that pQCT could introduce systematic error 
when comparing cross-sectional geometry with bone 
histomorphometry using different parameter thresholds. 
For example, threshold differences have been shown to 
produce variations in total cross-sectional area and bone 
cortical area ranging between −1%–3.1% and 4.7%–6.5%, 
respectively.66 SSI is particularly sensitive to overestima-
tions as it is a composite measure that includes cortical 
bone area.42 Acknowledging the possibility of systematic 

Table 3  Percentile values for bone geometry and strength

Characteristic Children (age 10.3–12.9 years) Parent (age 28.7–71.5 years)*

P5 P10 P25 P50 P75 P90 P95 P5 P10 P25 P50 P75 P90 P95

Trabecular bone mineral density, mg/cm3

 � Male 158.9 167.4 179.4 192.0 208.6 227.0 236.7 189.9 203.4 217.3 244.9 264.7 287.9 302.3

 � Female 156.8 166.8 179.6 197.5 215.4 234.8 246.4 172.1 182.7 200.7 224.5 247.7 274.6 288.8

 � All 158.2 167.2 179.5 194.4 211.5 231.5 240.9 172.2 184.5 202.8 227.3 251.0 278.9 289.4

Total cross-sectional area 4%, mm2

 � Male 526.7 564.3 617.0 687.7 774.4 889.3 945.0 873.0 952.5 1060.8 1180.5 1266.9 1358.1 1392.3

 � Female 538.4 566.4 631.8 709.8 792.2 859.5 912.5 761.8 805.0 884.0 966.1 1054.1 1127.0 1197.0

 � All 535.7 565.9 624.3 701.1 780.8 877.3 931.0 768.3 813.1 892.8 985.6 1083.8 1198.1 1260.2

Cortical bone mineral density, mg/cm3

 � Male 947.6 965.1 985.9 1010.4 1039.1 1054.6 1067.0 1086.5 1097.7 1114.9 1134.7 1149.9 1167.2 1185.7

 � Female 966.4 980.1 1002.6 1030.6 1055.2 1078.3 1088.7 1110.8 1125.1 1143.5 1161.7 1179.2 1193.1 1202.3

 � All 956.1 971.9 993.6 1021.2 1046.9 1067.9 1082.9 1105.1 1117.6 1138.8 1158.5 1176.4 1191.8 1199.9

Total cross-sectional area 66%, mm2

 � Male 393.1 422.7 462.9 530.7 598.1 670.7 729.9 558.1 564.2 648.8 723.0 808.8 893.0 917.4

 � Female 364.3 400.5 453.8 518.7 588.5 641.8 675.0 436.5 460.5 510.2 569.1 635.7 688.6 722.1

 � All 383.4 410.2 458.4 522.4 593.6 654.2 706.6 441.0 464.5 522.1 582.4 656.8 730.6 793.6

Cortical thickness, mm

 � Male 2.2 2.4 2.7 3.0 3.3 3.7 3.9 3.4 3.6 3.9 4.5 4.9 5.2 5.5

 � Female 2.3 2.4 2.7 3.1 3.5 3.8 4.1 3.0 3.2 3.5 3.8 4.2 4.5 4.8

 � All 2.3 2.4 2.7 3.0 3.4 3.7 4.0 3.0 3.2 3.5 3.9 4.3 4.8 5.0

Endosteal circumference, mm

 � Male 51.2 52.3 56.5 62.7 69.1 74.0 78.2 53.8 54.3 60.8 66.9 74.8 79.9 85.2

 � Female 47.7 50.6 55.0 60.5 66.8 72.3 75.2 46.1 49.6 55.1 60.8 66.3 70.9 74.5

 � All 48.9 51.5 55.8 61.8 67.9 73.4 76.5 46.5 50.3 55.9 61.3 67.2 72.6 76.9

Periosteal circumference, mm

 � Male 70.3 72.9 76.3 81.7 86.7 91.8 95.8 83.7 84.2 90.3 95.3 100.8 105.9 107.4

 � Female 67.7 70.9 75.5 80.7 86.0 89.8 92.1 74.1 76.1 80.1 84.6 89.4 93.0 95.3

 � All 69.4 71.8 75.9 81.0 86.4 90.7 94.2 74.4 76.4 81.0 85.5 90.8 95.8 99.9

Polar stress-strain index, mm3

 � Male 1151.2 1252.9 1444.5 1659.3 1948.8 2264.0 2487.1 2460.6 2647.3 2919.3 3417.1 3842.0 4147.6 4355.1

 � Female 1102.5 1209.0 1394.5 1672.9 1929.1 2221.0 2405.4 1711.7 1832.4 2090.2 2367.2 2685.4 2937.0 3074.6

 � All 1121.3 1235.8 1419.3 1666.1 1936.3 2227.2 2450.2 1715.6 1868.8 2136.2 2425.6 2819.7 3236.7 3587.3

*Parents of both genders and including non-biological parents (non-biological parents were removed from subsequent concordance 
analyses).
P, percentile.
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Figure 2  Density plots of adult and child peripheral quantitative CT parameters. Females (red), males (blue) and both sexes 
(thin dotted black line) plotted on the same graph for each outcome. X and Y scales common between child and parent.
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error between studies employing different pQCT thresh-
olds is important. In addition, reporting exact parame-
ters thresholds is essential to help minimise incorrect 
assumptions.

Significance and meaning for clinicians and policy makers
Our tibial pQCT parameters for children aged 11–12 years 
are comparable to the only published paediatric refer-
ence range at the tibial 4% and 66% sites. Moyer-Mileur 
et al recruited a convenience sample of 416 metropolitan 
children in Utah, USA, ranging in age from 5 to 18 years. 
Although the samples aged 11–12 years in both studies 
were similar with respect to mean height, weight and 
BMI z-score,39 the numbers in the study by Moyer-Mileur 
et al were small, particularly once stratified by height and 
gender.25 Chance could thus explain why our Australian 
boys aged  11–12 years showed a lower trabecular BMD 
than the American boys aged 11–12 years (195.1±23.1 mg/

cm3 compared with 256.1±24.9 mg/cm3). Values for girls, 
and all other values for boys, were all similar in the Austra-
lian and American samples.

pQCT in adults has been problematic due to limited 
normative data and difficulties comparing studies due to 
differences in scan techniques and analyses. Categorical 
thresholds remain controversial and of debatable clinical 
utility for defining osteoporosis using pQCT. However, a 
recent Australian study by Jiang et al compared patients 
(both male and female) with osteoporosis and minimal 
trauma fractures with  a reference group of young 
(age 19–26  years) healthy females in metropolitan 
Melbourne.24 This study produced a threshold level that 
equated to a diagnosis of osteoporosis based on standard 
definitions, as well as including patients with minimal 
trauma fractures. Highlighting the obstacles faced in 
this field, our results are difficult to compare as we used 

Table 4  Parent-child concordance

Pearson's correlation

Parent-child Mother-child Father-child

N
Correlation 
coefficient 95% CI N

Correlation 
coefficient 95% CI N

Correlation 
coefficient 95% CI

Trabecular bone mineral 
density, mg/cm3

1198 0.24 0.19 to 0.29 1034 0.25 0.19 to 0.31 164 0.20 0.05 to 0.34

Total cross-sectional area 
4%, mm2

1126 0.25 0.20 to 0.30 970 0.29 0.23 to 0.35 156 0.19 0.04 to 0.34

Cortical bone mineral 
density, mg/cm3

1085 0.25 0.19 to 0.30 934 0.28 0.22 to 0.34 151 0.27 0.11 to 0.41

Total cross-sectional area 
66%, mm2

1085 0.37 0.32 to 0.42 934 0.44 0.38 to 0.49 151 0.36 0.21 to 0.49

Cortical thickness, mm2 1085 0.30 0.25 to 0.36 934 0.34 0.28 to 0.39 151 0.24 0.09 to 0.39

Endosteal circumference, 
mm2

1085 0.42 0.37 to 0.47 934 0.45 0.40 to 0.50 151 0.33 0.18 to 0.46

Periosteal circumference, 
mm2

1085 0.38 0.33 to 0.43 934 0.44 0.39 to 0.49 151 0.38 0.23 to 0.50

Polar stress-strain index, 
mm3

1085 0.30 0.24 to 0.35 934 0.36 0.30 to 0.41 151 0.36 0.21 to 0.49

Adjusted linear regression N
Regression 
coefficient P value N

Regression 
coefficient P value N

Regression 
coefficient P value

Trabecular bone mineral 
density, mg/cm3

1194 0.17 <0.001 1030 0.18 <0.001 164 0.12 0.016

Total cross-sectional area 
4%, mm2

1123 0.24 <0.001 967 0.26 <0.001 156 0.16 0.002

Cortical bone mineral 
density, mg/cm3

1084 0.37 <0.001 933 0.42 <0.001 151 0.39 0.001

Total cross-sectional area 
66%, mm2

1084 0.39 <0.001 933 0.44 <0.001 151 0.31 <0.001

Cortical thickness, mm2 1084 0.27 <0.001 933 0.29 <0.001 151 0.14 0.013

Endosteal circumference, 
mm2

1084 0.41 <0.001 933 0.43 <0.001 151 0.30 <0.001

Periosteal circumference, 
mm2

1084 0.43 <0.001 933 0.46 <0.001 151 0.37 <0.001

Polar stress-strain index, 
mm3

1084 0.25 <0.001 933 0.28 <0.001 151 0.20 <0.001

Linear regression adjusted for child and parental age, sex and height. Regression coefficients are unstandardised betas.
N, number of participants in cohort with this measure (denominator).
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slightly different protocols (threshold for trabecular 
bone of 169 vs 280 mg/cm3). However, using the osteo-
porosis cut-off definition by Jiang et al (trabecular BMD 
159.2, SD 28.7), it is concerning that the 10th percentile 
of the women in our study (table 3) fell into this range 
(accounting for SD).

A novel contribution is to report parent-child concor-
dance across a wide range of geometric as well as density 
parameters. As we studied parent-child dyads, rather 
than twin or larger family groupings, we cannot draw 
formal conclusions regarding heritability, which is not 
directly commensurate with concordance. However, 
given that heritability of polygenic traits considers 
contributions from both parents, it is striking that our 
child-one parent concordance of 0.24 is almost exactly 
half the estimated heritability (h2) of 0.51 for offspring 
trabecular density in pQCT offspring study of African 
Caribbean adults by Wang et  al.31 This suggests that 
parent-child concordance, at least for trabecular density, 
is fully expressed in childhood, that is, it precedes both 
peak bone deposition and subsequent bone loss. While 
our cortical bone density child-parent concordance of 
0.25 appeared somewhat high in light of an estimated h2 
value of 0.32 in adult-parent dyads in the study by Wang 
et al, both our cortical and trabecular density values are 
in keeping with heritability estimates of 50%–80% of 
BMD from DXA studies,26–30 which is already evident 
in prepubertal children.26 27 From the meta-analysis 
by  Paternoster et al on genotyped single-nucleotide 
polymorphisms,53 it seems probable that different genes 
are at play at various ages and in different ethnicities 
on different bone parameters. This could explain why 
we saw concordance values as high as 0.42 and 0.38 for 
endosteal and periosteal circumference, respectively. It 
is clear that more pQCT studies are needed to further 
explore these relationships.

Unanswered questions and future research
Further intergenerational studies are needed to confirm 
that intergenerational concordance is greater for 
geometric than density parameters. Nonetheless, this 
finding highlights the possible advantages of using pQCT 
over DXA in intergenerational bone research. While 
preliminary studies have investigated relationships of 
pQCT parameters with fracture rates and osteoporosis, 
prospective studies are needed to define pQCT cut-offs 
defining ‘poor bone heath’ in both children and adults 
that would guide clinical interventions.9 14 52 Longitudinal 
data in population cohort studies will be invaluable in 
both adults and children to more clearly delineate the 
tracking of geometric parameters over time, and at what 
ages subsequent symptomatic disease (ie, fractures) can 
be most reliably predicted and effectively prevented.9 In 
addition, consensus is required in the field as to which 
analysis algorithms are best used so pQCT research can 
be compared more easily.

CONCLUSIONS
Our study provides robust population-based refer-
ence ranges for pQCT measurements at the 4% and 
66% sites of the tibia in children aged 11–12 years and 
mid-life adults. The concordance between parent and 
child measurements reflect the known high genetic heri-
tability of bone. The finding of increased concordance 
in geometric parameters of bone compared to density 
demonstrates the benefits of using pQCT in order to 
make meaningful comparisons between child and adult 
bone characteristics.
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