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Abstract

We revisit Stanley Garn’s theory related to sex differences in endocortical and periosteal 

apposition during adolescence using a 12-year mixed longitudinal study design. We used 

peripheral quantitative computed tomography to examine bone parameters in 230 participants (110 

boys, 120 girls; 11.0 yrs at baseline). We assessed total (Tt.Ar, mm2), cortical (Ct.Ar, mm2), and 

medullary canal area (Me.Ar, mm2), Ct.Ar/Tt.Ar, cortical bone mineral density (Ct.BMD, mg/

cm3) and polar strength-strain index (SSIp, mm3) at the tibial midshaft (50% site). We used annual 

measures of height and chronological age to identify age at peak height velocity (APHV) for each 

participant. We compared annual accrual rates of bone parameters between boys and girls, aligned 

on APHV using a linear mixed effects model. At APHV, boys demonstrated greater Tt.Ar (Ratio: 

1.27; 95% CI: [1.21, 1.32]), Ct.Ar (1.24; [1.18, 1.30]), Me.Ar (1.31; [1.22, 1.40]) and SSIp (1.36; 

[1.28, 1.45]), and less Ct.Ar/Tt.Ar (0.98; [0.96, 1.00]) and Ct.BMD (0.97; [0.96, 0.97]) compared 

with girls. Boys and girls demonstrated periosteal bone formation and net bone loss at the 

endocortical surface. Compared with girls, boys demonstrated greater annual accrual rates pre-

APHV for Tt.Ar (1.18; [1.02, 1.34]) and Me.Ar (1.34; [1.11, 1.57]), lower annual accrual rates 

pre-APHV for Ct.Ar/Tt.Ar (0.56; [0.29, 0.83]) and Ct.BMD (−0.07; [−0.17, 0.04]) and similar 

annual accrual rates pre-APHV for Ct.Ar (1.10; [0.94, 1.26]) and SSIp (1.14; [0.98, 1.30]). Post-
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APHV, boys demonstrated similar annual accrual rates for Ct.Ar/Tt.Ar (1.01; [0.71, 1.31]) and 

greater annual accrual rates for all other bone parameters compared with girls (Ratio: 1.23 – 2.63; 

95% CI: 1.11 to 3.45). Our findings support those of Garn and others of accelerated periosteal 

apposition during adolescence, more evident in boys than girls. However, our findings challenge 

the notion of greater endocortical apposition in girls, suggesting instead that girls experience 

diminished endocortical resorption compared with boys.
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Introduction

An abundance of research now supports that childhood and adolescence are critical periods 

for bone mineral accrual.(1–4) However, the intricacies of how bone is gained (in childhood) 

and lost (in later life) are still not completely understood. In the 1960s and 1970s, Garn and 

colleagues examined the surface-specific changes that accompany bone growth and 

development.(5–7) They conducted cross-sectional radiographic studies of the second 

metacarpal and concluded that both boys and girls exhibit endocortical and periosteal 

apposition within the diaphysis of the second metacarpal during adolescent growth, but that 

girls experience more endocortical apposition compared with boys and that boys experience 

more periosteal apposition compared with girls.(5–7) It has been proposed that this sexual 

dimorphism contributes to increased bone fragility in women compared with men in older 

adulthood.(8,9)

The pioneering studies of Garn and colleagues advanced our understanding of sex 

differences in bone development. However, this early work was limited by the use of planar 

radiographs to evaluate bone surfaces and caution must be applied when generalizing Garn’s 

theory to all skeletal sites, as his radiographic studies focused on the non-weight bearing 

metacarpals. The advent of peripheral quantitative computed tomography (pQCT) permits 

scrutiny of the commonly held tenets regarding bone apposition and resorption on surfaces 

of growing bone. In a 20-month longitudinal study of boys and girls (10 to 13 years at 

baseline) using pQCT, we did not observe endocortical bone apposition or resorption in girls 

(assessed as the area of the medullary canal) at the tibial midshaft.(10) Similarly, boys 

demonstrated no endocortical apposition, but compared with girls, boys displayed significant 

endocortical resorption.(10) In contrast, a 2-year longitudinal study of girls (10–13 years at 

baseline) reported both periosteal apposition and endocortical apposition at the tibia shaft 

after menarche.(11) The contradictory findings of endocortical apposition in the studies by 

Garn et al.(5–7) and Wang et al.(11) compared with the absence of endocortical apposition in 

the study by Kontulainen et al.(10) have yet to be explored in a longitudinal study that spans 

a longer period of adolescent growth.

Garn and colleagues also did not control for maturational status in their cross-sectional 

studies. Failure to consider the tremendous variation in maturational status of children at the 

same chronological age can dramatically affect outcomes of cross-sectional and intervention 
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studies.(12) Age at peak height velocity (APHV) is most commonly used as an indicator of 

somatic maturity in longitudinal studies of childhood and adolescent growth(12,13) and is 

highly correlated with sexual maturation.(13,14) APHV refers to the age when maximum 

linear growth in height occurs and generally occurs in boys and girls at a maturational time 

point when approximately 90% of adult stature has been achieved.(15) Serial measurements 

surrounding maximal height velocity are required to determine APHV.

Therefore, we aimed to advance the classic studies of Garn and colleagues by evaluating the 

sex- and surface-specific pattern of bone accrual on the periosteal and endocortical surfaces 

of the weight bearing mid-tibia in boys and girls, aligned by maturity. Our objectives were 

to: 1) compare rates of bone apposition and/or resorption at the periosteal and endocortical 

surfaces of the tibia and 2) compare rates of cortical bone density and bone strength accrual, 

between boys and girls pre and post-APHV. Our current study extends our previous 20-

month pQCT study to 12 years to further evaluate these bone surface-specific events.

Methods

Study design

Participants were drawn from a cohort of healthy girls (n=556) and boys (n=515) aged 8 to 

12 years at baseline who comprised the University of British Columbia Healthy Bones Study 

III (HBSIII; Figure 1). The HBSIII cohort includes participants from three school-based 

studies, described in detail elsewhere.(16–21) Briefly, we recruited participants from 

elementary schools in Vancouver and Richmond, British Columbia (BC), Canada between 

1999 and 2009. We recruited the first cohort (n=436), for HBS II(16–18) and the Bounce at 

the Bell study,(21) in the fall of 1999 and 2000, respectively, from grades 4, 5 and 6 classes 

in 14 schools in Richmond, BC. In February 2003, we recruited the second cohort (n=515) 

for the Action Schools! BC study(19) from grade 4 and 5 classes at 10 elementary schools in 

Vancouver and Richmond, BC. Participants in both cohorts attended annual follow-up 

measurements each spring after cessation of the school-based interventions. We combined 

the cohorts in 2006 because they employed nearly identical protocols. In the fall of 2009, we 

recruited a third cohort (n=120) from grade 4 and 5 classes in 5 schools in Vancouver and 

Richmond, BC. We recruited this cohort to study bone microstructural changes from pre-

puberty through young adulthood using more advanced imaging technology (high resolution 

pQCT) that was unavailable for our earlier studies.(20)

In the present analysis, we included bone data from annual measurements conducted 

between May 2001 (first year of pQCT measurements) and June 2012. Of the full sample 

(n=1071) there was a median of 3 annual measurements (interquartile range: 2 to 7). We 

excluded observations from children actively participating in an intervention (n=451, spring 

2004)(19) as we previously demonstrated a positive effect of a physical activity intervention 

on bone accrual.(16,18) However, we included all additional follow-up measurements (2005–

2011) regardless of group assignment, as participation in an exercise intervention was not 

associated with sustained benefits at the tibial shaft.(22) Specifically, we explored the 

influence of group assignment on bone parameters from 2005–2011; since group assignment 

was not a statistically significant predictor of bone parameters (data not shown), we pooled 
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the data for the intervention and control groups. For the purpose of this analysis, we refer to 

data obtained at the first pQCT measurement as baseline.

We obtained written informed consent from the parents or legal guardians, written assent 

from participants younger than 18 years of age and informed consent from participants 18 

years of age and older. The University of British Columbia’s Clinical Research Ethics Board 

approved the studies.

Anthropometry

We assessed stature during standing and sitting using standard stretch stature techniques.(23) 

Measurements were recorded to the nearest millimeter using a customized wall-mounted 

stadiometer (1999 – 2002) and thereafter using the Seca wall-mounted stadiometer (Model 

242, Hanover, MD). Body mass was measured to the nearest 0.1 kg on a calibrated 

electronic scale (Seca Model 840, Hanover, MD), with participants dressed in light clothing. 

Tibia length was measured to the nearest millimeter using standard methods and a metal 

anthropometric tape. All measurements were taken in duplicate by trained research 

assistants, unless differences were > 0.4cm or 0.2kg and then a third measure was taken. We 

used the mean of two values or the median of three for all analyses. In our laboratory, 

reproducibility (CV%) is <0.3% for measures of stature and <3.5% for tibia length.

Age at Peak Height Velocity (APHV)

To control for well-known maturational differences between adolescent boys and girls of the 

same chronological age, we calculated age at peak height velocity (APHV, years) as an 

estimate of biological maturity. A detailed description of this process is provided in 

Supplementary Document 1. In brief, we fit an interpolating cubic spline(2) to each 

participant’s height velocity data. The magnitude of PHV was identified as growth per year 

(cm) that occurred at APHV. We used APHV to calculate a biological maturity offset (in 

years) by subtracting the APHV from chronological age at time of measurement. Thus, we 

generated a continuous measure of biological age (e.g., −1 year is equivalent to 1 year prior 

to attainment of APHV; +1 to one year after APHV). Due to missing and mistimed 

measurements surrounding APHV, we were able to identify APHV for 235 of the 1071 

participants (112 boys, 123 girls).

Health history, ethnicity and lifestyle

Parents completed a health history questionnaire for their child at baseline and participants 

completed a shorter version of the questionnaire at subsequent annual visits. Based on 

questionnaire responses we identified five participants who had conditions that prevented 

their participation in regular physical activity and/or reported medical conditions known to 

influence bone metabolism (osteogenesis imperfecta, fetal alcohol syndrome, Type 1 

diabetes, Leukemia, congenital heart defect). We excluded these participants from our 

analysis. Thus, we included 230 healthy participants (110 boys, 120 girls) in our analysis.

We determined each participant’s ethnicity based on their parents’ and/or grandparents’ 

place of birth as reported on the health history questionnaire at baseline. Parents were asked 

to classify their own, and their child’s ethnicity. We classified participants as “Asian” if both 
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parents or three of four grandparents were born in Hong Kong, China, Japan, Taiwan, 

Philippines, Korea or India; “white” if both parents or three of four grandparents were born 

in North America or Europe; and “Other” if participant’s parents were of other or mixed 

ethnicities.

We assessed leisure-time physical activity using a modified version of the physical activity 

questionnaire for children (PAQ-C).(24) We calculated a general physical activity score as an 

average of the PAQ-C items in a continuous range between 1 (low activity) and 5 (high 

activity). Based on participants’ estimates of time spent in common sports and activities in 

Item 1 we also estimated time spent in moderate-to-vigorous physical activity (MVPA, min/

day) and time spent in activities designated as loaded (impact > walking, load time; hrs/

week). We used a validated food frequency questionnaire (FFQ)(25) to assess dietary calcium 

intake (mg/day).

Bone geometry, density and strength

We describe our methods for acquisition and analyses of pQCT scans in detail elsewhere.
(10,26) Briefly, we acquired a 2.3 mm slice at the midshaft (50% site; proximal to the distal 

tibial endplate) of the left tibia using the XCT-2000 (Norland/Stratec Medizintechnic GmbH, 

Pforzheim, Germany) from 2003–2007 and the XCT-3000 (Norland/Stratec Medizintechnic 

GmbH, Pforzheim, Germany) from 2008 onward. We previously reported excellent 

agreement between the XCT-2000 and XCT-3000 (CVrms 0.6–1.5% for tibial midshaft bone 

parameters).(27) We used a scan speed of 30mm/sec and a resolution (voxel size) of 0.5mm 

in participants recruited prior to 2003 (n=78) and a resolution of 0.4mm thereafter (n=152). 

Previous work confirmed no significant differences in total area (Tt.Ar) or total bone mineral 

density (Tt.BMD) measures between 0.4mm and 0.5mm resolution scans at the distal radius 

using pQCT.(28) We acquired a 30 mm planar scout view over the joint line to define the 

anatomic reference line and used the same anatomical reference line to assess the same 

relative site each year.

Our outcome variables were total area (Tt.Ar, mm2) to assess change on the periosteal 

(outer) surface; cortical area (Ct.Ar, mm2) to evaluate change in cross-sectional area 

between the periosteal and endocortical surfaces; the ratio of Ct.Ar to Tt.Ar (Ct.Ar/Tt.Ar) as 

a surrogate to assess change in cortical thickness; medullary canal area (Me.Ar, mm2) to 

assess change on the endocortical (inner) surface; cortical density (Ct.BMD, mg/cm3) and 

the polar strength-strain index (SSIp, mm3), an estimate of torsional bone strength.

We analyzed all scans using Stratec software version 6.0 as per our standard protocol.
(10,26,29) We used Peel mode 2 (540 mg/cm3), Cortmode/Separation mode 1 (default, 711 

mg/cm3), and Contmode 1 (default, 711 mg/cm3) to calculate values for Tt.Ar, Ct.Ar and 

Ct.BMD. We calculated Me.Ar as Ct.Ar subtracted from Tt.Ar. We used Peel mode 2 (540 

mg/cm3) and Cortmode/Separation mode 1 (480 mg/cm3) to determine SSIp. We determined 

in-vivo precision with repositioning at the 50% site using the XCT-2000 in 14 participants 

(12–27 years). The coefficient of variation (CV, %) was less than 2% for all bone variables.
(30) Scans were acquired by one of 8 trained operators over the 12-year period. A pQCT 

anthropomorphic phantom was scanned daily to maintain quality assurance. We included all 
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participants with at least one pQCT scan and for whom we were able to obtain APHV. We 

excluded all scans with motion artifacts (n = 9 across 12-years).

Data Cleaning

Prior to modeling our data, we first examined scatter plots generated for bone area, density 

and strength versus maturity offset for each participant. We specifically looked for negative 

changes in anthropometry and/or bone parameters – known to occur due to slight differences 

in positioning, limb length measures or other measurement error. We identified potential 

measurement errors using the following protocol. A negative change in height during 

childhood and adolescence would likely represent measurement error, as would a negative 

change in Tt.Ar at the tibia midshaft. Thus, we considered a negative change in Tt.Ar as an 

indicator of measurement error for bone measures. We allowed for a 0.7% buffer based on in 

vivo precision estimates from our lab.(10,30) When Tt.Ar was > 0.7% lower than the previous 

years recorded value, we flagged this measurement time point for further inspection. We first 

visually confirmed all ‘flagged’ Tt.Ar data points. We then applied a linear interpolation 

between the data point prior to and after the flagged data point for all bone parameters for 

that measurement time point (n=49/1756 total measures). For example, if Tt.Ar was flagged, 

linear interpolation was applied to measures of Tt.Ar, Ct.Ar, Me.Ar, Ct.BMD and SSIp at 

that measurement period. If a data point was flagged at the last measurement period (n=15), 

we used the previous year’s value. For density measures, we allowed a two-year buffer 

around APHV within which negative changes were accepted, as density measures may 

transiently decrease during maturation.(31) Lastly, in 2009 a scanner malfunction with the 

XCT-3000 required the use of a different XCT-3000 for all HBSIII scans. Phantom scans 

indicated a systematic underestimation of bone density measures by the replacement 

XCT-3000; thus, we interpolated all Ct.BMD measures for 2009 (n=158 scans). We then 

manually examined scatter plots of all bone measures against maturity offset for each 

participant to verify linear interpolation.

Statistical Analysis

We performed all analyses using STATA, Version 12.1 (StataCorp, College Station, TX). We 

used linear mixed effects models (also called random coefficients regression models or 

multilevel models) to compare the annual rate of change in the bone parameters between 

girls and boys pre-APHV and post-APHV as maturity offset = 0 is a common maturational 

landmark used in pediatric studies.(12) For each bone variable, we fit a piecewise linear 

model with a breakpoint at APHV, i.e. maturity offset = 0. Sex, ethnicity, a linear spline for 

maturity offset (MO1, MO2) and the interaction of sex and maturity offset were included as 

fixed effects in the model. A random intercept and random slopes were included, allowing 

each individual’s profile to vary about the average curve.

The regression model is:
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where yij is the bone parameter on measurement occasion i in the jth individual, (b0j, b1j, 

b2j)~ N(0, Σ) is the vector of random effects for the jth individual and εij ~ N(0,σ2) is the 

within-subject error.

The average curves for an Asian participant, for example, are:

Thus, the intercepts β0 and (β0 + β3) represent the average value of the bone parameter when 

maturity offset is zero for girls and boys, respectively. Similarly, the slopes β1 and (β1+β4) 
represent the average annual rates of change pre-APHV and β2 and (β2+β5) represent the 

average annual rates of change post-APHV. Model adequacy was checked graphically using 

plots of transformed residuals.(32) Diagnostic checking of the fitted models revealed some 

serial correlation in the residuals; however, attempting to incorporate a serial correlation 

component into the model led to problems with model convergence, an issue that has been 

identified by others.(32) Models that included serial correlation and only a random intercept 

yielded similar results to the random coefficients only model. Between-sex differences were 

summarized as rate ratios and were estimated as nonlinear combinations of the model’s 

coefficients. P-values <0.05 were considered statistically significant.

Results

Descriptive Characteristics

We provide participant characteristics and baseline bone parameters in Table 1. The 

proportion of girls and boys included in the present analysis and ethnic diversity was similar 

to that in the larger HBSIII cohort (52% girls, 47% white). Baseline height was also similar 

between participants included in the current analyses (n=230) and those we excluded if we 

were unable to calculate APHV. Excluded participants were 0.1 years older and weighed 1.6 

kg more at baseline, on average, compared with those participants included in the analyses.

Comparisons of Bone Parameters between Boys and Girls at APHV

We provide mean values at APHV for all bone parameters for boys and girls in Table 2. For 

all bone variables (except Ct.Ar/Tt.Ar and Ct.BMD) boys’ mean values at APHV were 24–

36% greater than girls’. Boys had 2 and 3% lower values for Ct.Ar/Tt.Ar and Ct.BMD, 

respectively, at APHV compared with girls. These differences are depicted in the individual 

growth curves and lowess curves aligned on maturity offset (Figure 2) and in a schematic 

representation of differences in bone parameters in relation to maturity offset (Figure 3). At 

APHV, white and Other participants had significantly greater Tt.Ar (Ratio: 1.11; 95% CI: 

[1.06, 1.16], 1.15; [1.07, 1.23]), Ct.Ar (1.13; [1.08, 1.18], 1.15; [1.07, 1.23]), Me.Ar (1.07; 

[1.00, 1.14], 1.15; [1.03, 1.27]) and SSIp (1.13; [1.06, 1.19], 1.17; [1.06, 1.23]), respectively, 

compared with Asian participants. White participants had significantly greater Ct.Ar/Tt.Ar 

(1.02; [1.00, 1.04]) and lower Ct.BMD (0.99, [0.98. 1.00]) compared with Asian participants 

at APHV (Supplemental Figure 1).
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Comparison of Annual Accrual Rates for Bone Parameters between Boys and Girls Pre- 
and Post-APHV

We aligned participants on maturity offset and provide between-sex comparisons for annual 

accrual rates pre- and post-APHV for each bone parameter (Table 3). Boys and girls 

demonstrated periosteal bone formation (represented by an increase in Tt.Ar) and net bone 

loss at the endocortical surface (represented by a net increase in Me.Ar) over the 

measurement period. Boys demonstrated significantly greater annual accrual rates compared 

with girls for Tt.Ar and Me.Ar pre-APHV, and significantly lower annual accrual rates for 

Ct.Ar/Tt.Ar and Ct.BMD pre-APHV compared with girls. There were no significant 

between-sex differences in annual accrual rates pre-APHV for Ct.Ar and SSIp. Post-APHV, 

there were no significant between-sex differences in annual accrual rates for Ct.Ar/Tt.Ar; 

however, boys demonstrated significantly greater annual accrual rates for all other bone 

parameters compared with girls (Figure 2).

Discussion

We revisit Garn’s classic studies(5–7) and more recent reports(8,9) that suggest bone strength 

during adolescence is accrued primarily through periosteal expansion in boys as compared 

with endocortical apposition in girls. In this analysis, we extended Garn’s methods (cross-

sectional study of planar radiographs of the second metacarpal) by aligning boys and girls 

on a common maturational landmark (APHV). We then modeled 3-dimensional aspects of 

tibial bone geometry, density and strength (acquired using pQCT) across 12-years. Should 

Garn’s general findings persist in our study, boys would accrue more bone on the periosteal 

surface (contributing to increased Tt.Ar) and girls would accrue more bone on the 

endocortical surface (contributing to a narrower medullary cavity (Me.Ar)).

Although both boys and girls accrued substantial amounts of bone on the periosteal surface 

(as estimated by changes in Tt.Ar), boys’ accrual rates were approximately 18% greater 

compared with girls’ pre-APHV (55.4 and 47.0 mm2/year for boys and girls, respectively) 

and 89% greater compared with girls’ post-APHV (19.2 and 10.2 mm2/year for boys and 

girls, respectively). These findings support those of Garn who reported boys had 48% 

greater periosteal apposition at the second metacarpal compared with girls from childhood to 

late adolescence (8–22 years of age).(5–7) Our current results also extend our earlier findings 

across 20-months where we reported 8% greater periosteal apposition in boys compared 

with girls during early- and peri-puberty and 14% greater periosteal apposition in boys post-

puberty.(10) The distribution of bone away from the neutral axis confers a considerable 

strength advantage to boys at long bone shafts such as the mid-tibia.(33)

We used Me.Ar to estimate changes at bone’s endocortical surface. We observed expansion 

of the medullary canal for both boys and girls pre- and post-APHV. However, annual accrual 

rates were 34% greater pre-APHV and 163% greater post-APHV for boys compared with 

girls. Contrary to Garn’s findings that bone formation at the endocortical surface was 

enhanced in girls during puberty,(5–7) our 12-year longitudinal data demonstrated a small net 

loss of bone at the endocortical surface in girls. This was represented by a small net increase 

in Me.Ar (11 mm2/year pre-APHV and 2 mm2/year post-APHV, on average). Our findings 

also differ from Wang et al. who analyzed data from a 2-year longitudinal study and 
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observed an increase in Me.Ar in girls until menarche and a slight decrease thereafter.
(11)However, fewer than 10 participants were assessed at 24-months post menarche.(11) Our 

findings across a longer measurement period are consistent with our previous work, where 

we reported a 5–8% increase in Me.Ar across 20-months in early- to post-pubertal girls.(10) 

Thus, our data do not support that endocortical bone formation increases during adolescence 

as noted by Garn. On the contrary we noted that endocortical bone resorption predominates 

in both boys and girls; however, girls’ bone was preserved to a greater extent (less 

resorption) compared with boys.

There are several plausible explanations for the differences between Garn’s early findings 

and the present study. First, bone formation and resorption differ considerably by anatomical 

region.(34,35) In earlier studies we reported that cortical BMD also varied across sectors 

within the same bone cross-section.(36,37) As the metacarpal is non-weight bearing 

compared with the weight-bearing tibia, the substantially different forces experienced at 

each site may contribute to site-specific differences between the two studies. To enhance 

bone strength in response to greater loads associated with bending and torsion, the tibia 

preferentially adapts by distributing bone further away from the neutral axis (through an 

increase in Me.Ar in addition to increases in Tt.Ar). This could be achieved with either less 

endocortical apposition or more endocortical resorption compared with the non weight-

bearing metacarpal.(33) Second, there are significant limitations associated with estimating 

bone cross-sectional geometry using 2-dimensional radiographs.(38) Third, despite relatively 

large sample sizes, Garn used cross-sectional data for his analyses. The limitations (e.g., 

selection/attrition, cohort differences) of age-heterogeneous cross-sectional samples for 

evaluating rates of change are reviewed in detail elsewhere.(39) Longitudinal data are better 

able to represent the tremendous growth-related variability among children and also permit 

separation of age-related mean trends from estimates of association between age-related 

variables. Finally, Garn et al. did not control for substantial maturational differences between 

boys and girls of the same chronological age, which may have influenced their findings.

We used the ratio of Ct.Ar to Tt.Ar (Ct.Ar/Tt.Ar) as a surrogate of cortical thickness to 

examine changes across time as we did in our previous 20-month study.(10) We observed 

relative thickening of the cortex (increase in Ct.Ar/Tt.Ar) and thus a reciprocal decrease in 

medullary canal area relative to total bone size in both boys and girls across the study period. 

The cortex contributed relatively less to overall bone size in boys compared with girls at 

APHV. Consistent with our previous study over a 20-month period,(10) boys’ greater overall 

growth rate (Tt.Ar and Ct.Ar) post-APHV resulted in no observed difference in Ct.Ar/Tt.Ar 

between boys and girls during this time.

We report significantly lower Ct.BMD for boys compared with girls in the current study as 

per previous reports at the tibial midshaft(10,30,36) and the proximal radius(40) assessed using 

pQCT, and at the distal tibia and radius assessed using HR-pQCT.(20) More dense cortices in 

girls might reflect lower rates of intracortical remodeling associated with a smaller 

magnitude of growth during adolescence in girls, compared with boys.(41) Although we note 

that sex differences in Ct.BMD appeared prior to APHV, we were unable to clearly discern if 

these differences were present at earlier maturational stages. Girls in our study were 

relatively close to APHV at baseline and mean curves appeared to converge (Figure 2). 
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Importantly, given the greater contribution of geometry as compared with density to bone 

strength at long bone shafts,(33,42) girls’ more dense bones would only partially compensate 

for their smaller bone size, on average, compared with boys. In adults, larger bone size 

rather than differences in density or the amount of bone within the periosteal envelope is 

thought to account for men’s greater bone strength as compared with women.(8)

Although bone size, shape and density contribute to adult bone strength,(43) the relative 

contribution of these components to bone strength in children is largely unknown. On 

average, boys had significantly greater bone strength (represented by SSIp) at APHV and 

experienced significantly greater annual accrual rates post-APHV (95%) compared with 

girls. In boys, the surge of testosterone during puberty is largely responsible for the greater 

magnitude and prolonged duration of the pubertal growth spurt, and results in greater gains 

in periosteal and longitudinal bone formation across puberty in boys compared with girls.(44) 

As bone’s ability to resist bending forces is directly proportional to the distribution of mass 

about the neutral bending axis, an incremental increase in the external diameter of a long 

bone (increased bone size) improves bones’ resistance to bending and torsional loading and 

substantially increases bone’s strength.(42,45) Thus, in the current study, boys’ larger bones 

(greater Tt.Ar), enhanced rates of change in bone parameters and prolonged duration of 

longitudinal growth, compared with girls, contributed to boys’ greater bone strength (SSIp). 

Should this advantage persist similar to the continuity of bone area from young to middle 

adulthood as reported by Garn and colleagues,(46) boys and men would be conferred a bone 

strength advantage throughout life.

Although there are known ethnic differences in the timing and tempo of maturation(47) 

(Asian participants in our cohort attained APHV approximately 7 months prior to white 

participants), we attempted to account for this in our analysis by aligning boys and girls on 

APHV. White participants had 1% lower Ct.BMD and 2–13% greater values for all other 

bone parameters compared with their Asian peers at APHV. These findings are consistent 

with our previous reports demonstrating larger Ct.Ar (at the tibial midshaft by pQCT) in pre- 

and early-pubertal white boys and girls(30) and lower Ct.BMD (at the distal tibia by HR-

pQCT) in mid- to late-pubertal white boys and girls compared with their Asian peers.(48) We 

cannot discount the possibility that ethnic differences in bone parameters may have been 

present prior to the onset of puberty and influenced by a shorter duration of growth (earlier 

onset of maturation) in Asian participants. We note that although our sample reflects the 

ethnic diversity of Metro Vancouver, where visible minority groups represent 47% of the 

population (compared with 16% in the rest of Canada), it may not be representative of 

populations outside this geographic area.

The purpose of our analysis was to compare rates of change pre-APHV and post-APHV. 

Thus, we fit a piecewise linear regression model; we did not attempt to model the bone 

parameter growth curves. We highlight several strengths of our study. Most importantly, 

longitudinal data are difficult, time consuming and costly to collect and are therefore 

relatively rare. The few previous studies that reported changes on bone surfaces during 

growth utilized cross-sectional data or longitudinal data across a short time frame(5–7,11) and 

were therefore unable to capture the tremendous variability that accompanies growth of 

tissues throughout adolescence. Our 12-year longitudinal data enabled us to identify APHV 
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for participants and in turn, align boys and girls on the same maturational landmark. 

Additionally, we examined 3-dimensional changes in bone geometry and strength at a 

weight-bearing site, the tibial midshaft, using an advanced imaging technique (pQCT).

We acknowledge several limitations of our study. First, as in any repeated measures study of 

growing bone it is not possible to reassess the same bone cross-section over time. Long bone 

growth is both complex and disproportionate; at the tibia, 57% of longitudinal growth occurs 

at the proximal metaphysis and 43% occurs at the distal metaphysis.(49) Therefore, we used 

a standard anatomical landmark to identify the same relative site along the length of the tibia 

at each measurement in every child. Second, based on differences in maturational timing 

between boys and girls at the same chronological age, many of the girls in our study 

approached APHV at baseline. Thus, we were unable to compare boys and girls across 

several years prior to APHV and may have underestimated average annual rates of change 

pre-APHV for girls. Third, our results are specific to adaptations at the tibial shaft and do 

not necessarily represent other skeletal regions. Although we did not discern net 
endocortical apposition in girls at the tibia, it may occur at other skeletal sites or even at 

different sites along the length of the tibia. Fourth, APHV is a global measure and does not 

account for differences in appendicular and axial growth patterns;(50,51) however, we used 

APHV because it is a well-established measure of somatic maturity.(12) Fifth, the resolution 

of pQCT (0.4mm voxel size) may have limited our ability to detect small changes in cortical 

bone area and subsequently small changes on the endocortical surface. Partial volume effects 

may have limited the accurate separation of cortical and trabecular bone in regions with thin 

cortices. Finally, we acknowledge that our convenience sampling methods limit the external 

validity of our results.

In conclusion, the pioneering studies of Garn and colleagues established an important 

premise that prompted researchers to more closely examine sex differences on the surfaces 

of growing long bones. Boys’ larger bones confer a greater bone strength advantage during 

adolescence. However, it would be of interest to better understand whether benefits persist 

into adulthood and older age. Although evidence from animal studies(52) and retrospective 

studies of athletes(53–55) support that enhanced long bone strength accrued during the 

younger years persists, the implications of this on preventing osteoporosis and fragility 

fractures in later life, remains largely unknown.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Number of participants recruited and the number of valid peripheral quantitative computed 

tomography (pQCT) follow-up scans for boys and girls.
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Figure 2. 
Individual growth curves (thin, light gray lines), individual growth curves of five randomly 

selected girls and boys (thin, black lines), a lowess-smoothing curve (thick, dark gray dashed 

line) and the piecewise linear regression curves (thick, black line) of total area (Tt.Ar), 

cortical area (Ct.Ar), ratio of Ct.Ar to Tt.Ar (Ct.Ar/Tt.Ar), medullary canal area (Me.Ar), 

cortical bone mineral density (Ct.BMD) and polar strength-strain index (SSIp), plotted 

against maturity offset. The vertical line indicates maturity offset (years from age at peak 

height velocity) of 0.
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Figure 3. 
A schematic representation of differences in total area (Tt.Ar), cortical area (Ct.Ar), Ct.Ar/

Tt.Ar, medullary canal area (Me.Ar), and cortical bone mineral density (Ct.BMD) in boys 

and girls in relation to maturity offset (years from age at peak height velocity). For our 

purposes we present maturity offset at −1, 0, 1 and 5 years. Significant differences between 

girls and boys are shown for strength-strain index (SSIp), where boys’ values exceed girls’ at 

all time points, and Ct.BMD, where girls’ values exceed boys’ at all time points. (Diagram 

not to exact scale).
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Table 1

Characteristics of boys and girls at first pQCT measurement. Data are reported as mean (standard deviation) 

unless otherwise indicated.

Boys (n=110) Girls (n=120)

Age (yrs) 11.0 (1.2) 10.9 (1.0)

# 9/10/11/12/13/14 (yrs) 20/42/25/20/0/3 22/58/15/25/0/0

#Asian/ White/Other 45/56/9 56/52/12

APHV (yrs) 13.1 (1.2) 11.5 (0.8)

Height (cm) 146.3 (10.1) 145.5 (9.7)

Weight (kg) 40.1 (10.3) 39.1 (10.6)

Sitting height (cm) 76.6 (4.9) 76.5 (5.1)

Tibial length (mm) 338.8 (28.2) 337.0 (26.5)

Physical activity score 3.1 (0.6) 2.9 (0.5)

MVPA (min/day) 110.5 (68.5) 83.1 (55.7)

Load time (hrs/wk) 7.4 (5.2) 5.3 (4.4)

Dietary calcium (mg/day) 956 (538) 880 (426)

Tt.Ar (mm2) 329.4 (68.9) 311.2 (62.0)

Ct.Ar (mm2) 211.3 (44.6) 204.6 (42.2)

Ct.Ar/Tt.Ar 0.64 (0.05) 0.66 (0.05)

Me.Ar (mm2) 118.1 (31.9) 106.6 (29.2)

Ct.BMD (mg/cm3) 1039.0 (33.9) 1060.9 (33.9)

SSIp (mm3) 1132.7 (361.2) 1060.7 (312.0)

MVPA=moderate-to-vigorous physical activity; APHV=age at peak height velocity; pQCT bone parameters: Tt.Ar = Total area; Ct.Ar = Cortical 
area; Me.Ar = Medullary canal area; Ct.BMD= Cortical bone mineral density; SSIp = strength-strain index.

J Bone Miner Res. Author manuscript; available in PMC 2016 December 01.



C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

Gabel et al. Page 19

Ta
b

le
 2

E
st

im
at

es
 o

f 
m

od
el

 in
te

rc
ep

ts
. I

nt
er

ce
pt

s 
re

pr
es

en
t t

he
 a

ve
ra

ge
 v

al
ue

 o
f 

th
e 

bo
ne

 p
ar

am
et

er
 a

t A
PH

V
 (

m
at

ur
ity

 o
ff

se
t =

 0
).

 N
um

be
rs

 in
 b

ra
ck

et
s 

ar
e 

th
e 

st
an

da
rd

 e
rr

or
 o

f 
th

e 
pa

ra
m

et
er

 e
st

im
at

e 
or

 th
e 

95
%

 c
on

fi
de

nc
e 

in
te

rv
al

 f
or

 th
e 

ra
tio

.

B
oy

s
G

ir
ls

R
at

io
p-

va
lu

e

T
t.A

r 
(m

m
2 )

41
3.

4 
(7

.2
)

32
6.

6 
(6

.8
)

1.
27

 (
1.

21
 to

 1
.3

2)
<

0.
00

1

C
t.A

r 
(m

m
2 )

26
7.

9 
(4

.7
)

21
5.

6 
(4

.5
)

1.
24

 (
1.

18
 to

 1
.3

0)
<

0.
00

1

C
t.A

r/
T

t.A
r

0.
64

7 
(0

.0
06

)
0.

66
2 

(0
.0

06
)

0.
98

 (
0.

96
 to

 1
.0

0)
0.

02
7

M
e.

A
r 

(m
m

2 )
14

5.
5 

(3
.7

)
11

1.
0 

(3
.5

)
1.

31
 (

1.
22

 to
 1

.4
0)

<
0.

00
1

C
t.B

M
D

 (
m

g/
cm

3 )
10

42
.9

 (
3.

6)
10

80
.7

 (
3.

5)
0.

97
 (

0.
96

 to
 0

.9
7)

<
0.

00
1

SS
I p

 (
m

m
3 )

15
85

.8
 (

36
.6

)
11

65
.5

 (
35

.0
)

1.
36

 (
1.

28
 to

 1
.4

5)
<

0.
00

1

T
t.A

r, 
to

ta
l a

re
a;

 C
t.A

r, 
co

rt
ic

al
 a

re
a;

 M
e.

A
r, 

m
ed

ul
la

ry
 c

an
al

 a
re

a;
 C

t.B
M

D
, c

or
tic

al
 b

on
e 

m
in

er
al

 d
en

si
ty

; S
SI

p 
st

re
ng

th
-s

tr
ai

n 
in

de
x

Fo
r 

ou
r 

pu
rp

os
es

, i
nt

er
ce

pt
s 

pr
es

en
te

d 
re

fe
r 

to
 A

si
an

 p
ar

tic
ip

an
ts

J Bone Miner Res. Author manuscript; available in PMC 2016 December 01.



C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

Gabel et al. Page 20

Ta
b

le
 3

E
st

im
at

es
 o

f 
fi

xe
d 

ef
fe

ct
s 

sl
op

es
 a

nd
 c

om
pa

ri
so

n 
be

tw
ee

n 
bo

ys
 a

nd
 g

ir
ls

. S
lo

pe
s 

re
pr

es
en

t a
nn

ua
l r

at
es

 o
f 

ac
cr

ua
l p

re
- 

an
d 

po
st

-a
ge

 a
t p

ea
k 

he
ig

ht
 v

el
oc

ity
 

(A
PH

V
).

 N
um

be
rs

 in
 b

ra
ck

et
s 

ar
e 

th
e 

st
an

da
rd

 e
rr

or
 o

f 
th

e 
pa

ra
m

et
er

 e
st

im
at

e 
or

 th
e 

95
%

 c
on

fi
de

nc
e 

in
te

rv
al

 f
or

 th
e 

ra
tio

.

Sl
op

e 
P

re
-A

P
H

V
Sl

op
e 

P
os

t-
A

P
H

V

B
oy

s
G

ir
ls

R
at

io
p-

va
lu

e
B

oy
s

G
ir

ls
R

at
io

p-
va

lu
e

T
t.A

r 
(m

m
2 /

yr
)

55
.4

 (
2.

0)
47

.0
 (

2.
7)

1.
18

 (
1.

02
 to

 1
.3

4)
0.

01
1

19
.2

 (
0.

6)
10

.2
 (

0.
6)

1.
89

 (
1.

64
 to

 2
.1

3)
<

0.
00

1

C
t.A

r 
(m

m
2 /

yr
)

38
.3

 (
1.

6)
35

.0
 (

2.
2)

1.
10

 (
0.

94
 to

 1
.2

6)
0.

21
1

15
.2

 (
0.

5)
8.

7 
(0

.5
)

1.
75

 (
1.

50
 to

 1
.9

9)
<

0.
00

1

C
t.A

r/
T

t.A
r

0.
00

7 
(0

.0
01

)
0.

01
3 

(0
.0

02
)

0.
56

 (
0.

29
 to

 0
.8

3)
0.

02
1

0.
00

5 
(0

.0
00

5)
0.

00
5 

(0
.0

00
5)

1.
01

 (
0.

71
 to

 1
.3

1)
0.

92
8

M
e.

A
r 

(m
m

2 /
yr

)
15

.2
 (

0.
6)

11
.4

 (
0.

9)
1.

34
 (

1.
11

 to
 1

.5
7)

<
0.

00
1

4.
1 

(0
.2

)
1.

6 
(0

.2
)

2.
63

 (
1.

80
 to

 3
.4

5)
<

0.
00

1

C
t.B

M
D

 (
m

g/
cm

3 /
yr

)
−

1.
0 

(0
.9

)
16

.4
 (

1.
6)

−
0.

07
 (

−
0.

17
 to

 0
.0

4)
<

0.
00

1
18

.2
 (

0.
5)

14
.8

 (
0.

6)
1.

23
 (

1.
11

 to
 1

.3
5)

<
0.

00
1

SS
I p

 (
m

m
3 /

yr
)

27
1.

6 
(1

0.
0)

23
7.

4 
(1

4.
6)

1.
14

 (
0.

98
 to

 1
.3

0)
0.

05
4

16
4.

0 
(4

.8
)

84
.2

 (
5.

0)
1.

95
 (

1.
69

 to
 2

.2
0)

<
0.

00
1

T
t.A

r, 
to

ta
l a

re
a;

 C
t.A

r, 
co

rt
ic

al
 a

re
a;

 M
e.

A
r, 

m
ed

ul
la

ry
 c

an
al

 a
re

a;
 C

t.B
M

D
, c

or
tic

al
 b

on
e 

m
in

er
al

 d
en

si
ty

; S
SI

p 
st

re
ng

th
-s

tr
ai

n 
in

de
x.

J Bone Miner Res. Author manuscript; available in PMC 2016 December 01.


	Abstract
	Introduction
	Methods
	Study design
	Anthropometry
	Age at Peak Height Velocity (APHV)
	Health history, ethnicity and lifestyle
	Bone geometry, density and strength
	Data Cleaning
	Statistical Analysis

	Results
	Descriptive Characteristics
	Comparisons of Bone Parameters between Boys and Girls at APHV
	Comparison of Annual Accrual Rates for Bone Parameters between Boys and Girls Pre- and Post-APHV

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Table 1
	Table 2
	Table 3

