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Abstract
This prospective study assessed whether metacarpal indices predict fracture risk in children and adolescents. Radiogram-
metry was performed at the second metacarpal midshaft on annual hand–wrist radiographs of 359 South African (SA) 
children aged 10–17 years. Bone length, bone width, and medullary width were measured, and the following proxies for 
bone strength calculated: metacarpal index (MCI), bone mineral density (BMD), section modulus (SM), stress–strain index 
(SSI), and slenderness index (SLI). Height and weight were measured annually. Self-reported physical activity (PA) and 
fracture history were obtained at ages 15 years (for the preceding 12 months) and 17 years, respectively. At 17 years, 82 
(23%) participants (black, 16%; white, 42%; p < 0.001) reported a previous fracture. None of the bone measures or indices 
were associated with fracture in black participants. In white females, after adjusting for PA, a 1 standard deviation (SD) 
greater SLI doubled the fracture risk [odds ratio (OR) 2.08; 95% confidence interval (CI) 1.08, 3.98]. In white males, a 1 SD 
greater BMD was associated with a 2.62-fold increase in fracture risk (OR 3.62; 95% CI 1.22, 10.75), whilst a 1 SD greater 
SM (OR 2.29; 95% CI 1.07, 4.89) and SSI (OR 2.23; 95% CI 1.11, 4.47) were associated with a more than twofold increase 
in fracture risk, after height, and PA adjustment. No single index consistently predicted fracture across the four groups pos-
sibly due to ethnic and sex differences in bone geometry, muscle mass, and skeletal loading. Metacarpal radiogrammetry 
did not reliably predict fracture in SA children.

Keywords Radiogrammetry · Metacarpal indices · Bone strength · Fracture · Adolescents

Introduction

Childhood and adolescence is associated with a high inci-
dence of fracture with at least 30% of children sustaining a 
fracture during this time [1–4]. Fractures in children occur 
predominantly during puberty, when there is dissociation 
between the ages of peak growth velocity and bone mineral 
accrual [5]. Compelling evidence exists for the antecedents 
of bone fragility in adulthood being established during the 

circumpubertal years [6–8]. Children who fracture are more 
inclined to fracture as adults [6, 9] and have evidence of 
reduced bone mineral density (BMD) and strength at previ-
ous fracture sites in adulthood [10].

The mechanical and functional properties of bone are 
a consequence of its morphological characteristics com-
bined with tissue quality traits [11]. Biological constraints 
result in significant variation of these traits both within and 
across population groups [11]. Ethnic disparities in fracture 
incidence have been shown in US children [12]. In a South 
African (SA) study, a greater proportion of white (41%) 
than black (19%) children had fractured by age 15 years [3], 
despite white children having greater bone area and bone 
mineral content than their black peers after adjusting for 
differences in height and weight [3, 13]. The prevalence of 
fractures is also sex-specific, being greater in boys than girls 
[3, 4, 14]. Additionally, environmental factors such as physi-
cal activity (PA) and body mass index (BMI) independently 
contribute to variations in fracture incidence [13, 15].
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Metacarpal bone characteristics measured by radio-
grammetry have been used to predict fracture risk in adults 
[16–18] and children [18–20]. There have been conflict-
ing reports on the reliability of this method even though 
the strength of the association between wrist and forearm 
fractures and metacarpal measures obtained by radiogram-
metry have been shown to be comparable to dual energy 
X-ray absorptiometry (DXA) [19]. The aim of this study 
was to determine the association between various metacar-
pal indices and fracture risk in a cohort of SA children and 
adolescents. We hypothesised that irrespective of ethnicity 
or sex, metacarpal bone dimensions and indices would 
predict fracture risk.

Materials and Methods

Participants and Protocol

The participants were members of the Bone Health Cohort 
(BHC) which is a sub-cohort of the Birth to Twenty 
Cohort (Bt20) whose participant recruitment protocols 
have previously been described [21]. Briefly, Bt20 is a 
longitudinal child health study of 3273 singleton children 
born over a 6-week period in 1990 in the greater Soweto-
Johannesburg metropolitan area, South Africa. Children 
were classified as black (African descent) or white (Euro-
pean descent) based on the race classification used in 
South Africa for demographic and restitution purposes. 
Ethnic classification was self-reported by the parents and 
only those children whose parents both belonged to the 
same ethnic group were included in this study. Genetic 
studies have shown little ethnic admixture between the 
groups in the Bt20 cohort [22]. At age 9 years, 563 of 
these children were included in the BHC to investigate 
factors affecting the acquisition of peak bone mass during 
adolescence. An additional 120 white children born in the 
same period as the original cohort were enrolled into the 
BHC to compensate for the small number of white partici-
pants, which represented the population demographics of 
South Africa at that time. Birth weight, socioeconomic 
status, and maternal age and education of the additional 
white participants were similar to those of the existing 
white children of the BHC. All participants were healthy; 
those taking medication known to affect bone metabolism 
were excluded from the study.

Measurements included weight, height, and hand–wrist 
X-rays, and each participant’s annual assessment was done 
at approximately the same time every year. The mean age 
and range at each annual assessment is presented in Sup-
plementary Table 1.

Anthropometric Measurements

Weight and height of participants were measured whilst 
wearing light clothing and no shoes. Weight was measured 
to the nearest 100 g using a digital scale (Dismed, Miami, 
FL, USA) and height to the nearest millimetre using a sta-
diometer (Holtain, Crymych, UK). Quality control annual 
training and monitoring ensured a coefficient of variation 
between measurers of less than 2%. BMI was calculated 
as weight (kg)/height (m)2.

Radiography

Postero-anterior hand–wrist radiographs of the left hand 
were taken annually between 9 and 21 years of age by certi-
fied radiographers at the Charlotte Maxeke Academic Hos-
pital in Johannesburg. The left hand was radiographed in 
all participants irrespective of hand dominance. The X-ray 
beam was focussed on the distal aspect of the third meta-
carpal of the left hand. Radiographs were taken using cas-
settes with single-emulsion film under standard conditions 
of tube to film distance of 76 cm and exposure at 42 kV and 
12 mA/s, and processed in an automatic developer in accord-
ance with the optimal conditions described by Tanner [23].

Radiogrammetry

The dimensions of the second metacarpal were measured on 
annual radiographs from 359 participants between the ages 
of 10 and 17 years. Measurements were carried out using 
digital vernier callipers calibrated to 0.01 mm and the fol-
lowing parameters were obtained in millimetres: Total length 
of bone from proximal to distal end (L), and outer bone width 
(D) and medullary inner width (d) at the midshaft of the 
bone. The cortical thickness was calculated as the difference 
between the bone width and medullary width (D − d). Using 
these measurements, the following indices were calculated: 
MCI = (D − d)/D [24], BMD = π(D − d) × [1 − ((D − d)/D
)] [25], section modulus (SM) = π[(D4 − d4)/32]/0.5D [26], 
slenderness index (SLI) = (bone length × body weight)/
SM [27], stress–strain index (SSI) = SM × volumetric BMD 
[28]. A single researcher (AM) performed all measurements. 
Intraobserver reliability of metacarpal measurements were 
(i) metacarpal length 0.14%, (ii) bone width 0.80%, and (iii) 
medullary width 6.20% [21]. Interobserver reliability was 
evaluated by comparing the metacarpal measurements for 
the 10-year age group against measurements performed on 
the same participants from this cohort in a previous study. 
The difference between the results of the two studies was 
less than 3% [29].
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Fracture Questionnaire

Fracture history was obtained retrospectively at age 17 years. 
Participants completed a questionnaire with the assistance 
of their parent or caregiver. Information obtained included 
age at fracture, cause and site of fracture (with the aid of 
a skeletal diagram), by whom the fracture was diagnosed, 
whether radiographs were taken to confirm the fracture, and 
the treatment offered and performed. As our fracture data 
were collected retrospectively, the fractures could not be 
verified radiographically. Between 6 months and a year after 
completing the initial fracture questionnaire, 9% of the par-
ticipants who were selected randomly, verified their fracture 
data telephonically. The grades of trauma causing fracture 
were classified as slight (grade 1), moderate (grade 2), and 
severe (grade 3) (Table 1) [3, 30]. Only those participants 
who had sustained fractures as a result of mild to moderate 
trauma were included in the analyses.

Physical Activity Levels

Self-reported PA was obtained at age 15 years for the pre-
ceding 12 months via an interviewer administered question-
naire which had been previously validated in a SA popula-
tion [31]. Activities were categorized as formal (physical 
education, extra-mural school, and club sport) and informal 
(leisure time activities outside of the school or club envi-
ronment). The duration of activity was recorded in minutes 
per week (min/week) and capped at 1680 min/week for 
informal activity. School and club sport were both capped 
at 1200 min/week.

Data Analysis

Cross‑Sectional Data

Data for black and white participants were analysed sepa-
rately because of differences between the two ethnic groups 
in anthropometry and bone mass measures obtained using 
radiogrammetry [21] and DXA [13]. Participants were 
categorized into yearly age groups for cross-sectional 

analyses. For example, age group 10 included participants 
aged between 10 and 10.9 years. Data were analyzed using 
STATA version 14 (Stata Corporation, Inc., College Station, 
TX, USA). A one-way ANOVA with a post-hoc Bonferroni 
multiple comparisons test (α level 0.05) was performed to 
determine sex and ethnic differences in fracture prevalence, 
and, in participant anthropometry, bone measures, bone indi-
ces, and PA levels. Participant height and BMI data were 
converted to Z-scores using the World Health Organisation 
Anthroplus software (http://www.who.int/growt href/tools /
en). Black females were the largest group of non-fracturing 
participants and were, therefore, used as a reference group 
against which to compare the other groups’ bone measures, 
bone indices, and PA scores after converting the variables 
to Z-scores based on black female data. The Z-scores were 
calculated by subtracting the reference mean from each indi-
vidual score and dividing by the reference standard deviation 
(SD). Student t-tests were used to determine differences in 
Z-score bone measures between participants with and with-
out fractures within the four ethnic and sex groups. Bivariate 
logistic regression analyses were used to determine the asso-
ciations between anthropometric measures, bone measures, 
and bone indices and fracture history at 17 years separately 
for each sex and ethnic group. Multivariate logistic regres-
sion analyses, adjusting for height and formal PA, were also 
performed to examine the same associations at 17 years. 
Statistical significance was set at p < 0.05 for all analyses.

Longitudinal Data

Correlation analysis was performed on height at each year 
from 10 until 16 years with MCI, BMD, SM, and SSI to 
determine the influence of participant height on each index 
at different ages.

To determine the association between bone measures and 
indices prior to the age of peak metacarpal length velocity 
(PLV) [21] and a history of fracture at 17 years, logistic 
regression analysis was performed for each bone measure 
and index for the combined sex and ethnic groups of partici-
pants at 10 years of age to determine the odds ratios (ORs) 
for fracture at 17 years after adjusting for height.

Table 1  Grades of trauma 
causing fractures [3, 30]

Grades Causes

Grade 1 (slight) Falling to the ground from standing on the same level
Falling from less than 0.5 m (falling from stools, chairs, and beds)

Grade 2 (moderate) Falling from between 0.5 and 3 m
Falling down stairs, from a bicycle, roller blades, skateboard, or swing
Playground scuffles, sport injuries

Grade 3 (severe) Falling from a height > 3 m (falls from windows or roofs)
Motor vehicle or pedestrian accidents
Injuries caused by heavy moving or falling objects (e.g., bricks or stones)
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A generalized estimating equations (GEE) model was 
used to analyze the correlated data of the bone measures and 
indices with the binary outcome of fracture. The combined 
data of participants from both ethnic and sex groups from 
ages 10 until 16 years were assessed against the cumulative 
fracture incidence between 10 and 17 years. A binomial fam-
ily with a logit link was specified in the model. An autore-
gressive correlation structure was deemed the most appro-
priate to minimize loss of statistical power for the repeated 
measures. ORs were calculated for the bone indices and the 
binary outcome of fracture. Statistical significance was set 
at p < 0.05.

Results

Participant recruitment and number of observations are 
shown in Fig. 1. A total number of 359 participants, aged 
between 10 and 17 years, had valid hand–wrist X-rays and 
had completed the fracture and PA questionnaires. Attri-
tion of participants and participants missing data collection 
waves during the study were due either to time constraints, 
challenges with transportation, or to the circular migration 
of individuals between their extended family in urban and 
rural areas.

Fracture Incidence

The mean age on completion of the fracture questionnaire 
was 17.69 ± 0.25 years. Eighty-two (23%) of these individu-
als had sustained one or more fractures during their lifetime. 
The percentage of white females who had fractured was 
more than triple that of black females (40 vs. 12%), whilst 
the percentage of white males who had fractured was more 
than double that of black males (44 vs. 20%). Within ethnic 
groups, there were no significant sex differences in fracture 
prevalence. The sites of fracture and grades of trauma are 
presented in Table 2. Five participants, who had sustained 
a fracture due to a grade 3 level of trauma, were excluded 
from further analyses.

Cross‑Sectional Data

Cohort Characteristics at Age 17 Years

Characteristics of participants of the cohort at age 17 years 
are presented in Table 3. At 17 years of age, black par-
ticipants were significantly shorter than their white peers. 
Black and white females were of similar weight; however, 
black males were lighter than white males. Black females 
and males had thinner cortices, greater medullary widths, 
and hence a lower MCI than their white peers. Black and 
white females had shorter and narrower bones with smaller 

medullary cavities than their respective male peers. Females, 
therefore, had lower BMD, SM, and SSI than males. 
Females had more slender bones than males as reflected by 
their higher SLI. At 15 years, black participants engaged in 
significantly less formal PA than their white peers.

Comparison of Fracture and Non‑fracture Groups

Comparisons of anthropometry, bone measures and indi-
ces between the fractured and non-fractured groups at age 
17 years are presented in Table 4. The only anthropomet-
ric difference between those who had and had not fractured 
was in white females, with those who had fractured hav-
ing a significantly higher BMI Z-score than those who had 
not (p = 0.04). Metacarpal length, bone width, and cortical 
thickness did not differ between those who had and had not 
fractured in black females, black males, and white females. 
However, white males who had fractured had wider bones 
(p = 0.03) and greater medullary widths (p = 0.02) than those 
without fractures. There were no differences in any of the 
bone indices between the fracture and non-fracture groups 
in black participants. In white participants, females who had 
fractured had a greater SLI than their non-fractured peers 
(p = 0.01), while males who had fractured had lower MCI 
and SLI but higher BMD, SM, and SSI than their non-frac-
turing peers.

Associations Between Anthropometric Characteristics 
and History of Fractures at Age 17 Years

Bivariate logistic regression analyses showed that in white 
females a 1 SD greater BMI Z-score was associated with 
a 93% increase in fracture risk (OR 1.93; 95% confidence 
interval, CI 1.01, 3.71) (Supplementary Table 2). None of 
the anthropometric measures were associated with fracture 
risk in the other three groups (Supplementary Table 2).

Associations Between Bone Measures and History 
of Fractures at Age 17 Years

Bivariate logistic regression analyses showed that in white 
males, a 1 SD greater bone width was associated with a 
96% increase in fracture risk (OR 1.96; 95% CI 1.03, 3.72) 
(Supplementary Table 2). When adjusted for height and PA 
(Fig. 2), the OR increased to 2.77 (95% CI 1.09, 7.09). In the 
same group, the odds for fracture increased 2.2-fold with a 
1 SD greater medullary width (OR 2.22; 95% CI 1.05, 4.69) 
(Supplementary Table 2), however, the association was no 
longer significant when adjusted for height and PA (Fig. 2). 
In the other three groups, none of the bone measures were 
associated with fracture risk.
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Associations Between Bone Indices and History of Fractures 
at Age 17 Years

Bivariate logistic regression analyses showed that in white 
females a 1 SD greater SLI was associated with a twofold 
increase in odds for fracture (OR 2.00; 95% CI 1.11, 3.61) 
(Supplementary Table 2). After adjusting for PA, the OR did 
not change (OR 2.08; 95% CI 1.08, 3.98; Fig. 2). In contrast, 

Fig. 1  Participant recruitment 
(N) and the number of partici-
pants (n) with their respective 
number of observations

Table 2  Cohort fractures by site and grade of trauma

Sites Grade 1 Grade 2 Grade 3

Upper limb 10 (12%) 36 (44%) 0 
Lower limb 6 (7%) 19 (23%) 4 (5%)
Other 0  6 (7%) 1 (1%)

Author's personal copy
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greater SLI in black females was associated with a reduced 
risk of fracture (OR 0.51; 95% CI 0.26, 1.00) (Supplemen-
tary Table 2), however, this was no longer significant when 
adjusted for PA (Fig. 2).

In white males, a 1 SD greater MCI was associated with 
a 55% decreased risk of fracture (OR 0.45; CI 0.20, 0.99) 
(Supplementary Table 2) which was no longer significant 
after adjusting for height and PA (Fig. 2). The bone indices 
BMD, SM, and SSI were associated with fracture risk in 
white males before and after adjusting for height and PA 
(Supplementary Table 2; Fig. 2). When adjusted for height 
and PA, a 1 SD greater BMD increased the risk of fracture 
threefold (OR 3.62; 95% CI 1.22, 10.75), and a 1 SD greater 
SM and SSI increased the odds of fracture by 129% (OR 

2.29; 95% CI 1.07, 4.89) and 123% (OR 2.23; 95% CI 1.11, 
4.47), respectively (Fig. 2).

Longitudinal Data

The bone indices BMD, SM, and SSI were moderately cor-
related with height at each year from age 10 until 16 years 
(r = 0.32–0.55) (Supplementary Table 3). There was no con-
sistent relationship between MCI and height across the age 
range (Supplementary Table 3).

When the association between bone indices prior to 
PLV and adolescent fracture history were assessed, logistic 
regression showed that for the combined groups of partici-
pants, none of the bone indices measured at age 10 years 

Table 3  Cohort anthropometry, bone measures and bone indices at 17 years of age, and physical activity at 15 years of age

a–d represent significant sex and ethnic differences: a—black female versus white female, b—black female versus black male, c—black male 
versus white male, d—white female versus white male (p < 0.05). Data are presented as means with standard devisations (SD)
TL total length, BW bone width, MW medullary width, CT cortical thickness, MCI metacarpal index, BMD bone mineral density, SM section 
modulus, SSI stress–strain index, SLI slenderness index, FPA formal physical activity, InFPA informal physical activity

Variables Black female (n = 123) White female (n = 50)

Mean SD Mean SD

Height (cm) 158.20 6.13 ab 165.95 7.14 d
Weight (kg) 59.12 11.07 61.70 12.98 d
TL (mm) 65.38 3.70 b 65.56 3.85 d
BW (mm) 8.10 0.71 b 8.01 0.56 d
MW (mm) 3.98 0.87 ab 3.47 0.92 d
CT (mm) 4.12 0.53 a 4.54 0.59 d
MCI 0.51 0.08 ab 0.57 0.09
BMD (g/mm2) 6.21 0.61 b 5.97 0.71 d
SM  (mm3) 99.23 25.28 b 97.50 18.66 d
SSI  (mm3) 630.10 227.70 b 592.79 178.99 d
SLI (1/mm2/kg) 40.69 10.39 b 42.84 11.91 d
FPA (min/week) 11.18 22.17 ab 44.32 58.45
InFPA (min/week) 16.36 30.50 14.51 28.54

Variables Black male (n = 145) White male (n = 41)

Mean SD Mean SD

Height (cm) 170.44 6.65 c 178.46 9.18
Weight (kg) 59.45 9.13 c 72.01 12.61
TL (mm) 70.53 3.87 70.94 3.74
BW (mm) 9.14 0.79 9.16 0.83
MW (mm) 4.83 1.07 c 4.20 0.94
CT (mm) 4.31 0.68 c 4.96 0.59
MCI 0.48 0.09 c 0.54 0.07
BMD (g/mm2) 6.95 0.64 6.99 0.76
SM  (mm3) 138.89 32.43 146.04 36.44
SSI  (mm3) 982.58 312.23 1045.41 353.15
SLI (1/mm2/kg) 31.41 7.32 c 36.78 10.26
FPA (min/week) 26.21 31.60 33.42 34.67
InFPA (min/week) 21.12 35.30 22.82 27.02
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significantly predicted fracture history at age 17 years (data 
not shown).

Longitudinal analyses of the bone measures and indi-
ces from ages 10 until 16 years and the odds of a positive 
fracture history by 17 years of age, before and after adjust-
ing for height, using GEE for the combined groups are 
presented in Table 5. Increases in cortical thickness, MCI, 
and BMD were associated with decreases in fracture risk 
when unadjusted, but after adjusting for height, the rela-
tionships were reversed. When unadjusted, a 1 mm increase 

in cortical thickness between 10 and 16 years was associ-
ated with a 1% lower risk of fracture history at age 17 years 
(p = 0.03). A unit increase in MCI between ages 10 and 
16 years resulted in a 9% decrease risk of fracture risk by 
age 17 years (p = 0.02), whilst a unit increase in BMD was 
associated with a 1% decreased risk of fracture by 17 years 
of age (p = 0.03) using unadjusted data. After adjusting for 
height, there was a slight increase in fracture risk by age 
17 years for a unit increase in CT (p = 0.01), MCI (p = 0.02), 
and BMD (p = 0.01) between ages 10 and 16 years.

Table 4  Sex and ethnic differences in mean Z-scores with standard deviations (SD) for anthropometric measures, bone measures, metacarpal 
indices, and physical activity in 17-year old participants with and without a history of fracture

Non-fracturing black females were used as a reference group to develop Z-scores for the bone measures and indices. WHO reference standards 
were used for anthropometry. p-values represent significant differences between fracture and non-fracture groups
ns no significant differences between fracture and non-fractured groups, TL total length, BW bone width, MW medullary width, CT cortical 
thickness, MCI metacarpal index, BMD bone mineral density, SM section modulus, SSI stress–strain index, SLI slenderness index, FPA formal 
physical activity, InFPA informal physical activity

Variables Black female White female

No-fracture (N = 108) Fracture (N = 15) p No-fracture (N = 30) Fracture (N = 20) p

Mean (SD) Mean (SD) Mean (SD) Mean (SD)

BMI 0.51 (1.14) 0.23 (0.84) ns − 0.08 (0.95) 0.57 (1.24) 0.04
Height − 0.53 (0.92) − 0.63 (0.95) ns 0.46 (1.04) 0.41 (1.16) ns
TL 0.00 (1.00) − 0.05 (1.24) ns − 0.11 (0.97) 0.28 (1.19) ns
BW 0.00 (1.00) 0.34 (1.22) ns 0.00 (0.83) − 0.21 (0.78) ns
MW 0.00 (1.00) 0.21 (1.31) ns − 0.39 (1.01) − 0.88 (1.17) ns
CT 0.01 (1.00) 0.11 (0.84) ns 0.61 (0.91) 1.09 (1.28) ns
MCI 0.04 (0.97) − 0.03 (1.05) ns 0.55 (1.02) 1.09 (1.29) ns
BMD 0.00 (1.00) 0.25 (0.96) ns − 0.12 (1.12) − 0.72 (1.18) ns
SM 0.00 (1.00) 0.34 (1.33) ns 0.05 (0.81) − 0.14 (0.72) ns
SSI 0.00 (1.00) 0.33 (1.39) ns − 0.01 (0.86) − 0.31 (0.77) ns
SLI 0.00 (1.00) − 0.54 (0.56) ns − 0.18 (0.79) 0.60 (1.36) 0.01
FPA 0.02 (0.94) − 0.03 (0.52) ns 1.59 (2.69) 1.04 (1.85) ns
InFPA 0.00 (1.08) − 0.16 (0.62) ns − 0.05 (1.13) − 0.11 (0.69) ns

Variables Black male White male

No-fracture (N = 116) Fracture (N = 29) p No-fracture (N = 23) Fracture (N = 18) p

Mean (SD) Mean (SD) Mean (SD) Mean (SD)

BMI − 0.59 (1.11) − 0.71 (0.90) ns − 0.04 (0.89) 0.52 (0.95) ns
Height − 0.61 (0.89) − 0.64 (1.07) ns 0.09 (1.22) 0.64 (1.17) ns
TL 1.41 (1.05) 1.47 (1.19) ns 1.44 (1.18) 1.67 (0.84) ns
BW 1.54 (1.11) 1.60 (1.27) ns 1.22 (1.12) 2.04 (1.18) 0.03
MW 1.01 (1.27) 1.15 (1.28) ns − 0.07 (1.14) 0.74 (0.95) 0.02
CT 0.41 (1.20) 0.26 (1.48) ns 1.66 (1.04) 1.46 (1.16) ns
MCI − 0.40 (1.07) − 0.55 (1.15) ns 0.70 (0.99) 0.10 (0.72) 0.04
BMD 1.24 (1.00) 1.23 (1.28) ns 0.87 (1.31) 1.88 (0.91) 0.01
SM 1.67 (1.29) 1.74 (1.56) ns 1.53 (1.27) 2.55 (1.63) 0.03
SSI 1.65 (1.38) 1.75 (1.71) ns 1.43 (1.36) 2.64 (1.73) 0.02
SLI − 0.94 (0.66) − 0.91 (0.80) ns − 0.33 (1.11) − 0.56 (0.73) ns
FPA 0.57 (1.27) 0.85 (1.34) ns 0.35 (0.92) 1.53 (1.61) 0.02
InFPA 0.11 (1.15) 0.30 (1.36) ns 0.24 (1.12) 0.16 (0.67) ns
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Discussion

Our study of SA children and adolescents from a longitu-
dinal cohort comprising two ethnic groups assessed meta-
carpal bone measures and indices and their association with 
fracture risk during childhood and adolescence. We observed 
ethnic differences in fracture prevalence in the first 17 years 
of life, with substantially higher incidences in both white 
females and males relative to their black peers, consistent 
with results obtained at 10 and 15 years in the Bt20 cohort 
[13]. Similarly, ethnic differences in fracture incidence have 
previously been reported in SA adults in whom black indi-
viduals had a lower incidence of femoral neck fractures [32] 
even though their metacarpal BMD was lower than that of 
their white peers [33]. Whilst these studies taken together 

suggest that genetics may play a role in protecting against 
fracture, extrinsic factors which affect the attainment of peak 
bone mass may also contribute to the aetiology of skeletal 
fragility in late adulthood [6].

Fracture prevalence has been shown to be a function of 
bone geometry [34], thus geometric indices obtained by 
radiogrammetry such as the MCI and BMD, both of which 
reflect bone size and cortical thickness, have been the most 
widely used metacarpal indices to determine fracture risk 
[17, 19, 35]. Studies on both adults [16] and children [19] 
have shown a low MCI to be associated with a greater frac-
ture risk. Even though we have previously shown that black 
children have thinner cortices relative to bone width [21], 
and hence a lower MCI than white children, we have also 
shown that they fractured less. In keeping with the above 

Fig. 2  Odds ratios for having a history of fracture, based on bone 
measures and indices at 17  years of age, after covarying for height 
and formal physical activity. Data are presented as odds ratios with 
95% confidence intervals. TL total length, BW bone width, MW med-

ullary width, MCI metacarpal index, CT cortical thickness, BMD 
bone mineral density, SM section modulus, SSI stress–strain index, 
SLI slenderness index. SLI covaried for formal physical activity only. 
Significant p-values < 0.05 are in bold
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findings, our white males at 17 years of age who had a his-
tory of fracture had greater bone widths and wider medullary 
cavities, reflective of a lower MCI, than their non-fracturing 
peers. They also had a 55% decrease in fracture risk associ-
ated with a 1 SD gain in MCI, but this was negated when 
height and PA were considered. The group of white males 
with a history of fractures participated in more formal PAs, 
thus any biomechanical advantage provided by the geometri-
cal organization of their bones may have been overridden 
by greater force at the time of injury. The finding that white 
males who fractured were taller, played more formal sport, 
and had greater DXA-derived bone mass has been previ-
ously reported from this cohort [13]. We have also shown 
that white males who had fractured had a higher BMD than 
their non-fracturing peers. In contrast, in Europe, a lower 
BMD was reported in adolescent males who had fractured 
compared to those who had not [18]. Our results indicate 
that a higher BMD does not entirely compensate for higher 
risk-taking activities.

In our study, although there were no sex differences in 
fracture prevalence (possibly because of the small numbers), 
black males had a lower MCI than their female counterparts, 
whereas white males and females who had not fractured had 

a similar MCI. In contrast, 17–18-year old females in Europe 
with no history of fracture had a higher MCI than their male 
peers [18]. Collectively, in addition to sex differences, these 
results also reflect population differences in bone geometry. 
In both the fractured and non-fractured participants, we also 
observed sex differences in radiogrammetry-derived BMD, 
which reflects the greater bone widths and cortices in males 
compared to females. These sex differences are consistent 
with the greater DXA-derived BMD at 15 years in males 
compared to females in this cohort [13]. A shortcoming of 
both radiogrammetry- and DXA-derived BMD is that they 
represent bone size rather than volumetric BMD which may 
be obtained by more advanced high-resolution computed 
tomography. The latter technique may also give insight 
into factors such as cortical porosity that may contribute 
to fracture.

Long bone fracture is primarily the result of bending or 
torsional stresses [36]. When we assessed SM and SSI which 
are surrogate strength indices based on moments of inertia, 
these indices were associated with fracture only in white 
males. We found that a greater SM and SSI increased frac-
ture risk significantly, even after adjusting for height and 
PA. Our white males who fractured had greater bone width 
and medullary width, and hence reduced cortical thickness, 
resulting in a higher SM and SSI compared to their non-
fractured peers. This outward displacement of the cortex 
from the neutral axis of the bone should have conferred a 
greater resistance to bending and torsional forces, and a 
reduced propensity to fracture [37]. This incongruity may 
be attributed to the overriding influence of higher levels of 
PA participation.

Our study and others have shown that metacarpal indi-
ces are influenced by height [38] which is a major determi-
nant of bone size and mass [39]. In our cohort, at 17 years 
of age, there were no differences in height or metacarpal 
length between participants who had fractured and those 
who had not. This finding differs from results obtained at 
15 years of age where white males of this cohort who frac-
tured were taller than their non-fracturing peers [13], and 
may be related to differences in age of pubertal development 
and peak height velocity. An additional influencing factor 
may have been our sample size which was 23% smaller than 
that at 15 years. Taller individuals are at a greater risk for 
fracture despite their longer and wider bones with relatively 
thinner cortices [40]. In a twin study, the taller twins had 
increased fracture risk due to increased porosity of the cor-
tex, despite their bone geometry offering greater resistance 
to torsional and bending forces [40].

Since height influences metacarpal indices, we assessed 
the SLI, which is also a proxy for bone strength, for its asso-
ciation with a history of fracture. The SLI, is an index based 
on moments of inertia which factors in body size, that is, 
the product of weight and bone length [27]. We showed that 

Table 5  GEE assessment of metacarpal bone measures and indices 
for the combined sex and ethnic groups from ages 10 until 16 years 
and odds ratios for a positive fracture history at age 17 years

Data are presented as odds ratios with standard error of means (SE) 
and 95% confidence intervals (CI). Significant p-values < 0.05 are in 
bold
BW bone width, Ht height, CT cortical thickness, MCI metacarpal 
index, BMD bone mineral density, SM section modulus, SSI stress–
strain index

Variables Odds ratio SE 95% CI p

BW 1.004 4.75E−03 [0.99, 1.01] 0.44
Ht 1.00003 1.80E−04 [0.9997, 1.0004] 0.85
BW × Ht 1.000002 2.11E−05 [0.99996, 1.00004] 0.92
CT 0.99 3.93E−03 [0.98, 0.9989] 0.03
Ht 1.00001 9.07E−05 [0.9998, 1.0002] 0.92
CT × Ht 1.00006 2.29E−05 [1.00002, 1.0001] 0.01
MCI 0.91 3.81E−02 [0.84, 0.99] 0.02
Ht 0.99997 1.32E−04 [0.9997, 1.0002] 0.83
MCI × Ht 1.0006 2.51E−04 [1.0001, 1.001] 0.02
BMD 0.99 3.64E−03 [0.99, 0.999] 0.03
Ht 0.99998 9.50E−05 [0.9998, 1.0002] 0.84
BMD × Ht 1.00005 2.12E−05 [1.00, 1.0001] 0.01
SM 1.00006 1.68E−04 [0.9997, 1.0004] 0.71
Ht 1.0001 8.64E−05 [0.9999, 1.0003] 0.27
SM × Ht 1.00 7.99E−07 [0.999999, 1.000002] 0.92
SSI 1.00 2.06E−05 [0.99996, 1.00004] 0.98
Ht 1.0001 8.29E−05 [0.99996, 1.0003] 0.13
SSI × Ht 1.00 1.02E−07 [0.9999998, 1.00] 0.73
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the SLI was associated with a history of fracture in white 
females only. Whilst our white females with a history of 
fracture had a greater SLI and hence more slender bones 
than their non-fractured peers, we also showed that after 
adjusting for PA, a 1 SD increase in SLI doubled the risk of 
fracture. Since body weight is used in the calculation of the 
SLI, the greater weight in white females who fractured may 
account for the association between the SLI and fracture in 
this group only. At both 15 and 17 years, white females in 
this cohort who fractured had greater fat mass [13] which 
supports the findings of Goulding and co-workers in New 
Zealand [41].

Bone mass measures in 8-year old children obtained by 
DXA have been reported to predict upper limb fracture dur-
ing puberty [42], but this was not found in our study. Meta-
carpal indices of the combined sex and ethnic groups evalu-
ated at 10 years, which is prior to the age of PLV in these 
participants [21], were of no value in predicting adolescent 
fracture. This suggests that external risk factors may play a 
greater role than measures of bone mass in the association 
with fracture. Bone mass measures have been shown to track 
from childhood through adolescence [7]. In our longitudinal 
analyses, we have shown that an increase in bone width and/
or cortical thickness, as reflected by the MCI, is associated 
with a 9% reduction of fracture history risk at age 17 years in 
SA children. However, it is unclear for how many years from 
the time of measurement that the index has predictive value 
and prospective studies would be needed to elucidate this. 
Radiogrammetry-derived BMD, when assessed longitudi-
nally, was only weakly associated with decreased adolescent 
fracture. We acknowledge a shortcoming of this study in 
that the timing of the fractures was not documented as they 
occurred; these data may have provided better correlation 
with the indices longitudinally.

A strength of this study is that it presents longitudinal 
data on radiogrammetry-derived metacarpal indices and 
their associations with fracture history in SA children of 
two ethnic groups. To the best of our knowledge, there 
are no other such studies. We were limited by the over-
all small number of white individuals, and relatively few 
black participants with a history of fracture, which may 
have resulted in the loss of statistical power. In this study, 
we considered it essential to stratify the participants by 
sex and ethnicity due to known differences in their bone 
geometry. Another limitation is that radiogrammetry only 
provides quantitative rather than qualitative information. 
Our metacarpal measurements were at the mid-diaphyseal 
region where the composition of bone differs from meta-
physeal sites which have a higher trabecular content and 
are the most prevalent sites of fracture [43]. Fractures were 
not verified radiographically, though there was consistency 
with fracture reports obtained at ages 10, 13, and 15 years 
[13]. Self-reported fracture history has been shown to be 

relatively accurate, particularly for upper limb and hip 
fractures [44]. In this study, the cause, site, and grade 
of fracture were not assessed separately due to the small 
participant numbers, nor were data adjusted for poten-
tial modifiers of skeletal health. Previous studies on this 
cohort have shown that despite ethnic disparities in nutri-
tion, 25-hydroxy vitamin D levels and socio-economic sta-
tus, black children had greater bone mass than their white 
peers at most sites [29, 45]. We also did not adjust for lean 
mass or the possible influence of bone’s microstructural 
properties. We acknowledge that self-reported PA may 
be prone to recall bias, however, it is the most practical 
method to assess PA in a large longitudinal cohort.

In conclusion,  metacarpal indices obtained at age 
10 years, that is prior to the age of peak bone length veloc-
ity, did not predict fracture risk in SA adolescents. When 
the combined sex and ethnic groups were assessed longitu-
dinally throughout adolescence, greater cortical thickness, 
MCI, and BMD were associated with a small decrease in 
fracture risk by age 17 years, but the opposite was seen 
when differences in height were adjusted for. At 17 years 
of age, the SLI was associated with fracture risk in white 
females, whereas greater bone width, BMD, SM, and SSI 
were associated with fracture risk in white males. There 
are ethnic and sex differences in the associations between 
radiogrammetry-derived metacarpal bone geometry meas-
ures and indices of moments of inertia with fracture in SA 
adolescents. We conclude that our study was unable to 
show that metacarpal radiogrammetry was reliably able to 
predict fracture in SA children, but this may possibly be 
due to sample size limitations.
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