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Background: In Australia the estimated rate of small for gestational age (SGA) 
births is 9% among non-Indigenous births compared to 14% among Aboriginal 
and Torres Strait Islanders. There is limited research investigating the effect of 
being born SGA on body composition later in life in Indigenous Australians.

Methods: Using data from the Aboriginal Birth Cohort longitudinal study, 
we compared the body composition of those born SGA to non-SGA by analysing 
anthropometric measures (height, weight, waist circumference, fat percentage 
[FAT%], body mass index [BMI], waist-to-height ratio, and A body shape index 
[ABSI]) collected at four follow-up periods (from childhood to adult). For cross-
sectional analyses, linear regression models were employed to assess factors 
associated with anthropometric measures. For longitudinal analyses linear 
mixed models were employed to assess differences in anthropometric measures 
among SGA versus non-SGA individuals while adjusting for repeated measures.

Results: The analytic baseline cohort were those who participated in Wave 
2 (n  =  570). In cross-sectional analyses, across all waves those born SGA had 
smaller anthropometric z-scores compared to non-SGA individuals (β ranging 
from −0.50 to −0.25). Participants residing in urban environments were 
significantly larger in Waves 2 to 4 (β ranged 0.26 to 0.65). Those born SGA had 
higher ABSI scores in Waves 2 and 4 (β 0.26 and 0.37, respectively). In longitudinal 
analyses, those born SGA had smaller measures of body composition across 
the life course; these differences were larger in urban communities. In remote 
communities those born SGA had significantly higher ABSI scores during 
adolescence and young adulthood, and this difference was not observed in 
urban communities.

Conclusion: Indigenous Australians born SGA are smaller anthropometrically 
later in life compared to their non-SGA counterparts. In remote communities, 
those born SGA had higher levels of central adiposity compared to non-SGA.
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Introduction

Small for gestational age (SGA) is defined as a birth weight < 10th 
centile for gestational age, and those born SGA have an elevated risk 
of chronic diseases in adulthood, setting the stage for lifelong health 
disparities (1, 2). In Australia, the estimated rate of SGA births is 
approximately 9% in non-Indigenous and 14% among Aboriginal and 
Torres Strait Islander (hereafter, respectively, referred to as Indigenous 
Australians) births (3). Higher rates of SGA births are reported in 
remote Australian Indigenous communities (4) with comparable rates 
to low-to-middle income countries (5, 6).

The result of SGA followed by rapid weight gain during early 
postnatal life has been associated with increased long-term risks for 
central obesity, insulin resistance, impaired glucose tolerance, type 2 
diabetes, hypertension, increased fat mass, and cardiovascular disease.

SGA is an adaptation to a less than ideal intrauterine 
environment. A period of catch-up growth occurs between 
6 months and 2 years of age, followed by a trajectory of typical 
growth. However, SGA babies tend to be shorter and lighter than 
their appropriate for gestational age (AGA) cohorts (1, 2). The 
weight gain experienced by SGA babies typically has less fat-free 
body mass than AGA babies, hypothesized due to a consequence 
of the mismatch between the adaptations for survival in-utero and 
the abundant postnatal nutritional environment. This mismatch 
forms the basis of increased risk of central obesity, insulin 
resistance, compromised glucose tolerance, type 2 diabetes, 
hypertension, elevated fat mass, and cardiovascular disease seen in 
infants born SGA who undergo rapid weight gain during early 
postnatal life (2, 7–10). Obesity is a major risk factor for adult 
chronic diseases and the combination of SGA and later obesity 
amplifies this risk. Two studies analysing data from The Study of 
Longitudinal Indigenous Children (1,759 children born 2001–
2008) reported that BMI is significantly lower among those 
categorised as being moderate-to-high prenatal risk (derived from 
gestational age, SGA, and birth weight) compared to those born 
full-term (11); and increased birth weight is associated with 
increased childhood BMI (12).

The Aboriginal Birth Cohort (ABC) is an Australian prospective 
longitudinal study investigating the long-term impact of early life 
factors on health and the burden of disease among Indigenous 
communities. The ABC study is the longest-running and largest 
Indigenous birth cohort in Australia with follow-up data collected 
over three decades among a cohort of 686 babies born to Indigenous 
Australian mothers. When first followed up at 11 years of age (Wave 
2), and subsequently at 18 years of age (Wave 3), individuals born SGA 
remained significantly smaller anthropometrically compared to their 
non-SGA peers at both timepoints (13, 14), suggesting limited 
catch-up growth among those born SGA. The ABC cohort have since 
been followed up two more times, aged at 23–28 years (Wave 4) and 
29–36 years (Wave 5). Recent research analysed anthropometric 
measures from Waves 2, 3, and 4 in association with socioeconomic 
status and remoteness, however SGA status was not part of the 
analyses (15).

The current study aims to extend the previous work of Sayers 
et al. (13, 14) by examining changes in anthropometric measures, 
including measures of fat, across the entire life-course comparing 
SGA and non-SGA individuals living in both urban and remote  
communities.

Methods

Study design

The ABC study is a prospective longitudinal cohort where data 
has been collected at birth and across four subsequent waves (birth to 
the age of mid-thirties). For the current study, we utilise both cross-
sectional and longitudinal study designs. For the cross-sectional 
design we analyse data within each study wave separately, and for the 
longitudinal design we analyse data from all waves combined.

Setting and study participants

The data analysed in this study come from the ABC study and the 
recruitment methods have been reported in detail elsewhere (16). 
Briefly, 686 babies born to Aboriginal mothers at the Royal Darwin 
Hospital from 1987 to 1990 were recruited for the study. During that 
period the Royal Darwin Hospital served as the primary facility for 
Indigenous mothers, attracting over 90% of pregnant Indigenous 
mothers from a region spanning 400,000 km2 in the “Top End” of the 
Northern Territory. Notably, 75% of the study cohort lived in remote 
communities, including the Arnhem, Victoria Daly, and Tiwi regions, 
while 25% resided in urban communities, including Darwin and its 
immediate surroundings.

Throughout their life course, the ABC cohort have been 
followed-up four times (Wave 2: at childhood aged 8–14 years; Wave 3: 
at adolescence aged 16–21 years; Wave 4: at young adult aged 
23–28 years; and Wave 5: at adult aged 29–36 years). The ABC study 
recruited 686 Indigenous births (Wave 1) with 385 participating 
36 years later (Wave 5), resulting in 301 participants being lost to 
follow-up during the study period, with 38 of these lost to death. As 
shown in Figure 1, study participants were sourced for follow-up at 
each wave regardless of participation in previous waves, resulting in 
non-continuous participation for some of the cohort. The 
anthropometric measures of interest were first collected at Wave 2, and 
therefore the baseline analytic cohort for the current study are those 
who participated in Wave 2 (n = 570 and excluding 1 participant in a 
wheelchair). The analyses include data from all subsequent waves, 
regardless of non-continuous participation.

Variables of interest

Demographic information
The demographic variables collected at each wave and analysed in 

this study were sex (male, female), age, location (remote, urban), and 
lifestyle factors smoking (yes, no), and alcohol use (yes, no) collected 
in Waves 3, 4, and 5.

Anthropometric measures (outcomes of interest)
The methods used to record anthropometric measures in the ABC 

study have been reported elsewhere (13, 14, 17). Briefly, in each phase 
of the ABC study, trained researchers assessed participants’ body size 
and shape while they wore lightweight clothing and were barefoot. 
Height measurements were recorded to the nearest millimetre using 
a portable stadiometer on a flat, hard surface. Weight and lean mass 
were measured to the nearest 0.1 kg using a digital electronic scale 
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(TBF-521, Tanita Corporation, Illinois, United States) and assessed 
through bioimpedance analysis. Waist circumference (WC) was 
measured in centimetres (cm) at a horizontal plane, midway between 
the lowest ribs and the iliac crests. For the current study, the following 
indices and ratios were computed: Body mass index (BMI) was 
calculated using the standard formula (weight[kg]/height[m]^2), fat 
percentage (FAT%) was derived by dividing fat mass by weight, waist-
to-height ratio (WHtR) was calculated by dividing waist circumference 
by height, and the “A body shape index” (ABSI) was computed using 
the formula (WC/BMI^2/3 * Height^1/2). The ABSI, a relatively 
recent index developed by Krakauer and Krakauer (18), was employed 
as a measure of central obesity independent of BMI.

Small for gestational age (predictor of interest)
Measures of birth weight and length, and gestational age 

estimations taken at birth, have previously been described in detail 
(13). Small for gestational age (SGA) was defined as those with a birth 
weight < 10th centile for gestational age, and non-SGA as those with a 
birth weight ≥ 10th centile for gestational age.

Statistical analyses

Descriptive statistics, including frequencies, percentages, and means 
with standard deviations, are reported for demographic information and 
anthropometric measures. Analyses to compare anthropometric 
measures between non-SGA and SGA individuals were conducted both 
cross-sectionally and longitudinally. Cross-sectional analyses, within 
each wave, employed linear regression models to examine associations 
between anthropometric measures standardised as z-scores (calculated 
internally within each wave cohort), and potential predictors of sex 
(reference = male), age, SGA status (reference = non-SGA), and 
geographic location (reference = remote). All predictors were included in 

the models simultaneously. Smoking (yes/no) and alcohol (yes/no) were 
not collected at Wave 2 and therefore only included in the cross-sectional 
analyses for Waves, 3, 4, and 5. We additionally explored an interaction 
term involving SGA status and residential location to assess cross-
differences in these groups.

Longitudinal analyses used linear mixed models to assess changes 
in anthropometric measures over time and differences between SGA 
and non-SGA and remote and urban residents. Random intercepts 
and slopes were included for each study participant to account for 
repeated measures (19). All anthropometric measures were 
standardised as z-scores (calculated internally across all waves 
combined) and were entered into models as outcomes regressed on 
sex (reference = male), age (with a polynomial cubed term), SGA 
status (reference = non-SGA), and geographic location 
(reference = remote). We present the results from these models two 
different ways: (1) plotting of the estimated marginal means for each 
age throughout the study period, categorised by SGA status and 
residential location and (2) post-hoc contrasts (e.g., differences in 
marginal means) between SGA and non-SGA estimated at ages 11, 18, 
25, and 32 years (median age in each wave respectively), stratified by 
residential location.

All data preparation and analyses were performed using R version 
4.2.2 (20). Linear mixed models were conducted using the lme4 
package (21) and model contrasts and plotting of estimated marginal 
means were performed using the emmeans package (22).

Results

Descriptive characteristics

The baseline analytic cohort for this study are those who 
completed Wave 2 (n = 570), and of these, 443 (77.7%) completed 

FIGURE 1

Life course participation numbers in the Aboriginal Birth Cohort study across waves 1 to 5.
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Wave 3, 426 (74.7%) completed Wave 4, and 363 (63.7%) completed 
Wave 5 (Table 1). Of the 570 in the baseline cohort, 444 (77.9%) were 
born in remote areas and 125 (21.9%) in urban areas. At Wave 2 there 
were 424 (74.4%) residing in remote areas, increasing to 85.3% 
residing in remote areas at Wave 5 (chi square 15.54, p = 0.001). Of the 
570  in the baseline cohort, 115 (20.2%) were born SGA with the 
participation across waves remaining consistent (chi square 0.168, 
p = 0.982). The percentage of female participants increased slightly 
across the waves (Wave 2 = 46.6% to Wave 5 = 49.9%), however this 
was not statistically significant (chi square 2.39, p = 0.496). During 
Waves 3 to 5 there were 45 pregnancies belonging to 42 distinct 
females, which were excluded from analyses for the wave they were 
pregnant. At Wave 4, two of the pregnancies were multiparous and at 
Wave 5 one pregnancy was multiparous.

Cross-sectional analyses

Table  2 shows the mean and standard deviation (SD) for 
anthropometric measurements across the study waves. Compared 
to their non-SGA counterparts, individuals born SGA showed 
lower mean values for all anthropometric measures (except for 
WHtR) across all waves. In Figure  2, we  present correlations 
between the anthropometric measures within each wave. Overall, 
BMI displayed the strongest positive correlations with other 
anthropometric measures (excluding height, r = 0.75 to 0.96). 
Additionally, WC exhibited consistently strong positive correlations 
with weight across all waves (r = 0.87 to 0.92). The positive 
correlation between height and weight was most pronounced 
during Wave 2 (r = 0.83), and then gradually diminished over the 
subsequent waves (r = 0.51, 0.40, 0.39 waves 3, 4, and 5 respectively). 
The ABSI exhibited a small negative correlation with BMI during 
Wave 2 (r = −0.31), whereas for subsequent waves BMI and ABSI 
were not significantly correlated.

Results from linear regression models examining factors 
associated with anthropometric z-scores can be found in Table 3. In 
summary, after controlling for sex, age, and residential location, 
individuals born SGA exhibited consistent reductions in 
anthropometric z-scores throughout the study waves compared to 
non-SGA individuals, with standardised coefficients ranging from 
−0.50 to −0.25. The only exception was WHtR, which showed no 
significant differences between SGA and non-SGA individuals in 
Waves 4 and 5. On the other hand, participants residing in urban 
environments were significantly larger for all anthropometric 
measurements within Waves 2 to 4 with coefficients ranging from 0.26 
to 0.65. At Wave 5, this pattern only persisted for BMI and weight. The 
most substantial differences between genders were observed in FAT% 
with females consistently exhibiting higher values across all study 
waves (coefficients ranged from 1.06 to 1.19). Similarly, females also 
demonstrated higher WHtR values in Waves 3, 4, and 5 (coefficients 
ranged from 0.37 to 0.58) and weight (coefficients ranged from −0.42 
to −0.33) in Waves 3, 4, and 5. Individuals who reported smoking 
consistently displayed reduced anthropometric measurements in 
Waves 3, 4, and 5, with the most prominent differences observed 
in Wave 5.

For ABSI scores, individuals born SGA displayed significantly 
higher scores in Waves 2 and 4 (coefficients = 0.26 and 0.37, 
respectively), whereas SGA was not associated with ABSI in other 

study waves. Females had significantly lower ABSI scores during Wave 
2, however, this shifted over time with females exhibiting significantly 
higher ABSI scores in later waves. No other factors were found to 
be associated with ABSI scores, except for urban residents in Wave 2, 
who had significantly lower ABSI scores compared to their 
remote counterparts.

In all models presented in Table  3, we  conducted further 
investigations to examine the influence of an interaction term 
involving SGA and residential location. Results showed statistically 
significant interaction terms only during Wave 4 (results not shown). 
In urban settings, non-SGA individuals exhibited significantly larger 
values across anthropometric measures compared to their 
SGA counterparts.

Longitudinal analyses

Based on the linear mixed models, the post-hoc contrasts between 
SGA and non-SGA are shown in Table  4. When estimating the 
marginal means for anthropometric measures (z-scores) at the ages of 
11, 18, 25, and 32 years, contrasts showed that in the urban regions 
SGA individuals were consistently smaller than their non-SGA peers 
at 11, 18, and 25 years for BMI (differences = −0.35, −0.57, −0.60, 
respectively), FAT% (differences = −0.47, −0.62, −0.54, respectively), 
height (differences = −0.20, −0.43, −0.35, respectively), WC 
(differences = −0.37, −0.55, −0.66, respectively), weight 
(differences = −0.31, −0.67, −0.67, respectively), and WHtR 
(differences = −0.30, −0.44, −0.59, respectively). Whereas in remote 
communities, similar but smaller differences were observed between 
SGA and non-SGA at 11, 18, 25 and 32 years for BMI 
(differences = −0.21, −0.19, −0.33, −0.39, respectively), FAT% 
(differences = −0.26, −0.24, −0.25, −0.27, respectively), height 
(differences = −0.16, −0.21, −0.22, −0.24, respectively), WC 
(differences at 11, 25, and 32 years = −0.18, −0.21, −0.28, respectively), 
and weight (differences = −0.19, −0.25, −0.37, −0.42, respectively).

For the ABSI, in remote communities the SGA individuals had 
significantly higher scores at the ages of 18 years (difference = 0.26) 
and 25 years (difference = 0.34), whereas there was no difference in the 
ABSI between SGA and non-SGA in urban regions. For the WHtR, in 
urban regions SGA individuals were significantly smaller at the ages 
of 11 years (difference = −0.31), 18 years (difference = −0.44), and 
25 years (difference = −0.59), but not at 32 years. Whereas, in remote 
communities WHtR was only smaller among SGA at 11 years 
(difference = −0.16).

Interpretation of Figure 3 shows that in remote communities the 
anthropometric trajectories followed a similar pattern for both SGA 
and non-SGA individuals, with significant differences for all measures 
except for WC and WHtR. In contrast, differences between SGA and 
non-SGA individuals in urban environments were most pronounced 
during the late-teens through mid-twenties, particularly for BMI, 
FAT%, WC, and weight. However, it’s worth noting that these 
differences between SGA and non-SGA individuals in urban 
environments diminished towards 30 years of age. These results 
further confirm the interactions between SGA and residential location 
that were initially identified in Wave 4 cross-sectional analyses.

Further analyses were restricted to those residing in remote 
communities to assess the differences in anthropometric measures 
across genders and SGA status. Table  5 shows the post-hoc 
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TABLE 1 Descriptive characteristics of the study cohort from childhood to adult, stratified by small for gestational age (SGA) at birth.

Wave 2 (Aged 8–14  yrs.) Wave 3 (Aged 16–21  yrs.) Wave 4 (Aged 23–28  yrs.) Wave 5 (Aged 29–36  yrs.)

SGA Non-SGA All SGA Non-SGA All SGA Non-SGA All SGA Non-SGA All

Total (n, row %) 115 (20.2) 455 (79.8) 570 89 (20.1) 354 (79.9) 443 82 (19.2) 344 (80.8) 426 71 (19.6) 292 (80.4) 363

Sex (n, column %)

Male 60 (52.2) 243 (53.4) 303 (53.2) 40 (44.9) 182 (51.4) 222 (50.1) 36 (43.9) 170 (49.4) 206 (48.4) 38 (53.5) 145 (49.7) 183 (50.4)

Female 55 (47.8) 212 (46.6) 267 (46.8) 49 (55.1) 172 (48.6) 221 (49.9) 46 (56.1) 174 (50.6) 220 (51.6) 33 (46.5) 147 (50.3) 180 (49.6)

 - Pregnanta 0 0 0 6 (6.7) 14 (4.0) 20 (4.5) 6 (13.0) 15 (8.6) 21 (9.0) 0 4 (2.7) 4 (1.1)

Birth location

Remote 95 (82.6) 349 (76.7) 444 (77.9) 74 (83.1) 285 (80.5) 359 (81.0) 68 (82.9) 282 (82.0) 350 (82.2) 60 (84.5) 251 (86.0) 311 (85.7)

Urban 20 (17.4) 106 (23.3) 125 (21.9) 15 (16.9) 69 (19.5) 84 (19.0) 14 (17.1) 62 (18.0) 76 (17.8) 11 (15.5) 41 (14.0) 52 (14.3)

Wave location

Remote 89 (77.4) 335 (73.6) 424 (74.4) 73 (82.0) 276 (78.0) 349 (78.8) 65 (79.3) 265 (77.0) 330 (77.5) 63 (88.7) 245 (83.9) 308 (84.8)

Urban 26 (22.6) 120 (26.4) 146 (25.6) 16 (18.0) 78 (22.0) 94 (21.2) 17 (20.7) 79 (23.0) 96 (22.5) 8 (11.3) 47 (16.1) 55 (15.2)

Smoking

No – – – 29 (32.6) 92 (26.0) 121 (27.3) 18 (22.0) 85 (24.7) 103 (24.2) 20 (28.2) 75 (25.7) 95 (26.2)

Yes – – – 45 (50.6) 216 (61.0) 261 (58.9) 52 (63.4) 217 (63.1) 269 (63.1) 47 (66.2) 205 (70.2) 252 (69.4)

Missing 115 (100) 455 (100) 570 (100) 15 (16.9) 46 (13.0) 61 (13.8) 12 (14.6) 42 (12.2) 54 (12.7) 4 (5.6) 12 (4.1) 16 (4.4)

Alcohol

No – – – 48 (53.9) 188 (53.1) 236 (53.3) 31 (37.8) 145 (42.2) 176 (41.3) 37 (52.1) 128 (43.8) 165 (45.5)

Yes – – – 32 (36.0) 144 (40.7) 176 (39.7) 41 (50.0) 161 (46.8) 202 (47.4) 30 (42.3) 152 (52.1) 182 (50.1)

Missing 115 (100) 455 (100) 570 (100) 9 (10.1) 22 (6.2) 31 (7.0) 10 (12.2) 38 (11.0) 48 (11.3) 4 (5.6) 12 (4.1) 16 (4.4)

aPercentage based on total females in that cell.
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contrasts between females and males (reference) estimated at the 
ages 11, 18, 25, and 32 years, stratified by SGA status. At age 
18 years females had significantly higher ABSI scores than males, 
and the magnitude of these differences were similar in the 
SGA (gender difference = 0.50) and non-SGA groups (gender 
difference = 0.48). Then at ages 25 and 32 years the magnitude of 
the difference in ABSI score between females and males was almost 
two-fold in the SGA group (at 25 and 32 years: gender 
difference = 1.47 and 1.19 respectively) than in the non-SGA group 
(at 25 and 32 years: gender difference = 0.85 and 0.65). Females also 
had significantly higher FAT% and WHtR but the differences were 
relatively similar in the SGA and non-SGA groups. Figure 4 shows 
the estimated marginal means for males and females in remote 
communities, stratified by SGA status.

Sensitivity analyses

For the linear mixed models, we included tobacco smoking and 
alcohol use and only analysed data from Wave 3 onwards. The 
estimated marginal means at the ages of 18, 25, and 32 years can 
be found in Supplementary Table S1. Given that study participation 

was non-continuous, we  limited the cross-sectional and 
longitudinal analyses to those who participated in all waves 
(n = 283) and results were similar to the those yielded in the main 
analyses, however SGA individuals were not significantly smaller 
across all anthropometric measures in Waves 4 and 5 
(Supplementary Tables S2, S3). Within each wave, we checked for 
differences in anthropometric measures among those who 
continued to participate in the subsequent wave versus those who 
did not participate in the next wave. Results showed no differences 
in anthropometric measures for the transition of Wave 2 to Wave 
3; for Wave 3 to Wave 4 those who did not continue to Wave 4 had 
significantly higher BMI, weight and WC; for Wave 4 to Wave 5 
those who did not continue to Wave 5 had significantly higher WC 
and weight (Supplementary Table S4).

To compare the ABC study participant ABSI scores to those 
originally derived from the NHANES, we downloaded the data 
from the original authors (18) and plotted the ABSI scores for the 
ABC and NHANES cohorts across the age groups stratified by 
gender (Supplementary Figure S1). It was observed that the ABC 
study participants had significantly higher ABSI scores than the 
NHANES cohort, with more prominent differences among 
older females.

TABLE 2 Mean (SD) anthropometric measures from childhood to adult.

Wave 2 (Aged 
8–14  yrs.)

Wave 3 (Aged 
16–21  yrs.)

Wave 4 (Aged 
23–28  yrs.)

Wave 5 (Aged 
29–36  yrs.)

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

Among all

ABSI 537 0.082 (0.004) 415 0.080 (0.004) 394 0.082 (0.005) 355 0.083 (0.006)

BMI 569 17.0 (3.5) 422 21.6 (5.7) 404 23.7 (6.4) 359 25.3 (6.7)

Fat % 509 21.3 (9.4) 397 20.7 (12.1) 360 24.8 (12.1) 306 27.6 (10.0)

Height (cm) 570 143.8 (10.6) 423 167.8 (8.7) 405 167.9 (8.8) 359 167.5 (8.9)

Waist circ. (cm) 538 64.6 (9.6) 415 79.3 (14.8) 395 86.6 (15.7) 355 91.8 (17.1)

Weight (kg) 570 35.9 (11.8) 422 61.1 (19.2) 404 67.2 (20.1) 359 71.2 (20.4)

Waist/height ratio 538 0.4 (0.1) 415 0.5 (0.1) 395 0.5 (0.1) 355 0.5 (0.1)

Among SGA

ABSI 107 0.083 (0.004) 80 0.080 (0.004) 74 0.083 (0.005) 71 0.084 (0.005)

BMI 114 15.9 (2.7) 83 20.0 (4.7) 75 21.8 (5.6) 71 23.5 (5.5)

Fat % 103 18.4 (8.2) 75 17.0 (10.3) 68 22.5 (11.4) 57 25.0 (10.1)

Height (cm) 115 142.8 (10.8) 83 164.5 (8.0) 76 164.7 (8.0) 71 164.4 (8.6)

Waist circ. (cm) 108 62.2 (7.8) 80 75.5 (12.7) 75 82.2 (13.1) 71 87.7 (13.7)

Weight (kg) 115 33.0 (9.8) 83 54.3 (13.7) 75 59.2 (15.3) 71 63.5 (15.0)

Waist/height ratio 108 0.4 (0.0) 80 0.5 (0.1) 75 0.5 (0.1) 71 0.5 (0.1)

Among non-SGA

ABSI 430 0.082 (0.004) 335 0.080 (0.004) 320 0.082 (0.004) 282 0.083 (0.004)

BMI 455 17.2 (3.6) 339 21.9 (5.9) 329 24.2 (6.5) 288 25.8 (6.9)

Fat % 406 22.0 (9.5) 322 21.5 (12.3) 292 25.3 (12.2) 249 28.2 (9.9)

Height (cm) 455 144.1 (10.5) 340 168.6 (8.6) 329 168.7 (8.8) 288 168.2 (8.8)

Waist circ. (cm) 430 65.2 (9.9) 335 80.2 (15.2) 320 87.6 (16.1) 284 92.8 (17.7)

Weight (kg) 455 36.6 (12.2) 339 62.8 (19.9) 329 69.0 (20.7) 288 73.1 (21.1)

Waist/height ratio 430 0.5 (0.1) 335 0.5 (0.1) 320 0.5 (0.1) 284 0.6 (0.1)
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Discussion

We investigated the longitudinal changes in anthropometric 
parameters among Indigenous Australians who were born SGA 
compared to those born non-SGA. Our results consistently 
demonstrate lower anthropometric measurements in the SGA 
individuals from childhood through young adult, indicating that 
through their life course those born SGA are smaller than those born 
non-SGA. Although current literature on SGA and body composition 
later in life among Indigenous Australians is limited, our findings 
align with other studies (from Sweden, Netherlands, Japan, Greece, 
and a meta-analysis) reporting that individuals born SGA tend to 
be smaller during childhood (23–27).

Within each study wave most anthropometric measures were 
positively correlated (except for correlations with ABSI). Hence, 

the magnitude of the differences between SGA and non-SGA 
individuals were similar across different anthropometric measures, 
except for WHtR yielding no difference during the two latest 
waves. However, the disparity in anthropometric measures between 
SGA and non-SGA individuals was more evident in urban 
communities where non-SGA are larger than their SGA 
counterparts, in addition to being larger than both SGA and 
non-SGA in remote communities. Indigenous Australians 
nutritional intake has transitioned since colonisation from a 
traditional, varied and nutrient-dense diet, high in fibre and low in 
fat and refined carbohydrates, to an energy-dense westernised diet, 
high in fat and refined sugars (28). The geographic differential 
observed indicates the strong influence that residential 
environments have on growth and body composition, which could 
be driven by lifestyle factors such as dietary options available, food 

FIGURE 2

Correlations between the anthropometric measures within each study wave. Blank cells represent non-significant correlations. ABSI, a body shape 
index; BMI, body mass index; FATP, fat percentage; HGT, height; WC, waist circumference; WGT, weight; WHtR, waist/height ratio.
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TABLE 3 Cross-sectional analyses: associations between anthropometric z-scores and potential correlates within each study wave.

ABSI BMI Fat % Height Waist circ. Weight Waist/height ratio

Coefficient 
(95% CI)

Coefficient 
(95% CI)

Coefficient 
(95% CI)

Coefficient 
(95% CI)

Coefficient 
(95% CI)

Coefficient 
(95% CI)

Coefficient 
(95% CI)

Wave 2 (Aged 8–14 yrs.)

SGA 0.26 (0.06, 0.46) −0.42 (−0.61, −0.23) −0.42 (−0.60, −0.24) −0.25 (−0.40, −0.10) −0.36 (−0.55, −0.17) −0.38 (−0.55, −0.21) −0.32 (−0.52, −0.11)

Female −0.30 (−0.46, −0.14) 0.22 (0.07, 0.37) 1.06 (0.91, 1.20) 0.22 (0.10, 0.34) 0.13 (−0.02, 0.29) 0.24 (0.10, 0.38) 0.04 (−0.13, 0.21)

Urban −0.54 (−0.73, −0.35) 0.64 (0.46, 0.81) 0.36 (0.18, 0.53) 0.50 (0.36, 0.64) 0.56 (0.38, 0.74) 0.65 (0.49, 0.81) 0.39 (0.19, 0.59)

Age −0.20 (−0.27, −0.13) 0.22 (0.15, 0.28) 0.18 (0.12, 0.24) 0.58 (0.53, 0.63) 0.28 (0.21, 0.35) 0.40 (0.34, 0.46) −0.01 (−0.08, 0.07)

Wave 3 (Aged 16–21 yrs.)

SGA 0.06 (−0.19, 0.31) −0.37 (−0.62, −0.13) −0.42 (−0.64, −0.20) −0.37 (−0.56, −0.19) −0.38 (−0.62, −0.14) −0.45 (−0.68, −0.22) −0.28 (−0.53, −0.04)

Female 0.53 (0.33, 0.73) 0.05 (−0.14, 0.24) 1.07 (0.90, 1.24) −1.27 (−1.41, −1.12) 0.00 (−0.19, 0.20) −0.38 (−0.56, −0.20) 0.37 (0.18, 0.57)

Urban −0.14 (−0.40, 0.12) 0.56 (0.31, 0.81) 0.38 (0.16, 0.61) 0.26 (0.06, 0.45) 0.51 (0.26, 0.77) 0.61 (0.37, 0.85) 0.44 (0.19, 0.70)

Age 0.04 (−0.05, 0.13) 0.03 (−0.05, 0.12) −0.01 (−0.09, 0.07) 0.01 (−0.05, 0.08) 0.05 (−0.04, 0.14) 0.04 (−0.05, 0.12) 0.05 (−0.04, 0.14)

Smoking 0.17 (−0.05, 0.38) −0.28 (−0.49, −0.08) −0.20 (−0.38, −0.01) 0.00 (−0.16, 0.15) −0.22 (−0.43, −0.01) −0.26 (−0.45, −0.06) −0.22 (−0.43, −0.01)

Alcohol 0.05 (−0.18, 0.27) 0.34 (0.12, 0.55) 0.26 (0.07, 0.45) 0.21 (0.04, 0.37) 0.35 (0.13, 0.56) 0.36 (0.16, 0.56) 0.30 (0.08, 0.52)

Wave 4 (Aged 23–28 yrs.)

SGA 0.37 (0.12, 0.62) −0.41 (−0.67, −0.14) −0.30 (−0.54, −0.06) −0.38 (−0.57, −0.19) −0.37 (−0.63, −0.11) −0.50 (−0.75, −0.24) −0.26 (−0.51, 0.00)

Female 0.69 (0.48, 0.90) 0.19 (−0.03, 0.40) 1.13 (0.93, 1.33) −1.35 (−1.51, −1.20) 0.19 (−0.03, 0.40) −0.33 (−0.54, −0.13) 0.58 (0.37, 0.80)

Urban 0.00 (−0.24, 0.25) 0.49 (0.23, 0.74) 0.29 (0.05, 0.53) 0.28 (0.09, 0.46) 0.49 (0.24, 0.75) 0.56 (0.31, 0.80) 0.40 (0.14, 0.65)

Age −0.04 (−0.12, 0.05) 0.08 (−0.01, 0.17) 0.06 (−0.02, 0.15) 0.00 (−0.06, 0.07) 0.07 (−0.02, 0.16) 0.07 (−0.02, 0.16) 0.07 (−0.02, 0.16)

Smoking 0.03 (−0.19, 0.25) −0.29 (−0.52, −0.06) −0.26 (−0.47, −0.05) −0.04 (−0.20, 0.13) −0.28 (−0.51, −0.05) −0.29 (−0.51, −0.07) −0.26 (−0.49, −0.04)

Alcohol −0.27 (−0.50, −0.05) 0.15 (−0.08, 0.38) 0.12 (−0.09, 0.33) 0.15 (−0.02, 0.32) 0.12 (−0.12, 0.35) 0.16 (−0.07, 0.38) 0.08 (−0.15, 0.31)

Wave 5 (Aged 29–36 yrs.)

SGA 0.17 (−0.09, 0.43) −0.33 (−0.58, −0.08) −0.29 (−0.53, −0.06) −0.48 (−0.66, −0.30) −0.31 (−0.56, −0.05) −0.49 (−0.73, −0.25) −0.16 (−0.41, 0.10)

Female 0.52 (0.31, 0.74) 0.14 (−0.07, 0.34) 1.19 (1.01, 1.38) −1.44 (−1.58, −1.29) 0.08 (−0.13, 0.30) −0.42 (−0.62, −0.22) 0.48 (0.27, 0.69)

Urban −0.19 (−0.49, 0.10) 0.34 (0.05, 0.63) 0.15 (−0.11, 0.41) 0.22 (0.02, 0.43) 0.27 (−0.03, 0.56) 0.41 (0.13, 0.69) 0.20 (−0.09, 0.49)

Age 0.01 (−0.06, 0.09) 0.03 (−0.04, 0.10) 0.01 (−0.05, 0.08) 0.00 (−0.05, 0.05) 0.04 (−0.03, 0.11) 0.03 (−0.03, 0.10) 0.04 (−0.03, 0.11)

Smoking 0.08 (−0.16, 0.32) −0.64 (−0.87, −0.41) −0.39 (−0.60, −0.18) 0.04 (−0.13, 0.20) −0.56 (−0.80, −0.32) −0.60 (−0.82, −0.37) −0.55 (−0.78, −0.32)

Alcohol −0.13 (−0.36, 0.10) 0.25 (0.03, 0.47) 0.21 (0.01, 0.41) 0.09 (−0.06, 0.25) 0.22 (−0.01, 0.44) 0.27 (0.06, 0.48) 0.18 (−0.04, 0.40)

All potential correlates are entered into the models simultaneously. Wave 2 models included sex, age, SGA status, and residential location. Wave 3, 4, and 5 models included sex, age, SGA status, residential location, smoking, and alcohol use. To assist in observing 
stronger associations, figures in bold represent significant associations where the coefficient ≥ 0.30 (absolute). Figures italicised represent non-significant associations.
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insecurity, and financial stress in the remote Indigenous 
communities (15, 17, 29), and/or people in urban areas having 
greater access to supermarkets and fast food outlets and a high 
proportion of energy-dense, nutrient-poor diet (28).

As expected, other publications analysing the anthropometric 
data from the ABC study have also reported this geographical divide 
with individuals in urban regions being larger compared to their 
counterparts in remote areas (15, 17, 30–32). This geographic 
differential has also been highlighted in other measures of health 
within the ABC study. For instance, Indigenous children residing in 
remote areas exhibit lower markers of lung function (33), haemoglobin 
levels, total cholesterol levels and systolic blood pressure (30), while 
Indigenous young adults residing in remote areas exhibit longer 
cognitive reaction times (34), lower maximal grip strength (32), lower 
iodine levels (35), and Indigenous females in remote areas exhibit 
adverse cardio-metabolic profiles (31).

BMI is a widely adopted metric for evaluating overall obesity 
by considering an individual’s weight and height. It has limitations 
as it does not consider factors such as body shape or the 
distribution of muscle mass versus fat mass (36). In our study, BMI 
was observed to be lower among SGA individuals in both remote 
and urban regions with the difference in urban regions being far 
more pronounced. This is consistent with other studies reporting 
that those born SGA have a lower BMI later in life (26, 37). Two 
Australian studies analysing data from a remote Indigenous 
community in the Northern Territory found BMI to be inversely 
associated with all-cause mortality after follow-up at 9 years (38) 
and 18 years (39), however, increased WC was associated with 
increased risk of all-cause mortality (39). In the context of our 
study, these findings would suggest conflicting mortality risks for 
SGA individuals given that they showed significantly lower BMI 
and WC compared to those born non-SGA. It is important to note 
however, other large studies of non-Indigenous populations have 
reported a J-shape relationship between BMI and mortality 
showing that both lower and higher BMI is associated with 
increased risk of mortality (40, 41).

ABSI, on the other hand, incorporates WC as a key component 
in its calculation, and therefore intended to provide a better 
measure of central adiposity (18). In support of ABSI being 
independent of BMI our results showed no significant correlation 
between ABSI and BMI in Waves 3, 4, and 5. The ABSI and WHtR 
were the only two anthropometric measures that were inconsistent 
across the ages in terms of the contrasts between SGA and 
non-SGA individuals. In remote communities ABSI scores were 
significantly elevated among those born SGA compared to their 
non-SGA counterparts, and in urban regions there was no 
difference in ABSI scores between SGA and non-SGA despite the 
urban non-SGA individuals being the largest group across most 
anthropometric measures. This difference between SGA and 
non-SGA in ABSI scores in remote communities first appeared 
from adolescence, indicating an early-life predisposition to central 
adiposity among SGA individuals in remote communities. 
Earlier research among the ABC study participants at childhood 
showed that many had lower BMI with higher waist 
measurements (42).

Hence, although SGA individuals in remote communities are 
smaller in size, their higher ABSI scores indicate greater central 
adiposity. This interesting finding highlights the potential complex T
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interplay between possible early catch-up growth among those born 
SGA, lifestyle factors later in life, and the nutritional challenges 
prevalent in remote communities (29, 43). Rapid catch-up growth 
among SGA infants is a risk factor for being overweight/obese at 
2–5 years of age (9) and is associated with increased fat mass at 9 years 
of age (37), and fat mass with central adiposity at 32 years of age (44). 
Lower birth weight combined with faster growth in the first 5 years has 
also been associated with increased hepatic fat in early childhood (45). 
Given that the first follow-up of the ABC study participants was at 
8 years of age (Wave 2), we were unable to determine if any of our 
results, particularly higher ABSI scores (e.g., higher central adiposity) 
among those born SGA, are associated with catch-up growth during 
infancy. However, based on the assumption that Indigenous 
Australians in remote communities most likely experience similar 
lifestyle and nutritional challenges, it is therefore possible that 

individuals born SGA and residing in remote communities may 
exhibit a propensity for central adiposity, potentially mediated by the 
biological processes of catch-up growth and lifestyle factors. 
Consistent with this view, a study of 128 Australian Indigenous 
children found that children who experienced rapid weight gain in the 
first 12 months of life were 2.7 times more likely to be overweight at 
9 years. Although the analyses were not stratified by gender, female 
children were 2.4 times more likely to be  overweight at 9 years 
compared to male children (46).

Our cross-sectional findings (in models including SGA status) 
showed that, although females weighed less, they had higher FAT% 
with a larger WHtR and ABSI scores and this was more evident in 
remote communities. In analyses stratified by SGA status, the gender 
disparity in ABSI scores among SGA individuals was nearly twofold 
greater than observed in the non-SGA group. This observation implies 

FIGURE 3

Longitudinal analyses: estimated anthropometric z-scores for ages across all waves, stratified by SGA status and Location. Models included sex, age, 
SGA status, and residential location.
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that in remote communities, Indigenous females born SGA tend to 
accrue a higher degree of central adiposity than SGA males by late 
adolescence. In support of this, other research conducted within the 
ABC study showed that Indigenous females residing in remote 
communities exhibit the highest predicted likelihood of having an 
adverse cardio-metabolic profile, a trend that was consistent across all 
levels of BMI. Furthermore, this pattern was not observed among their 
male counterparts (31).

To the best of our knowledge, there are no prior studies 
specifically investigating ABSI within Indigenous communities, 
making direct comparisons with existing research challenging. 
However, it is worth noting a recent study conducted on a sample 
of Australian adults (n = 4,056) reported a dose–response 
association with mortality across ABSI quartiles (47). In an Italian 
study of overweight and obese children aged 2–18 years, higher 
ABSI scores were associated with higher cardio-metabolic risk 
markers (48). Other studies have also reported that the ABSI 
performs well in predicting all-cause mortality (18, 49–51), 
hypertension (50), arterial stiffness in patients with type 2 diabetes 
(52), cardiovascular disease risk (53), and cancer (54).

Although research on SGA and body composition among 
Indigenous Australians is limited, studies among minority groups 
in low- and middle-income countries have reported positive 
associations between birth weight and body composition later in 
life with differences across genders. For example, in the Inuit 
population of Greenland (aged 18–61 years), birth weight was 
positively associated with BMI, waist circumference, fat mass index, 
fat-free mass index, and subcutaneous adipose tissue with weaker 
associations among females compared to males (55). In South 
Western Townships (Soweto), South Africa, a study of young adults 
(aged 22 years) reported that birth weight was positively associated 
with fat mass in males only, while relative weight gain in early life 
was associated with visceral adipose tissue in females (56). Another 
study in South Africa (infants aged 24 months) reported positive 
associations between weight gain and fat mass, fat-free mass, fat 
mass index, and fat-free mass index with no difference between 
genders (57). In Mexico, a study of Maya children (mean age 
7.5 years) indicated that birth weight was positively associated with 
fat-free mass index and fat mass index among males only (58). A 
study of Brazilian adults (aged 35–74 years) found that low birth 
weight predicted higher levels of truncal fat in females but not in 
males (59, 60).

Limitations

Several limitations must be acknowledged in our study. Firstly, the 
children were first followed-up at 8 years of age, therefore early 
catch-up growth could not be analysed. Secondly, our study classified 
individuals into either remote or urban residential categories; however, 
we lacked information on the precise duration spent in each location, 
which complicates the ability to draw definitive conclusions regarding 
the association between residential location and growth patterns. 
Thirdly, although convenient, inexpensive and easy to use, 
Bioelectrical Impedance Analysis (BIA) underestimates body fat in the 
severely obese compared to DEXA (61). Lastly, a large portion of the 
study population resided in remote areas, limiting our ability to 
explore stratified analyses within the urban context.T
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Conclusion

The findings of our study showed that Indigenous individuals 
born SGA are smaller anthropometrically later in life compared to 
their non-SGA counterparts, and this disparity was more pronounced 
in urban regions. However, SGA individuals in remote communities 
had higher ABSI scores than non-SGA individuals, indicating that 
SGA individuals were more prone to accruing central adiposity. This 
result was driven by females in remote communities having higher 
ABSI and fat percentage than males, which was more evident among 
those born SGA. These findings highlight the complex relationships 
between early growth patterns, residential location, gender disparities, 
and central adiposity among Australian Indigenous born SGA.
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Models included sex, age, SGA status.

https://doi.org/10.3389/fpubh.2024.1349040
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
mailto:belinda.davison@menzies.edu.au


Hansen et al. 10.3389/fpubh.2024.1349040

Frontiers in Public Health 13 frontiersin.org

Written informed consent for participation in this study was provided 
by the participants’ legal guardians/next of kin.

Author contributions

CH: Data curation, Formal analysis, Methodology, Writing – 
original draft. BD: Conceptualization, Data curation, Funding 
acquisition, Investigation, Methodology, Project administration, 
Resources, Writing – review & editing. GS: Conceptualization, Data 
curation, Funding acquisition, Investigation, Methodology, Project 
administration, Resources, Writing – review & editing.

Funding

The author(s) declare financial support was received for the 
research, authorship, and/or publication of this article. This work was 
supported by the National Health and Medical Research Council 
(Project Grants APP137203, APP1046391, and APP1138609).

Acknowledgments

The authors acknowledge past and present study team members, 
in particular A/Prof. Susan Sayers (late), founder of the ABC study. 
We especially thank the young adults belonging to the Aboriginal 

Birth Cohort and their families and community for their co-operation 
and support and all the individuals who helped in the urban and 
remote locations.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fpubh.2024.1349040/
full#supplementary-material

References
 1. Nam HK, Lee KH. Small for gestational age and obesity: epidemiology and general 

risks. Ann Pediatr Endocrinol Metab. (2018) 23:9–13. doi: 10.6065/apem.2018.23.1.9

 2. Cho WK, Suh BK. Catch-up growth and catch-up fat in children born small for 
gestational age. Korean J Pediatr. (2016) 59:1–7. doi: 10.3345/kjp.2016.59.1.1

 3. Australian Institute of Health and Welfare. Australia’s mothers and babies 2017—in 
brief. Perinatal statistics series no. 35. Cat. no. PER 100. Canberra: AIHW. (2019).

 4. Sayers S, Powers J. Risk factors for aboriginal low birthweight, intrauterine growth 
retardation and preterm birth in the Darwin health region. Aust N Z J Public Health. 
(1997) 21:524–30. doi: 10.1111/j.1467-842X.1997.tb01746.x

 5. Lee AC, Kozuki N, Cousens S, Stevens GA, Blencowe H, Silveira MF, et al. Estimates 
of burden and consequences of infants born small for gestational age in low and middle 
income countries with INTERGROWTH-21(st) standard: analysis of CHERG datasets. 
BMJ. (2017) 358:j3677. doi: 10.1136/bmj.j3677

 6. Black RE. Global prevalence of small for gestational age births. Nestle Nutr Inst 
Workshop Ser. (2015) 81:1–7. doi: 10.1159/000365790

 7. Hong YH, Chung S. Small for gestational age and obesity related comorbidities. 
Ann Pediatr Endocrinol Metab. (2018) 23:4–8. doi: 10.6065/apem.2018.23.1.4

 8. Lu D, Yu Y, Ludvigsson JF, Oberg AS, Sorensen HT, Laszlo KD, et al. Birth weight, 
gestational age, and risk of cardiovascular disease in early adulthood: influence of 
familial factors. Am J Epidemiol. (2023) 192:866–77. doi: 10.1093/aje/kwac223

 9. Li P, Lu Y, Qie D, Feng L, He G, Yang S, et al. Early-life weight gain patterns of term 
small-for-gestational-age infants and the predictive ability for later childhood 
overweight/obesity: a prospective cohort study. Front Endocrinol (Lausanne). (2022) 
13:1030216. doi: 10.3389/fendo.2022.1030216

 10. Zheng M, Hesketh KD, Vuillermin P, Dodd J, Wen LM, Baur LA, et al. 
Understanding the pathways between prenatal and postnatal factors and overweight 
outcomes in early childhood: a pooled analysis of seven cohorts. Int J Obes. (2023) 
47:574–82. doi: 10.1038/s41366-023-01301-9

 11. Westrupp EM, D'Esposito F, Freemantle J, Mensah FK, Nicholson JM. Health 
outcomes for Australian aboriginal and Torres Strait islander children born preterm, low 
birthweight or small for gestational age: a nationwide cohort study. PLoS One. (2019) 
14:e0212130. doi: 10.1371/journal.pone.0212130

 12. Thurber KA, Dobbins T, Kirk M, Dance P, Banwell C. Early life predictors of 
increased body mass index among indigenous Australian children. PLoS One. (2015) 
10:e0130039. doi: 10.1371/journal.pone.0130039

 13. Sayers S, Mackerras D, Halpin S, Singh G. Growth outcomes for Australian aboriginal 
children aged 11 years who were born with intrauterine growth retardation at term gestation. 
Paediatr Perinat Epidemiol. (2007) 21:411–7. doi: 10.1111/j.1365-3016.2007.00852.x

 14. Sayers S, Mott S, Singh G. Fetal growth restriction and 18-year growth and 
nutritional status: aboriginal birth cohort 1987–2007. Am J Hum Biol. (2011) 23:417–9. 
doi: 10.1002/ajhb.21133

 15. Sjoholm P, Pahkala K, Davison B, Juonala M, Singh G. Socioeconomic status, 
remoteness and tracking of nutritional status from childhood to adulthood in an 
Australian aboriginal birth cohort: the ABC study. BMJ Open. (2020) 10:e033631. doi: 
10.1136/bmjopen-2019-033631

 16. Sayers SM, Mackerras D, Singh G, Bucens I, Flynn K, Reid A. An Australian 
aboriginal birth cohort: a unique resource for a life course study of an indigenous 
population. A study protocol. BMC Int Health Hum Rights. (2003) 3:1. doi: 
10.1186/1472-698X-3-1

 17. Davison B, Goodall J, Whalan S, Montgomery-Quin K, Howarth T, Singh G. 
Nutritional dual burden in indigenous young adults: the geographical differential. Aust 
J Rural Health. (2019) 27:14–21. doi: 10.1111/ajr.12439

 18. Krakauer NY, Krakauer JC. A new body shape index predicts mortality hazard 
independently of body mass index. PLoS One. (2012) 7:e39504. doi: 10.1371/journal.
pone.0039504

 19. Murphy JI, Weaver NE, Hendricks AE. Accessible analysis of longitudinal data 
with linear mixed effects models. Dis Model Mech. (2022) 15:dmm048025. doi: 10.1242/
dmm.048025

 20. R Core Team. A language and environment for statistical computing. R foundation 
for statistical computing. Vienna, Austria. Available at: https://wwwR-projectorg/: (2022).

 21. Bates D, Mächler M, Bolker B, Walker S. Fitting linear mixed-effects models 
Usinglme4. J Stat Softw. (2015) 67:1–48. doi: 10.18637/jss.v067.i01

 22. Lenth R. emmeans: estimated marginal means, aka least-squares means. R package 
version 187. Available at: https://CRANR-projectorg/package=emmeans. (2023).

 23. Lindstrom L, Ahlsson F, Lundgren M, Bergman E, Lampa E, Wikstrom AK. 
Growth patterns during early childhood in children born small for gestational age and 
moderate preterm. Sci Rep. (2019) 9:11578. doi: 10.1038/s41598-019-48055-x

 24. Knops NB, Sneeuw KC, Brand R, Hille ET, den Ouden AL, Wit JM, et al. Catch-up 
growth up to ten years of age in children born very preterm or with very low birth 
weight. BMC Pediatr. (2005) 5:26. doi: 10.1186/1471-2431-5-26

https://doi.org/10.3389/fpubh.2024.1349040
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpubh.2024.1349040/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpubh.2024.1349040/full#supplementary-material
https://doi.org/10.6065/apem.2018.23.1.9
https://doi.org/10.3345/kjp.2016.59.1.1
https://doi.org/10.1111/j.1467-842X.1997.tb01746.x
https://doi.org/10.1136/bmj.j3677
https://doi.org/10.1159/000365790
https://doi.org/10.6065/apem.2018.23.1.4
https://doi.org/10.1093/aje/kwac223
https://doi.org/10.3389/fendo.2022.1030216
https://doi.org/10.1038/s41366-023-01301-9
https://doi.org/10.1371/journal.pone.0212130
https://doi.org/10.1371/journal.pone.0130039
https://doi.org/10.1111/j.1365-3016.2007.00852.x
https://doi.org/10.1002/ajhb.21133
https://doi.org/10.1136/bmjopen-2019-033631
https://doi.org/10.1186/1472-698X-3-1
https://doi.org/10.1111/ajr.12439
https://doi.org/10.1371/journal.pone.0039504
https://doi.org/10.1371/journal.pone.0039504
https://doi.org/10.1242/dmm.048025
https://doi.org/10.1242/dmm.048025
https://wwwR-projectorg/
https://doi.org/10.18637/jss.v067.i01
https://CRANR-projectorg/package=emmeans
https://doi.org/10.1038/s41598-019-48055-x
https://doi.org/10.1186/1471-2431-5-26


Hansen et al. 10.3389/fpubh.2024.1349040

Frontiers in Public Health 14 frontiersin.org

 25. Takayanagi T, Shichijo A, Egashira M, Egashira T, Mizukami T. Extrauterine 
growth restriction was associated with short stature and thinness in very low birthweight 
infants at around six years of age. Acta Paediatr. (2019) 108:112–7. doi: 10.1111/
apa.14433

 26. Elmrayed S, Pinto J, Tough SC, McDonald SW, Scime NV, Wollny K, et al. Small 
for gestational age preterm infants and later adiposity and height: a systematic review 
and meta-analysis. Paediatr Perinat Epidemiol. (2023) 37:652–68. doi: 10.1111/
ppe.13002

 27. Balomenou F, Rallis D, Evangelou F, Zisi A, Balomenou K, Tsekas N, et al. Is small 
for gestational age status independently correlated with body composition during 
childhood? Eur J Pediatr. (2023) 182:661–8. doi: 10.1007/s00431-022-04723-1

 28. Whalan S, Farnbach S, Volk L, Gwynn J, Lock M, Trieu K, et al. What do we know 
about the diets of aboriginal and Torres Strait islander peoples in Australia? A systematic 
literature review. Aust N Z J Public Health. (2017) 41:579–84. doi: 10.1111/ 
1753-6405.12721

 29. Brimblecombe JK, Ferguson MM, Liberato SC, O'Dea K. Characteristics of the 
community-level diet of aboriginal people in remote northern Australia. Med J Aust. 
(2013) 198:380–4. doi: 10.5694/mja12.11407

 30. Mackerras DE, Reid A, Sayers SM, Singh GR, Bucens IK, Flynn KA. Growth and 
morbidity in children in the aboriginal birth cohort study: the urban-remote differential. 
Med J Aust. (2003) 178:56–60. doi: 10.5694/j.1326-5377.2003.tb05063.x

 31. Sevoyan A, Davison B, Rumbold A, Moore V, Singh G. Examining the relationship 
between body mass index and adverse cardio-metabolic profiles among Australian 
indigenous and non-indigenous young adults. Sci Rep. (2019) 9:3385. doi: 10.1038/
s41598-019-40083-x

 32. Howarth T, Davison B, Singh G. Grip strength among indigenous and non-
indigenous Australian adults: a longitudinal study of the effects of birth size and current 
size. BMJ Open. (2019) 9:e024749. doi: 10.1136/bmjopen-2018-024749

 33. Bucens IK, Reid A, Sayers SM. Risk factors for reduced lung function in Australian 
aboriginal children. J Paediatr Child Health. (2006) 42:452–7. doi: 
10.1111/j.1440-1754.2006.00896.x

 34. Pearce MS, Mann KD, Singh G, Sayers SM. Birth weight and cognitive function in 
early adulthood: the Australian aboriginal birth cohort study. J Dev Orig Health Dis. 
(2014) 5:240–7. doi: 10.1017/S2040174414000063

 35. Singh GR, Davison B, Ma GY, Eastman CJ, Mackerras DE. Iodine status of 
indigenous and non-indigenous young adults in the top end, before and after mandatory 
fortification. Med J Aust. (2019) 210:121–5. doi: 10.5694/mja2.12031

 36. Khanna D, Peltzer C, Kahar P, Parmar MS. Body mass index (BMI): a screening 
tool analysis. Cureus. (2022) 14:e22119. doi: 10.7759/cureus.22119

 37. Balomenou F, Rallis D, Evangelou F, Zisi A, Balomenou K, Tsekas N, et al. Growth 
trajectories during infancy have a significant impact on body composition in childhood. 
Nutr Res. (2023) 116:37–47. doi: 10.1016/j.nutres.2023.05.007

 38. Wang Z, Hoy WE. Body mass index and mortality in aboriginal Australians in the 
Northern Territory. Aust N Z J Public Health. (2002) 26:305–10. doi: 10.1111/ 
j.1467-842X.2002.tb00176.x

 39. Adegbija O, Hoy WE, Dong B, Wang Z. Body mass index and waist circumference 
as predictors of all-cause mortality in an aboriginal Australian community. Obes Res Clin 
Pract. (2017) 11:19–26. doi: 10.1016/j.orcp.2016.06.003

 40. Bhaskaran K, Dos-Santos-Silva I, Leon DA, Douglas IJ, Smeeth L. Association of 
BMI with overall and cause-specific mortality: a population-based cohort study of 3.6 
million adults in the UK. Lancet Diabetes Endocrinol. (2018) 6:944–53. doi: 10.1016/
S2213-8587(18)30288-2

 41. Klatsky AL, Zhang J, Udaltsova N, Li Y, Tran HN. Body mass index and mortality 
in a very large cohort: is it really healthier to be overweight? Perm J. (2017) 21:16–142. 
doi: 10.7812/TPP/16-142

 42. Sellers EA, Singh GR, Sayers SM. Large waist but low body mass index: the 
metabolic syndrome in Australian aboriginal children. J Pediatr. (2008) 153:222–7. doi: 
10.1016/j.jpeds.2008.02.006

 43. Lee A, Rainow S, Tregenza J, Tregenza L, Balmer L, Bryce S, et al. Nutrition in 
remote aboriginal communities: lessons from Mai Wiru and the Anangu Pitjantjatjara 
Yankunytjatjara lands. Aust N Z J Public Health. (2016) 40:S81–8. doi: 10.1111/ 
1753-6405.12419

 44. Goedegebuure WJ, Van der Steen M, Smeets CCJ, Kerkhof GF, Hokken-Koelega 
ACS. SGA-born adults with postnatal catch-up have a persistently unfavourable 
metabolic health profile and increased adiposity at age 32 years. Eur J Endocrinol. (2022) 
187:15–26. doi: 10.1530/EJE-21-1130

 45. Cohen CC, Harrall KK, Gilley SP, Perng W, Sauder KA, Scherzinger A, et al. Body 
composition trajectories from birth to 5 years and hepatic fat in early childhood. Am J 
Clin Nutr. (2022) 116:1010–8. doi: 10.1093/ajcn/nqac168

 46. Denney-Wilson E, Fatema K, Elcombe E, Ingram S, Harris M, Comino E. 
Associations between rapid weight gain in infancy and weight status among urban 
aboriginal children participating in the Gudaga study: nine-year results from a cohort 
study. BMC Pediatr. (2020) 20:224. doi: 10.1186/s12887-020-02121-w

 47. Grant JF, Chittleborough CR, Shi Z, Taylor AW. The association between a body 
shape index and mortality: results from an Australian cohort. PLoS One. (2017) 
12:e0181244. doi: 10.1371/journal.pone.0181244

 48. Mameli C, Krakauer NY, Krakauer JC, Bosetti A, Ferrari CM, Moiana N, et al. The 
association between a body shape index and cardiovascular risk in overweight and obese 
children and adolescents. PLoS One. (2018) 13:e0190426. doi: 10.1371/journal.
pone.0190426

 49. Dhana K, Kavousi M, Ikram MA, Tiemeier HW, Hofman A, Franco OH. Body 
shape index in comparison with other anthropometric measures in prediction of total 
and cause-specific mortality. J Epidemiol Community Health. (2016) 70:90–6. doi: 
10.1136/jech-2014-205257

 50. Ji M, Zhang S, An R. Effectiveness of a body shape index (ABSI) in predicting 
chronic diseases and mortality: a systematic review and meta-analysis. Obes Rev. (2018) 
19:737–59. doi: 10.1111/obr.12666

 51. Lee H, Chung HS, Kim YJ, Choi MK, Roh YK, Chung W, et al. Association 
between body shape index and risk of mortality in the United States. Sci Rep. (2022) 
12:11254. doi: 10.1038/s41598-022-15015-x

 52. Bouchi R, Asakawa M, Ohara N, Nakano Y, Takeuchi T, Murakami M, et al. 
Indirect measure of visceral adiposity “A body shape Index” (ABSI) is associated with 
arterial stiffness in patients with type 2 diabetes. BMJ Open Diabetes Res Care. (2016) 
4:e000188. doi: 10.1136/bmjdrc-2015-000188

 53. Bertoli S, Leone A, Krakauer NY, Bedogni G, Vanzulli A, Redaelli VI, et al. 
Association of Body Shape Index (ABSI) with cardio-metabolic risk factors: a cross-
sectional study of 6081 Caucasian adults. PLoS One. (2017) 12:e0185013. doi: 10.1371/
journal.pone.0185013

 54. Christakoudi S, Tsilidis KK, Evangelou E, Riboli E. A body shape index (ABSI), 
hip index, and risk of cancer in the UK biobank cohort. Cancer Med. (2021) 10:5614–28. 
doi: 10.1002/cam4.4097

 55. Ronn PF, Smith LS, Andersen GS, Carstensen B, Bjerregaard P, Jorgensen ME. 
Birth weight and risk of adiposity among adult Inuit in Greenland. PLoS One. (2014) 
9:e115976. doi: 10.1371/journal.pone.0115976

 56. Prioreschi A, Munthali RJ, Kagura J, Said-Mohamed R, De Lucia RE, Micklesfield 
LK, et al. The associations between adult body composition and abdominal adiposity 
outcomes, and relative weight gain and linear growth from birth to age 22 in the birth 
to twenty plus cohort, South  Africa. PLoS One. (2018) 13:e0190483. doi: 10.1371/
journal.pone.0190483

 57. Masiakwala E, Nyati LH, Norris SA. The association of intrauterine and postnatal 
growth patterns and nutritional status with toddler body composition. BMC Pediatr. 
(2023) 23:342. doi: 10.1186/s12887-023-04155-2

 58. Azcorra H, Varela-Silva MI, Dickinson F. Birth weight and body composition in 
6-to-8 years old Maya children. Am J Hum Biol. (2021) 33:e23542. doi: 10.1002/
ajhb.23542

 59. Resende CB, Luft VC, Duncan B, Griep RH, Molina M, Barreto SM, et al. Birth 
weight and body fat mass in adults assessed by bioimpedance in the ELSA-Brasil study. 
Cad Saude Publica. (2021) 37:e00061619. doi: 10.1590/0102-311x00061619

 60. Rockenbach G, Luft VC, Mueller NT, Duncan BB, Stein MC, Vigo A, et al. Sex-
specific associations of birth weight with measures of adiposity in mid-to-late adulthood: 
the Brazilian longitudinal study of adult health (ELSA-Brasil). Int J Obes. (2016) 
40:1286–91. doi: 10.1038/ijo.2016.76

 61. Catapano A, Trinchese G, Cimmino F, Petrella L, D'Angelo M, Di Maio G, et al. 
Impedance analysis to evaluate nutritional status in physiological and pathological 
conditions. Nutrients. (2023) 15:2264. doi: 10.3390/nu15102264

https://doi.org/10.3389/fpubh.2024.1349040
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1111/apa.14433
https://doi.org/10.1111/apa.14433
https://doi.org/10.1111/ppe.13002
https://doi.org/10.1111/ppe.13002
https://doi.org/10.1007/s00431-022-04723-1
https://doi.org/10.1111/1753-6405.12721
https://doi.org/10.1111/1753-6405.12721
https://doi.org/10.5694/mja12.11407
https://doi.org/10.5694/j.1326-5377.2003.tb05063.x
https://doi.org/10.1038/s41598-019-40083-x
https://doi.org/10.1038/s41598-019-40083-x
https://doi.org/10.1136/bmjopen-2018-024749
https://doi.org/10.1111/j.1440-1754.2006.00896.x
https://doi.org/10.1017/S2040174414000063
https://doi.org/10.5694/mja2.12031
https://doi.org/10.7759/cureus.22119
https://doi.org/10.1016/j.nutres.2023.05.007
https://doi.org/10.1111/j.1467-842X.2002.tb00176.x
https://doi.org/10.1111/j.1467-842X.2002.tb00176.x
https://doi.org/10.1016/j.orcp.2016.06.003
https://doi.org/10.1016/S2213-8587(18)30288-2
https://doi.org/10.1016/S2213-8587(18)30288-2
https://doi.org/10.7812/TPP/16-142
https://doi.org/10.1016/j.jpeds.2008.02.006
https://doi.org/10.1111/1753-6405.12419
https://doi.org/10.1111/1753-6405.12419
https://doi.org/10.1530/EJE-21-1130
https://doi.org/10.1093/ajcn/nqac168
https://doi.org/10.1186/s12887-020-02121-w
https://doi.org/10.1371/journal.pone.0181244
https://doi.org/10.1371/journal.pone.0190426
https://doi.org/10.1371/journal.pone.0190426
https://doi.org/10.1136/jech-2014-205257
https://doi.org/10.1111/obr.12666
https://doi.org/10.1038/s41598-022-15015-x
https://doi.org/10.1136/bmjdrc-2015-000188
https://doi.org/10.1371/journal.pone.0185013
https://doi.org/10.1371/journal.pone.0185013
https://doi.org/10.1002/cam4.4097
https://doi.org/10.1371/journal.pone.0115976
https://doi.org/10.1371/journal.pone.0190483
https://doi.org/10.1371/journal.pone.0190483
https://doi.org/10.1186/s12887-023-04155-2
https://doi.org/10.1002/ajhb.23542
https://doi.org/10.1002/ajhb.23542
https://doi.org/10.1590/0102-311x00061619
https://doi.org/10.1038/ijo.2016.76
https://doi.org/10.3390/nu15102264

	Small for gestational age and anthropometric body composition from early childhood to adulthood: the Aboriginal Birth Cohort study
	Introduction
	Methods
	Study design
	Setting and study participants
	Variables of interest
	Demographic information
	Anthropometric measures (outcomes of interest)
	Small for gestational age (predictor of interest)
	Statistical analyses

	Results
	Descriptive characteristics
	Cross-sectional analyses
	Longitudinal analyses
	Sensitivity analyses

	Discussion
	Limitations

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

