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Abstract

Growth in early life is associated with various individual health outcomes in adulthood, but
limited research has been done on associations with a more comprehensive measure of health.
Combining information from multiple biological systems, allostatic load (AL) provides such a
quantitative measure of overall physiological health. We used longitudinal data from the Birth
to Twenty Plus cohort in South Africa to calculate an AL score at age 22 years and examined
associations with birth weight and linear growth and weight gain from age 0 to 2 years and 2
to 5 years, as attenuated by trajectories of body mass index and pubertal development in later
childhood and adolescence. Differences in total AL score between males and females were small,
though levels of individual biological factors contributing to AL differed by sex. Increased weight
gain from age 2 to 5 years among males was associated with an increased risk of high AL, but no
other early-life measures were associated with AL. Increased adiposity through childhood and
adolescence in females was associated with higher AL in early adulthood. These results illustrate
that patterns of early-life growth are not consistently associated with higher AL. While more
research is needed to link AL in young adulthood to later health outcomes, these results also sug-
gest increased adiposity during childhood and adolescence represents a potential early sign of
later physiological risk.

Introduction

It is increasingly recognised that experiences and health in one stage of the life course can influ-
ence health outcomes in another stage. The ‘developmental origins of health and disease’
(DOHaD) framework posits that experiences in early life can result in permanent physiological
changes that impact health factors later in life.1 Low birth weight has been associated with
increased adult blood pressure, increased glucose intolerance and increased risk of coronary
heart disease.2–4 Similarly, rapid growth in childhood has been associated with increased risk
of coronary heart disease and higher fat-free soft tissue mass in adulthood, and growth patterns
in childhood have been associated with timing and tempo of puberty.2,5,6

Beyond early childhood, considerable evidence suggests that increased adiposity throughout
childhood and adolescence has adverse impacts on a range of adult health outcomes, including
obesity, blood pressure and risk of coronary heart disease.3,7–10 There is also evidence that
pubertal factors influence adult health, as early adrenarche was found to be associated with
higher risks of components of metabolic syndrome, such as type 2 diabetes, obesity and cardio-
vascular disease, especially among females.11

While links have been illustrated between early-life and childhood growth and individual
health outcomes, less is known about potential links to general measures of health.
Contemporaneous with the development of the DOHaD framework, a composite measure
of physiological stress known as allostatic load (AL) was being developed. As originally formu-
lated, elevated AL results from chronic heightened responses of neural and neuroendocrine sys-
tems to perceived stresses, which then results in downstream effects on other biological systems,
such as cardiometabolic and immune systems, and eventually adverse disease outcomes.12 By
combining measures of cardiovascular, metabolic, neuroendocrine and immune health, a
composite measure of physiological health can be calculated. Higher AL scores have been asso-
ciated with adverse health outcomes in older adults (70þ), as well as increased mortality among
middle-aged adults.13–18

A recent review summarised evidence for a consistent association between lower socio-
economic status (SES) and higher AL in adults, findings that have since been replicated in
adolescents.19,20 In women, early menarche has been shown to be associated with higher AL
in early adulthood.21 In a Danish cohort, birth weight was found to be inversely associated with
midlife AL in females, though that study did not examine growth patterns in early life.22

However, these findings all come from developed, upper-income countries, and little to no
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research in this area has been conducted in low- or middle-income
countries, where the context, particularly in early life, may be very
different from upper-income countries. The aim of this study is to
extend current research on links between early-life, childhood, and
adolescent growth and individual health outcomes in adulthood to
investigate associations with a comprehensive measure of health.
In the current analysis, we examine the association between growth
in early life and AL at age 22 years, as well as potential attenuation
of that relationship when considering adolescent body mass index
(BMI) or pubertal development trajectory, using data from the
Birth to Twenty Plus (Bt20þ) cohort in South Africa.

Methods

Study population

Data for this analysis come from the Bt20þ study, a birth cohort con-
sisting of 3273 singleton infants born in the Soweto-Johannesburg
area of South Africa between April and June 1990. A detailed descrip-
tion of the cohort, including recruitment and selection criteria, has
been published previously.23 Most of the cohort resides in an urban,
relatively poor community, and absolute attrition is relatively low at
approximately 35% by age 28 years, though not all participants
attended each study wave. Ethics approval for this analysis came from
the University of the Witwatersrand Human Research Ethics
Committee (Certificate #M180933) and participants or their care-
givers, as appropriate, provided written informed consent at each
study visit.

Only participants who returned for the age 22 years study visit
were eligible for our analysis (n= 1552) (Fig. 1).We excluded preg-
nant females (n= 22) and those females whose pregnancy status

was not recorded at the time of the age 22 years study visit
(n= 60). For calculations of AL, we excluded participants with
C-reactive protein (CRP) values ≥10 mg/L (n= 154), as such
concentrations are indicative of an acute infection. Additionally,
we excluded participants missing data on more than three AL
components (n= 276), resulting in a final sample for AL of
1036 participants. We excluded participants missing any early-life
growth measures (n= 437) or BMI/pubertal trajectory values
(n= 51) for analyses involving those exposures, resulting in a final
sample of 596 participants for those analyses.

Early-life exposures

Birth weight was abstracted from birth notification records. Child
height to the nearest 0.1 cm and weight to the nearest 0.1 kg were
recorded by trained research staff using a wall-mounted stadiom-
eter (Holtain, UK) and digital scale, respectively, at the age 2 years
and age 5 years study visits. Conditional height is calculated as a
residual from a sex-specific linear model regressing current height
on prior values of height and weight, and conditional weight is cal-
culated as a residual from a sex-specific linear model regressing
current weight on current height and prior values of height and
weight. Observed height and weight were represented as Fisher–
Yates transformed height-for-age and weight-for-age Z-scores,
respectively. We calculated conditional height and weight at age
2 years and 5 years.24 Using conditional height and weight mea-
sures, we can isolate growth that is faster or slower than would
be expected in a particular period given a child’s earlier growth pat-
terns and the overall growth pattern of the cohort. In essence, these
variables are indicative of greater linear growth independent of
prior linear growth and weight gain and greater weight gain inde-
pendent of prior weight gain as well as prior linear growth and
current height.

Later childhood/adolescent exposures

Sex-specific trajectories of BMI from age 5 years to 18 years were
previously computed using latent class growth mixture modelling
for participants with at least two BMI measurements between age
5 years and 18 years (Supplemental Fig. S1). Three trajectories were
identified for males (1 – normal weight; 2 – early-onset overweight
to normal; 3 – early-onset overweight to obese) and four trajectories
were identified for females (1 – normal weight; 2 – early-onset obese
to overweight; 3 – early-onset obese tomorbidly obese; 4 – late-onset
overweight).7 Latent class growth analysis was previously used with
serial Tanner sexual maturation scale measurements from age 9
years to 16 years to calculate sex-specific trajectories of pubertal
development. These trajectories capture information regarding both
the timing of pubertal onset and rate of progression through
puberty. Three trajectories of pubic hair development were identi-
fied for both males and females, with four trajectories of breast
development identified for females and four trajectories of genital
development identified for males (Supplemental Fig. S2). For all tra-
jectories, trajectory 1 represents participants with latest onset of
puberty and slowest development, with increasing trajectory num-
bers representing successively earlier onset and faster development.5

Outcome

We created an overall measure of AL from 11 health measures
collected at the age 22 years study visit. Measures were selected
to encompass multiple physiological systems and the choice of
which measures to include was based on literature examples and

Fig. 1. CONSORT flow diagram of sample size.
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data availability.16,20,21,25–29 We used systolic blood pressure (SBP),
diastolic blood pressure (DBP) and resting heart rate as measures
of cardiovascular health. Markers of metabolic health included
BMI, waist-to-hip ratio (WHR), total cholesterol, high-density
lipoprotein (HDL), triglycerides and fasting blood glucose. CRP
was included as a marker of inflammation. Total score from the
28-item General Health Questionnaire (GHQ-28), in which
patients assess changes in their mood, feelings and behaviours over
the last 4 weeks, was included as a marker of psychological
distress.30

Height, weight, waist size, hip size and resting heart rate were
recorded by trained research staff during the age 22 years study
visit, with a coefficient of variation of< 1% for repeated measures.
Blood pressure was measured in triplicate with participants in a
seated position using an OmronM6 (Kyoto, Japan), with the mean
of the second and third measurements used for analysis. Total
cholesterol, HDL, triglycerides, fasting blood glucose and CRP
were measured from venous blood draws collected following an
overnight fast. Plasma glucose was measured by an autoanalyser
using standard enzymatic methods, blood lipids were measured
by standard enzymatic methods and CRP concentrations were
measured using a full-range CRP immunoturbidimetric assay
(Randox Laboratories, South Africa). Quality was checked by
control samples and the coefficient of variation for lab measures
was <2%.

To create the AL index, we created empirical cut points for each
health measure based on the sample distribution. For all measures
except HDL, an observed level above the 75th percentile was
regarded as high risk, and for HDL an observed level below the
25th percentile was regarded as high risk. A dichotomous indicator
was created for each health measure, with a value of 1 assigned for
high-risk values and a value of 0 assigned to low-risk values. The
indicator variables were summed to create an overall measure of
AL for each participant, ranging from 0 to 11. This summary
method of calculating AL is used most frequently in the literature,
and factor analyses have supported the use of a single, combined
measure of AL.31–34 Based on the distribution of the resulting AL
measure, we created an indicator for ‘high AL’ using the same 75th
percentile level used to classify individual health measures as
high risk.

Confounders

Confounders were identified a priori based on literature-driven
hypothesized relationships with both the exposure variables and
the AL outcome. Gestational age, maternal age and education, par-
ity, and household asset ownership from age 0 to 2 years (as a proxy
for socio-economic status), all of which come from the original
Bt20þ enrolment data, were included as confounders.

Missing data

Two hundred and sixty-five participants (26%) were missing data
for one to three AL component measures, with the majority of
those (239; 90%) missing a single measure. In order to include
these participants in the analyses, missing values for these mea-
sures, along with missing confounder values, were imputed using
multiple imputation by chained equations. Missing individual
component measures, rather than the overall AL score, were
imputed to utilise the observed values of the other AL component
measures. Empirical cut points for each AL component, high-risk
indicators and a summary measure of AL were calculated within

each imputed dataset as described previously. Participants missing
greater than three AL components were generally missing an entire
suite of measures (e.g., all bloodwork-related measures) and were
therefore excluded. Including missing confounders, 41% of partic-
ipants had at least 1 value imputed, and we therefore imputed 50
datasets.35

For analyses of AL with early-life growth and adolescent BMI/
pubertal trajectories, we excluded those participants missing any
growth or trajectory measures.

Statistical analysis

We examined differences in the percentage of individuals with high-
risk values for each AL component measure and the percentage of
individual with high AL by sex using unadjusted pooled logistic
regression across the imputed datasets. Differences in the distribu-
tion of AL score by sex were examined using unadjusted pooled
Poisson regression. We examined the association between early-life
growthmeasures and age 22 years AL score using sex-specific unad-
justed and adjusted pooled Poisson regression. Potential attenuation
of the association between early-life growth and age 22 years AL
when BMI trajectories and/or pubertal trajectories were also mod-
elled was assessed by adding each type of trajectory to the model
both individually and in conjunction with the other trajectories
and assessing any resulting change in association between early-life
growth and age 22 years AL. In addition to examining the associa-
tions with the count AL measure, we examined the same associa-
tions with the indicator for high AL using sex-specific unadjusted
and adjusted pooled logistic regression.

We utilised Poisson regression for the analyses with AL score
because AL is a discrete, non-negative outcome. We explored
the use of negative binomial models to allow for additional
dispersion in the outcome variable but found no evidence of over-
dispersion and consequently used Poisson models.

Sensitivity analyses

To investigate potential selection effects, we compared demo-
graphics of participants included in our analyses to those who were
originally enrolled in Bt20þ but were excluded from the current
study. As GHQ-28 is not a measure of physiological health and
has not been included in previous characterisations of AL, we com-
pared our results to a calculation of AL that did not include GHQ-28
as a componentmeasure.We also calculated a version of AL exclud-
ing BMI as a component measure in order to investigate if any
potential associations with overall AL were a result of early-life
and adolescent body size being correlated with young adult body
size. In addition to the sex-specific analyses, we ran pooled analyses
controlling for sex to investigate the effect of the larger sample size
on variance in the model estimates. All analyses were conducted
using R version 3.5.2, with multiple imputation by chained equa-
tions done using the ‘mice’ package.36,37

Results

Early-life anthropometric data, maternal and household character-
istics, and pubertal trajectory memberships for the included sample
are displayed in Table 1. Most participants, especially among males,
are in BMI trajectory 1, the ‘normal weight’ trajectory for both sexes,
while there was more variation in membership in the pubertal
trajectories.

Participants included in the AL calculation were more likely to
be Black than excluded participants, which is a result of the
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increased emphasis on recruitment of Black participants at the age
22 years visit (Supplemental Table S1). Participants included in the
analyses of associations between AL and early-life growth were
more likely to have shorter gestational age, lower maternal parity,
lower maternal age and higher asset score at age 0–2 years than
participants who only had an AL score calculated; all factors were
controlled for in the regression models (Supplemental Table S2).
As BMI trajectories were only developed for Black participants,

our analysis of associations between growth measures and age
22 years AL was restricted to Black participants.

Table 2 shows the high-risk cut point values, the number of
missing values imputed and the mean number of participants with
elevated values of each AL component measure by sex. We found
significant differences in the percentage of males and females with
high-risk values for many component measures, with males being
more likely to have high-risk values of SBP, DBP, WHR, triglycer-
ides, fasting blood glucose and CRP and females more likely to
have high-risk values of resting heart rate, BMI, total cholesterol,
HDL and GHQ-28 score. When including GHQ-28 in the calcu-
lation of the summary AL score, females had a higher average AL
score (2.91) than males (2.66), though this difference did not
remain when excluding either GHQ-28 or BMI from the AL score
calculation. There were no differences in the percentages of males
and females with high AL when including GHQ-28. Males were
more likely to be classified as high AL when GHQ-28 was excluded
and females were more likely to be classified as high AL when BMI
was excluded, both as a result of the change in distribution of AL
scores. The distribution of AL scores by sex in a single imputed
dataset is shown in Fig. 2, and distributions across the remaining
imputed datasets were qualitatively similar.

There was no consistent association between any early-life
growth measure and AL at age 22 years in males or females in
the adjusted analyses (Table 3). Unadjusted results are presented
in Supplemental Table S3. Conditional weight gain from age 2
to 5 years appeared marginally associated with age 22 years AL
in males but did not reach statistical significance. We found no sig-
nificant associations between either BMI trajectory or pubertal
development trajectory and age 22 years AL among males when
controlling for early-life growth, while among females, BMI trajec-
tories 3 and 4 were significantly associated with increased age 22
years AL compared to the normal BMI trajectory (Table 3, Models
2–4). These trajectories correspond to ‘early onset obese to
morbidly obese’ (trajectory 3) and ‘late onset overweight’
(trajectory 4).When poolingmales and females together and adjust-
ing for sex, there remained no association between any early-life
growth measure and age 22 years AL (Supplemental Table S4).
Associations with the versions of AL that excluded GHQ-28 and
BMI as component measures were qualitatively similar to the main
results (Supplemental Tables S5 and S6).

Amongmales, higher conditional change in weight from age 2 to
5 years was significantly associated with greater odds of high AL at
age 22 years, and this relationship was not attenuated when either
the BMI or pubertal trajectories were included in the model
(Table 4). Among females, no early-life growthmeasures were asso-
ciated with high AL at age 22 years, though membership in BMI
trajectory 3 (‘early onset obese to morbidly obese’) was consistently
associated with higher odds of high AL at age 22 years. These results
were similar in unadjusted models and in the models using the
version of AL excluding BMI (Supplemental Tables S7 and S8).
When considering the version of AL excluding GHQ-28, condi-
tional weight gain from age 2 to 5 years remained associated with
high AL in males and conditional height gain from age 2 to 5 years
was associated with high AL in females, with along with attenuation
of the association when BMI trajectories are included in the model
(Supplemental Table S9).When pooling males and females together
and adjusting for sex, only the association of BMI trajectory 3 with
high AL remained significant (Supplemental Table S10).

When analysed individually, all components of the ALmeasure
were positively associated with the composite score, with the
exception of HDL which was inversely associated with the

Table 1. Early-life anthropometric measures and maternal/household
characteristics by sex, Birth to Twenty Plus cohort (n= 1036)

Males (n = 495) Females (n= 541)

N (%) Mean (SD) N (%) Mean (SD)

Birth weight (kg) 494 3.12 (0.51) 541 3.02 (0.49)

Height at age 2 (cm) 330 83.37 (3.37) 388 82.74 (3.21)

Height at age 5 (cm) 308 107.83 (4.56) 367 107.18 (4.52)

Weight at age 2 (kg) 396 11.46 (1.41) 451 11.24 (1.25)

Weight at age 5 (kg) 375 18.21 (2.13) 432 17.88 (2.33)

Gestational age (weeks) 485 38.03 (1.8) 533 37.95 (1.96)

Maternal education (years) 456 9.41 (2.66) 508 9.66 (2.73)

Maternal age (years) 495 26.09 (6.43) 540 25.89 (6.06)

Maternal parity 495 2.4 (1.56) 541 2.19 (1.32)

Asset score 0–2 years 395 3.51 (1.69) 452 3.42 (1.63)

Ethnicity

–Black 468 (95) 505 (93)

–Othera 27 (5) 36 (7)

Childhood/adolescent BMI trajectoryb

-1 441 (89) 411 (76)

-2 21 (4) 21 (4)

-3 5 (1) 19 (4)

-4 – 51 (9)

-Missing 28 (6) 39 (7)

Pubic hair trajectoryc

-1 132 (27) 130 (24)

-2 293 (59) 326 (60)

-3 68 (14) 80 (15)

-Missing 2 (0) 5 (1)

Breast/genital development trajectoryc

-1 122 (25) 87 (16)

-2 189 (38) 161 (30)

-3 131 (26) 164 (30)

-4 51 (10) 125 (23)

-Missing 2 (0) 4 (1)

a‘Other’ includes White, Coloured and Indian.
bBMI trajectory definitions: 1 – normal weight; 2 – early-onset overweight to normal weight
(males) or early-onset obese to overweight (females); 3 – early-onset overweight to obese
(males) or early-onset obese to morbidly obese (females); 4 – late-onset overweight (females
only).
cTrajectory 1 represents children who started puberty late and progressed slowly, with higher
trajectories having progressively earlier pubertal start and faster tempo.
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composite score (Supplemental Table S11), though none of the
covariates adjusted for were individually associated with the
composite AL score (Supplemental Table S12).

Discussion

Our study profiled the varying components of AL among a cohort
of South African young adults and illustrated hypothesised rela-
tionships between AL and growth earlier in life. We found signifi-
cant differences between males and females with regard to the
components of the AL score, though sex differences in the distri-
butions of the final AL score were small. Increased weight gain
from age 2 to 5 years were consistently associated with greater odds
of high (top 25%) AL among males, with evidence for an associa-
tion between increased height gain from age 2 to 5 years and high
AL among females mediated by BMI trajectory when considering
only the physical components of AL score. Unhealthy adolescent
BMI trajectories were consistently associated with worse AL
outcomes.

Table 2. Descriptive statistics of allostatic load component measures and summary values by sex, including number of observations
imputed for eachmeasure, themean and range of high-risk cut-off value, themean percentage of participants with component measure
values in the high-risk quartile, and the mean allostatic load score, all calculated across imputations. P-values were calculated using
pooled logistic regression (component measures and high allostatic load) and pooled Poisson regression (allostatic load score)

Observations
imputed

Mean high-risk
cut-off value

(range)
Males

(n= 495)
Females
(n= 541) p

Cardiovascular markers

Systolic blood pressure (mm Hg) 1 121 (121, 121) 39% 12% <0.001

Diastolic blood pressure (mm Hg) 1 78 (78, 78) 30% 23% 0.015

Resting heart rate (bpm) 1 79.5 (79.5, 79.5) 8% 42% <0.001

Metabolic markers

BMI (kg/m2) 8 25.84 (25.82, 25.87) 10% 39% <0.001

Waist-to-hip ratio 49 0.83 (0.83, 0.83) 31% 20% <0.001

Total cholesterol (mmol/l) 10 3.87 (3.87, 3.88) 16% 34% <0.001

High-density lipoprotein (mmol/l) 3 0.95 (0.95, 0.95) 22% 28% 0.045

Triglycerides (mmol/l) 3 0.66 (0.66, 0.66) 33% 18% <0.001

Fasting glucose (mmol/l) 20 5.20 (5.19, 5.21) 30% 21% 0.001

Inflammation markers

C-reactive protein (mg/l) 170 3.64 (3.54, 3.78) 29% 21% 0.013

Emotional distress

GHQ-28 score 30 25 (25, 25) 18% 33% <0.001

Allostatic load

Including GHQ-28 and BMI – – 2.66 2.91 0.019

Excluding BMI – – 2.56 2.53 0.734

Excluding GHQ-28 – – 2.48 2.58 0.307

High allostatic loada

Including GHQ-28 and BMI – – 13% 16% 0.253

Excluding BMI – – 10% 24% <0.001

Excluding GHQ-28 – – 23% 12% <0.001

aHigh allostatic load is defined as a score above the 75th percentile. Cut-off values for scores includingGHQ-28 andBMI were>4 for bothmales and females,
>4 for males and >3 for females for scores excluding BMI, and >3 for males and >4 for females for scores excluding GHQ-28.

Fig. 2. Percentage distribution of calculated age 22 years allostatic load score in the
first imputation by sex, Birth to Twenty Plus cohort (n= 1036).
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The idea of a comprehensive measure of physiological health is
an appealing one. AL aims to incorporatemeasures related tomulti-
ple body systems and combine them into a single quantity that
reflects cumulative ‘wear and tear’ on the body.12,18 Such a
composite risk factor sacrifices information on particular indicators,
though previous research has illustrated the predictive value of AL
for other morbidities and mortality in middle-aged and older
adults.13–18 While we found significant differences between the pro-
portion of males and females with ‘high-risk’ values for most AL
components, we found only minimal differences in the distribution
of AL and no sex differences in the percentage of participants with
high AL. Consistent with the AL framework, our results suggest that
while males and females in our study population had similar ‘wear
and tear,’ this was expressed via different indicators for each sex, and

a focus on any particular indicator might give an incomplete picture
of overall health. Further research will help elucidate whether AL in
early adulthood will have similar predictive value for future adult
health and morbidity.

Among early-life measures, only increased conditional weight
gain from age 2 to 5 years among males was associated with greater
odds of high AL at age 22 years.When GHQ-28 was excluded from
the calculation of AL, we found an association between increased
conditional height gain from age 2 to 5 years among females and
greater odds of high AL, with evidence that this association was
attenuated when including unhealthy childhood/adolescent BMI
trajectories. These findings were supported in the analyses of con-
tinuous AL score, though the results did not reach the level of stat-
istical significance. Previous research illustrated links between

Table 3. Associations of age 22 years allostatic load with early-life growth as potentially mediated by childhood/adolescent bodymass index and adolescent pubertal
trajectories in the Birth to Twenty Plus cohort (n= 596). Values displayed are adjusted risk ratios (95% CI) estimated by pooled Poisson regressiona

Males (n= 282) Females (n= 314)

Model 1 Model 2 Model 3 Model 4 Model 1 Model 2 Model 3 Model 4

Birth weight (kg) 1.05
(0.89, 1.22)

1.06
(0.91, 1.24)

1.05
(0.90, 1.23)

1.07
(0.91, 1.25)

1.02
(0.87, 1.20)

1.02
(0.86, 1.20)

1.03
(0.87, 1.22)

1.03
(0.87, 1.21)

Conditional height 0–2 yearsb 0.98
(0.91, 1.06)

0.99
(0.92, 1.07)

0.98
(0.91, 1.06)

0.99
(0.92, 1.07)

1.03
(0.96, 1.11)

1.03
(0.96, 1.11)

1.02
(0.94, 1.09)

1.02
(0.95, 1.10)

Conditional height 2–5 yearsb 1.04
(0.97, 1.12)

1.03
(0.95, 1.11)

1.04
(0.96, 1.12)

1.03
(0.95, 1.11)

1.06
(0.98, 1.14)

1.03
(0.96, 1.12)

1.05
(0.97, 1.14)

1.03
(0.95, 1.11)

Conditional weight 0–2 yearsb 1.06
(0.99, 1.14)

1.06
(0.99, 1.13)

1.06
(0.99, 1.13)

1.06
(0.99, 1.13)

1.00
(0.93, 1.07)

1.01
(0.94, 1.08)

0.99
(0.93, 1.07)

1.00
(0.93, 1.08)

Conditional weight 2–5 yearsb 1.08
(1.00, 1.16)

1.08
(1.00, 1.16)

1.08
(1.00, 1.16)

1.08
(1.00, 1.16)

1.03
(0.96, 1.10)

1.01
(0.95, 1.08)

1.02
(0.95, 1.09)

1.00
(0.94, 1.07)

BMI trajectoryc

-1 X Ref X Ref X Ref X Ref

-2 X 1.17
(0.83, 1.65)

X 1.16
(0.82, 1.64)

X 1.23
(0.88, 1.72)

X 1.20
(0.86, 1.68)

-3 X 1.66
(0.92, 2.98)

X 1.63
(0.90, 2.94)

X 1.51
(1.11, 2.04)

X 1.47
(1.08, 2.00)

-4 – – – – X 1.23
(1.00, 1.52)

X 1.26
(1.02, 1.55)

Pubic hair trajectoryd

-1 X X Ref Ref X X Ref Ref

-2 X X 1.05
(0.81, 1.36)

1.04
(0.80, 1.35)

X X 1.12
(0.94, 1.33)

1.14
(0.96, 1.36)

-3 X X 1.01
(0.71, 1.43)

1.00
(0.71, 1.42)

X X 1.09
(0.84, 1.41)

1.11
(0.85, 1.44)

Breast/genital development trajectoryd

-1 X X Ref Ref X X Ref Ref

-2 X X 0.99
(0.76, 1.29)

0.98
(0.75, 1.28)

X X 0.94
(0.76, 1.16)

0.90
(0.73, 1.12)

-3 X X 1.02
(0.75, 1.38)

1.00
(0.74, 1.35)

X X 0.94
(0.75, 1.18)

0.92
(0.73, 1.15)

-4 X X 0.94
(0.65, 1.37)

0.94
(0.65, 1.36)

X X 1.09
(0.85, 1.39)

1.03
(0.80, 1.32)

aAll models adjusted for gestational age, maternal age, maternal years of education, parity and age 0–2 years physical asset score.
bCoefficients for conditional values represent the adjusted risk ratio for a one standard deviation increase in the given residual value.
cBMI trajectory definitions: 1 – normal weight; 2 – early-onset overweight to normal weight (males) or early-onset obese to overweight (females); 3 – early-onset overweight to obese (males) or
early-onset obese to morbidly obese (females); 4 – late-onset overweight (females only).
dTrajectory 1 represents children who started puberty late and progressed slowly, with higher numbered trajectories having progressively earlier pubertal start and faster tempo.
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measures of early-life growth and individual components of our
AL measure. Specifically, birth weight, early height growth and
early BMI growth were each associated with higher blood pressure
in adulthood, and greater weight gain throughout childhood has
been associated with greater adult adiposity.3,38,39 Studies in a series
of low and middle-income countries (LMICs), including South
Africa, illustrated associations between both lower birth weight
and increased weight gain after age 2 years with higher adult glu-
cose intolerance.4 Our study suggests that while increased growth
from age 2 to 5 yearsmay be associated with greater risk of multiple
morbidities as expressed through high AL score, there is not a con-
sistent association between early growth (0–2 years) and increased
morbidity in early adulthood.

In adolescence, we found consistent associations between BMI
trajectories corresponding to ‘early onset overweight/obese to

obese/morbidly obese’ and ‘late onset obese’ and poor AL outcomes
at age 22 years. These associations remained even when BMI at age
22 years was excluded from the calculation of age 22 years AL, indi-
cating that the association between BMI trajectory and age 22 years
AL is not solely driven by associations in body size across time.
These results are consistent with research that has demonstrated
associations between higher BMI in childhood and adolescence
and increased risk of coronary heart disease, obesity, high blood
pressure, diabetes and premature mortality.3,8–10

Strengths of our current research include the longitudinal
nature of the data, allowing us to use measures collected in child-
hood and adolescence and directly link those with young adult
measures in the same individual. Retention in the Bt20þ cohort
is high from year to year, providing us with a relatively large sam-
ple. Unlike much of the existing literature on AL in early or middle

Table 4. Sex-specific associations of high (top 25%) age 22 years allostatic load with early-life growth as potentially mediated by childhood/adolescent body mass
index and adolescent pubertal trajectories in the Birth to Twenty Plus cohort (n= 596). Values displayed are adjusted odds ratios (95% CI) estimated by pooled logistic
regressiona

Males (n= 282) Females (n= 314)

Model 1 Model 2 Model 3 Model 4 Model 1 Model 2 Model 3 Model 4

Birth weight (kg) 1.35
(0.57, 3.16)

1.43
(0.60, 3.40)

1.32
(0.55, 3.16)

1.39
(0.58, 3.34)

0.95
(0.43, 2.08)

0.92
(0.41, 2.05)

0.96
(0.43, 2.15)

0.93
(0.41, 2.10)

Conditional height 0–2 yearsb 0.90
(0.60, 1.34)

0.94
(0.62, 1.41)

0.90
(0.60, 1.35)

0.94
(0.62, 1.43)

1.16
(0.82, 1.64)

1.20
(0.83, 1.73)

1.11
(0.77, 1.58)

1.14
(0.78, 1.67)

Conditional height 2–5 yearsb 1.25
(0.82, 1.89)

1.13
(0.73, 1.75)

1.24
(0.81, 1.90)

1.13
(0.73, 1.77)

1.40
(0.97, 2.02)

1.28
(0.86, 1.89)

1.37
(0.94, 2.00)

1.25
(0.84, 1.87)

Conditional weight 0–2 yearsb 1.11
(0.78, 1.59)

1.10
(0.76, 1.58)

1.10
(0.76, 1.58)

1.09
(0.75, 1.58)

1.27
(0.91, 1.78)

1.33
(0.94, 1.90)

1.24
(0.89, 1.75)

1.32
(0.92, 1.88)

Conditional weight 2–5 yearsb 1.88
(1.19, 2.98)

1.83
(1.13, 2.98)

1.90
(1.18, 3.05)

1.84
(1.12, 3.03)

0.99
(0.72, 1.37)

0.90
(0.65, 1.26)

0.95
(0.69, 1.32)

0.87
(0.62, 1.23)

BMI trajectoryc

-1 X Ref X Ref X Ref X Ref

-2 X 2.47
(0.55, 11.02)

X 2.54
(0.55, 11.83)

X 2.69
(0.62, 11.69)

X 2.41
(0.55, 10.64)

-3 X 7.02
(0.45, 108.87)

X 7.09
(0.44, 115.06)

X 5.31
(1.39, 20.32)

X 4.90
(1.23, 19.45)

-4 X X X - X 2.41
(0.93, 6.29)

X 2.59
(0.97, 6.90)

Pubic hair trajectoryd

-1 X X Ref Ref X X Ref Ref

-2 X X 0.80
(0.19, 3.40)

0.73
(0.17, 3.14)

X X 1.20
(0.50, 2.87)

1.31
(0.53, 3.21)

-3 X X 1.09
(0.18, 6.64)

1.02
(0.17, 6.14)

X X 1.22
(0.35, 4.18)

1.35
(0.37, 4.92)

Breast/genital development trajectoryd

-1 X X Ref Ref X X Ref Ref

-2 X X 0.95
(0.22, 4.04)

0.95
(0.22, 4.07)

X X 0.90
(0.31, 2.64)

0.76
(0.25, 2.33)

-3 X X 1.42
(0.28, 7.18)

1.36
(0.27, 6.92)

X X 0.92
(0.29, 2.86)

0.83
(0.26, 2.68)

-4 X X 0.93
(0.13, 6.66)

0.97
(0.14, 6.73)

X X 1.58
(0.49, 5.15)

1.23
(0.36, 4.25)

aAll models adjusted for gestational age, maternal age, maternal years of education, parity and age 0–2 years physical asset score.
bCoefficients for conditional values represent the adjusted risk ratio for a one standard deviation increase in the given residual value.
cBMI trajectory definitions: 1 – normal weight; 2 – early-onset overweight to normal weight (males) or early-onset obese to overweight (females); 3 – early-onset overweight to obese (males) or
early-onset obese to morbidly obese (females); 4 – late-onset overweight (females only).
dTrajectory 1 represents children who started puberty late and progressed slowly, with higher numbered trajectories having progressively earlier pubertal start and faster tempo.
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adulthood, Bt20þ is in an LMIC environment. Using multiple
imputation, we were able to utilise partial data from hundreds
of participants that would have been discarded in a complete case
analysis. As the cohort is still active, later rounds of data collection
will allow for examinations of associations of early-life growth with
AL later in life or examinations of how AL in early adulthood may
predict future health outcomes.

Our study is not without limitations. Our analysis uses only a
subsample of the original Bt20þ cohort, and we found significant
differences in early-life economic status, maternal age, parity and
gestational age between those included in the analysis and those
excluded. While we attempted to control for these differences by
including these values as covariates in our regression models,
these differences make it more challenging to generalise from
our results to the general population of Soweto-Johannesburg.
We calculated AL using data from the age 22 years study wave,
which is early in adulthood and potentially prior to the occur-
rence of the adverse health outcomes that have been documented
in other DOHaD studies. However, the empirical high-risk quar-
tile cut points for multiple components were close to their rel-
evant clinical values, indicating that morbidities for at least
some AL components are already present in our study popula-
tion. The summary AL index used equally weights all compo-
nents, which is unlikely to accurately reflect contributions of
the different AL components to health. The summary index is
a commonly used approach to calculating AL in the literature,
and earlier research in older adults examining alternative AL cal-
culation methods such as factor analysis found that simple sum-
mations performed comparably to more complex methods.18

Though beyond the scope of this analysis, future work can explore
alternative calculations of AL in this and other younger popula-
tions. Finally, there remains the possibility of unadjusted con-
founding, especially at later time points, and therefore we did
not attempt to explicitly model causal relationships. Future
efforts could more explicitly model causal pathways and formal
mediation using approaches such as path analysis, inverse prob-
ability weighting, or g-methods.

Using prospectively collected data from a longitudinal birth
cohort in urban South Africa, we found similar levels of AL in
males and females at age 22 years, though the components contrib-
uting to the AL score varied by sex. While AL may be a useful tool
to identify young adults at risk of future health issues, further longi-
tudinal research is needed to determine any links between young
adult AL and future health. Unhealthy childhood and adolescent
BMI trajectories were associated with both increased continuous
AL scores and increased likelihood of having an AL load in the
top quartile of values. This highlights the potential early signs of
continuing physiological risk due to higher adiposity in childhood
and adolescence. While earlier DOHaD literature has illustrated
relationships between aspects of early-life growth and several com-
ponents of our AL measure, we only found consistent associations
between conditional weight gain from age 2 to 5 years and high AL
among males. These results contrast with earlier research in high-
income contexts showing associations between both birth weight
and early menarche with early and mid-adulthood AL, and further
research can help illustrate potential reasons for these discrepan-
cies. Our study expands the DOHaD literature by going beyond
individual health markers to consider a comprehensive measure
of physiological health and suggests that early-life growth is not
highly associated with such an overall measure of health, though
increasing BMI later in childhood and adolescence is. Future work
can expand on our research by considering measures of AL at later

ages and investigating associations between young adult AL and
later adverse health events.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/S2040174419000667
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