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Abstract (250 words):

Background: Early-life growth adversity is important to later-life health, but precision assess-
ment in adulthood is challenging. We evaluated whether the difference between attained and
genotype-predicted adult height (“height-GaP”) would associate with prospectively ascertained
early-life growth adversity and later-life all-cause and cardiovascular mortality.

Methods: Data were first analyzed from the Avon Longitudinal Study of Parents and Children
(ALSPAC; n=4,582; 56/43% female/male) and UKBiobank (n=483,385; 54/46% female/male).
Genotype-predicted height was calculated using a multi-ancestry polygenic height score. Height-
GaP was calculated as the difference between measured and genotype-predicted adult height.
Early-life growth conditions were ascertained prospectively via standardized procedures (AL-
SPAC) and mortality via death register (UKBiobank). Regression models examined: i) adult
height-GaP as the outcome with early-life growth conditions as predictors; and ii) mortality as
the outcome with adult height-GaP as predictor. All models were adjusted for age, sex, geno-
type-predicted height and genetic ancestry. Analyses were replicated in the Dunedin Multidisci-
plinary Health and Development Study (DMHDS; n=855; 49/51% female/male) and the Multi-
Ethnic Study of Atherosclerosis (MESA; n=6,352; 52/48% female/male).

Results: Here we show that among ALSPAC participants (median [IQR] age: 24 [18-25] years
at height-GaP assessment), lower gestational age at birth, greater pre- and post-natal deprivation
indices, tobacco smoke exposure and less breastfeeding are associated with larger adult height-
GaP deficit (p<0.01). Among UKBiobank participants (mean+SD age: 568 years at height-GaP
assessment), height-GaP deficit is associated with death from all-causes (adjusted hazard ratio
comparing highest-to-lowest height-GaP deficit quartile [aHR]: 1.25 95%CIl: 1.21-1.29), athero-
sclerotic cardiovascular disease (aHR: 1.32 95%Cl: 1.23-1.42) and coronary heart disease (aHR:
1.64 95%Cl: 1.49-1.81). Early- and later-life height-GaP associations replicate in DMHDS and
MESA.

Conclusions: This study introduces a precision index of early-life growth adversity deployable
in adulthood to investigate the developmental origins of longevity and improve health equity
across the life course.

Plain Language Summary (120 words): Early-life exposures that adversely affect body growth
have been implicated in later-life health, but assessment in adulthood is challenging. We tested
whether the difference between one’s standing height in adulthood and one’s genetically predicted
adult height (“height-GaP”) would be a suitable method for assessing cumulative exposure to
early-life growth adversity and predicting later-life health. In two early-life studies that followed
children into adulthood, pre-natal and post-natal exposure to tobacco smoke, poverty, less breast
feeding and poor nutrition were associated with larger adult height-GaP deficit. In two adult
studies, larger height-GaP deficit was associated with death from all-causes and from heart disease.
This study introduces a precision measure of early-life growth adversity that can be deployed in
adulthood to investigate the developmental origins of health and disease.

Keywords: development, growth, height, life course, equity, ALSPAC, UKBiobank, MESA,
DMHDS



INTRODUCTION

The period of human ontogenetic growth, which spans conception to late adolescence, is
increasingly recognized as an important window of susceptibility to exposures and events that
influence later-life health.! Transforming this understanding into substantive reductions in
disease burden and health inequity is challenging, in part, due to the lack of simple methods to
quantify early-life growth adversity in adulthood. These challenges include the diverse and often
correlated nature of early-life factors affecting growth, recall and selection bias when ascertained
retrospectively, and the long latency to later-life health outcomes. This study sought to evaluate a
precision index of early-life growth adversity deployable in adulthood to facilitate life course
research on the developmental origins of health and disease.

Anthropometric indices of early-life growth adversity readily measured in adulthood—such
as measured height, sitting-to-standing-height ratio and leg-to-torso length ratio?>-are determined
in part by genetics,®® reducing their utility as a quantitative marker of non-genetic early-life
growth adversity. Molecular indices of early-life growth adversity such as adult telomere length
and DNA methylation signatures (e.g., epigenetic age) are limited by their continued plasticity in
adulthood.>®

Human height increases during the period of ontogenetic growth and is determined in part
by genetics and by early-life growth conditions. A recent genome-wide association study of ~5.4
million adults reported a saturated map of common genetic variants associated with adult height
that accounts for over 90% of trait heritability and up to 45% of trait variance.!® It follows that the
difference between measured and genotype-predicted adult height, here referred to as “height-
GaP”, may represent a simple index of early-life growth adversity. If true, such an index could i)
facilitate discovery of threats to human development, ii) serve as a surrogate endpoint for early-
life interventions aiming to improve later-life health, and iii) improve adult risk stratification and
endo-phenotyping for diseases with developmental origins.

This study first demonstrates that prospectively ascertained early-life factors known to
influence ontogenetic growth associate with adult height-GaP. The study then demonstrates that
adult height-GaP is associated with later-life mortality from all-causes and from atherosclerotic
cardiovascular disease, the latter being a major public health burden with established
developmental origins. 1173

METHODS
Design: Cross-sectional and longitudinal analyses of cohort data.

Data: The Avon Longitudinal Study of Parents and Children (ALSPAC) is a prospective birth
cohort that enrolled women who were pregnant in Avon, England with expected delivery dates
between April 1 1991 and December 31 1992.35%7 Initial recruitment of 14,541 pregnancies
resulted in 13,988 children alive after 1 year. Following identification of additional eligible
children born between April 1 1991 and December 31 1992 in Avon, England, further recruitment
attempts at follow-up years 7 and 8 resulting in a total of 15,447 pregnancies included in the study,
with 14,901 children alive after 1 year. Parents and children have been characterized over the past
four decades including anthropometry, questionnaires and genotyping. ALSPAC provides a
searchable data dictionary online.® For this analysis, we included participants with measured
standing height performed at visit year 18 or 24, genotype data and information on at least one
prospectively ascertained early-life growth condition (n=4,582). Ethical approval for the study was



obtained from the ALSPAC Ethics and Law Committee and the Local Research Ethics
Committees.

UKBiobank (UKB) is a prospective cohort that enrolled over 500,000 adults aged 40-69
years between 2006 to 2010 across England, Scotland and Wales.* Participants were extensively
characterized at baseline including standardized anthropometry, questionnaires, genotyping, with
follow-up assessment of vital status. For this analysis, we included participants with measured
adult standing height, genotype data and information on vital status (n=483,385).

The Dunedin Multidisciplinary Health and Development Study (DMHDS) is a population-
based birth cohort of 1,037 participants born between April 1972 and March 1973 at Queen Mary
Maternity Hospital in Dunedin, New Zealand.*>*! Participants were enrolled at 3 years old and
have undergone periodic standardized assessments into the fifth decade of life. For this analysis,
we included participants with measured adult standing height, genotype data, and at least one
prospectively ascertained early-life growth condition (n=855).

The Multi-Ethnic Study of Atherosclerosis (MESA) is a United States multi-site cohort
that enrolled 6,814 adults 45 to 84 years old between 2000 and 2002 who self-identified as White,
African American, Hispanic or Chinese. Exclusion criteria included clinically apparent
cardiovascular disease and impediments to long-term follow-up. For this analysis, we included
participants with measured standing height at baseline, genotype data, and information on vital
status (n=6,352).

Institutional research ethics board approval was obtained for this study (McGill University
Health Centre, 10644) and for each cohort (ALSPAC: approval for the study was obtained from
the ALSPAC Ethics and Law Committee [a list of approval numbers can be found here:
https://www.bristol.ac.uk/alspac/researchers/research-ethics/]; UKBiobank: the North West
Centre for Research Ethics Committee (11/NW/0382) [https://www.ukbiobank.ac.uk/about-
us/how-we-work/ethics/]; DMHDS: the New Zealand Health and Disability Ethics Committee;
MESA: Wake Forest University, IRB00008492; Columbia University, IRB00002973; Johns
Hopkins University, IRB00001656; University of Minnesota, IRB00000438; Northwestern
University, IRB00005003; University of California Los Angeles, IRB00000172; University of
Washington, IRB00005647); all participants provided written informed consent.

Measured standing height: All cohorts measured standing shoeless height according to
standardized protocols with calibrated stadiometers.

Genotyping: ALSPAC genotyping was performed via Illumina 660 quad sequencing with
imputation according to the 1000 Genomes reference panel.*® UKBiobank genotyping was
performed using the UKBiobank Axiom Array with imputation according to a combination of the
Haplotype Reference Consortium (HRC) and 1000 Genomes reference panels.®® DMHDS
genotyping was performed using the Illumina HumanOmni Express 12 BeadChip array with
imputation using the 1000 Genomes phase 3 reference panel.* MESA genotyping was obtained
through TOPMed Freeze 10b, with quality control performed based on existing TOPMed
protocols.*3

Genotype-predicted adult height: Genotype-predicted height was computed using the all-ancestry
polygenic height weights reported by Yengo et al.'® Each participant’s polygenic height score was
first calculated as the weighted sum of height-increasing alleles (additive model; missing effect
alleles were assigned the effect allele frequency of the participant’s respective cohort). Genotype-
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predicted height was then computed by fitting cohort-, sex- and race/ethnic-specific linear
regression models of measured height. Sensitivity analyses computed i) polygenic height score
using ancestry-specific weights,'® and ii) computed genotype-predicted height using cohort- and
sex-specific linear regression models of measured height.

Height-GaP: Height-GaP was computed as the difference of measured adult height minus
genotype-predicted height in centimeters. A lower height-GaP value represents a larger deficit in
measured height compared to genotype-predicted height.

Early-life growth conditions in ALSPAC and DMHDS: Birthweight was extracted from medical
records in ALSPAC and DMHDS; birth length was measured by trained ALSPAC staff and
extracted from medical records in DMHDS.*** Gestational age was estimated from the date of
last menstrual period and confirmed via ultrasound in ALSPAC, and extracted from medical
records in DMHDS.** Standardized questionnaire items were used to assess breastfeeding status
and duration (months), maternal smoking during pregnancy (cigarettes/day) and household
tobacco smoke exposure in ALSPAC and DMHDS.**#¢ Dietary patterns in ALSPAC were
assessed using standardized questionnaires and summarized using principal components
analysis.*’ Residential address information during pregnancy, at birth, and at post-natal ages 1-12
years were used to compute neighbourhood-level indices of multiple deprivation during in
ALSPAC, with higher values corresponding to greater deprivation.*® In DMHDS, socioeconomic
status was quantified with a six-point occupational measure that was most widely used in the New
Zealand research community while the participants were growing up.*® The variable used in our
analyses, childhood socioeconomic status, is the average of the highest socioeconomic status level
of either parent, assessed repeatedly at the participant’s birth and at ages 3, 5, 7, 9, 11, 13, and 15
years.

Mortality in UKBiobank and MESA: Information on vital status was ascertained in UKBiobank
via linkage to the British National Death Registry and in MESA via 9-12 month interval participant
residence telephone contacts and linkage to the National Death Index of the National Vital
Statistics System yielding date of death and the International Classification of Disease-(ICD)-10
code listed as the primary (underlying) cause of death.>®! Time until death or censorship was
computed as the difference in years between death or last study contact and baseline study visit.

Deaths due to atherosclerotic cardiovascular disease (fatal coronary heart disease or fatal
stroke) and atherosclerotic coronary heart disease were defined in UKBiobank based on the ICD-
10 code listed as the underlying (primary) cause of death (120-25, 160-61, 163-64)°? and in MESA
by standardized adjudication that included paired cardiologist or neurologist review of abstracted
medical records, with disagreements resolved by full committee review.>

Other variables (See Supplementary Data 1 for additional details): Age, sex and race or ethnicity
were self-reported. Principal components of genetic ancestry were derived from genotype data in
UKBiobank, DMHDS and MESA.® The ALSPAC sample consisted only of persons of European
ancestry defined by genetic principal components.>* In UKBiobank and MESA, cigarette smoking
status, pack-years of smoking, alcohol use status, average number of drinks per week, quantity of
moderate-to-vigorous physical activity per week, household income, educational attainment and
health insurance status (in MESA only) were derived from standardized questionnaire items.
Diabetes status was defined by a fasting blood glucose >7.0 mmol/L (126 mg/dl) or diabetes



medication use, low-density lipoprotein (LDL) cholesterol concentration was derived from fasting
blood sample triglyceride concentration. Hypertension status was defined by standardized
automated measures of systolic and diastolic blood pressure or the use of anti-hypertensive
medication.

For height loss sensitivity analyses, annualized longitudinal change in measured height was

computed in UKBiobank as the difference in height in cm between baseline and follow-up
assessment divided by the time interval between assessments in years.
Height-loss sensitivity analysis: To evaluate later-life height loss as a potential confounder of the
later-life height-GaP mortality associations, we first estimated the sex-specific age at which height
loss was first evident using longitudinal height measurements in UKBiobank. Next, we estimated
the age- and sex-specific percentile distribution of annualized rate of height loss from the age of
onset using quantile regression. Finally, we corrected each participant’s measured height (and thus
height-GaP) back to the age of height loss onset using i) the median annualized height loss and the
participant’s age and sex, and ii) a ‘worst case’ scenario of height-loss confounding. Under the
‘worst case’ scenario, on a percentile-by-percentile basis, a participant with larger height-GaP
deficit was assumed to have experienced greater later-life height loss. For example, participants in
the 95™ percentile of height-GaP deficit are assumed to have experienced the 95" percentile of
annualized height loss, and their measured height (and thus height-GaP) are corrected accordingly.
This procedure is repeated on a percentile-by-percentile basis. Height loss-adjusted height-GaP
values were then used to compute mortality associations adjusting for the same covariables listed
above.

Statistics and Reproducibility: Participant characteristics are summarized by quantile of adult
height-GaP. The hypothesized causal relationships of early-life growth conditions with later-life
health outcomes are depicted in a directed acyclic graph (Supplementary Figure 1). Associations
were first computed using ALSPAC and UKBiobank data, followed by replication analyses in
DMHDS and MESA.

Separate generalized linear and spline regression models of adult height-GaP were fit for
each prospectively ascertained early-life growth condition. Sample sizes were n=4,582 and n=855
for the ALSPAC and DMHDS cohorts respectively. Models were unadjusted and adjusted for age
at height-GaP assessment, sex and genotype-predicted height. Early-life associations were not
further adjusted for principal components of genetic ancestry due to the ALSPAC cohort’s prior
sampling according to principal components. Tabular results are reported per 1-SD or quantile
contrast depending on whether the linear or spline model fit was superior, assessed according to
model Akaike Information Criterion. Heterogeneity of associations by sex were evaluated by
adding a height-GaP-sex product term to each regression model. The statistical significance
threshold for ALSPAC analyses was a two-sided p-value=0.010 to account for testing of five early-
life growth categories (nutrition [breastfeeding, diet], peri-natal [gestational age at birth, birth
weight, birth length], socio-economic deprivation [multiple deprivation index], and noxious
exposures [tobacco smoke, PM.s). The threshold for association analyses in the DMHDS
replication sample, which was similarly not adjusted for principal components of genetic ancestry,
was a two-sided p-value=0.050. Imputation of missing data using all analysis variables as
predictors in ALSPAC and DMHDS was performed using polytomous logistic regression and
predictive mean matching for categorical and continuous variables, respectively, across 100
imputed datasets (‘MICE’ R package, v 3.16.0).



Proportional hazard models of mortality (all-cause and cause-specific) were fit with
baseline height-GaP as the independent variable of interest. Sample sizes were n=483,385 and
n=6,352 for the UKBiobank and MESA cohorts respectively. Model 1 adjusted for age, sex and
principal components of genetic ancestry. Model 2 (main model) additionally adjusted for
genotype-predicted height to provide the model with a linear combination of information
equivalent to measured height. Heterogeneity of associations by sex and by race-ethnicity were
evaluated by including main effect and product terms in regression models; the race-ethnicity
interaction models excluded principal components of genetic ancestry. The statistical significance
threshold in UKBiobank was a two-sided p-value=0.017 (0.05/3) to account for testing three
mortality outcomes; the threshold for association analyses in the MESA replication sample was a
two-sided p-value=0.050. Mortality associations with measured height and genotype-predicted
height were also assessed using the aforementioned models.

Sensitivity analyses: To evaluate later-life height loss we corrected each participant’s
measured height (and thus height-GaP) back to the age of height loss onset using i) the median
annualized height loss and the participant’s age and sex, and ii) a ‘worst case’ scenario of height-
loss confounding (See Methods: Height-loss sensitivity analysis for details).

To account for potential confounding of the height-GaP association with later-life mortality
by adult health-related factors, the main model was additionally adjusted for the following:
baseline hypertension status, systolic blood pressure, diabetes status, weight status, cigarette
smoking status (current, former, never), pack-years of smoking, alcohol consumption status and
drink frequency, minutes of weekly moderate and weekly vigorous physical activity, educational
attainment, household income and, in MESA, health insurance status. We note, however, that these
adult health conditions have been implicated in the developmental origin of health and disease
paradigm and may represent partial or full mediators.t

Finally, ALSPAC analyses were repeated among participants with complete data and
among participants with height measured at the 24 year study visit, and UKBiobank and MESA
were analyses repeated using ancestry-specific polygenic height scores and using genotype-
predicted height computed via cohort- and sex-specific linear regression models of measured
height.

All analyses were performed using R version 4.4.1 and Python version 3.12.5.

RESULTS

Characteristics of the 4,582 ALSPAC participants included in this analysis are summarized in
Supplementary Data 2. The median (IQR) age at the time of height-GaP assessment was 24 (18,
25) years, 56% were female and the mean£SD measured height was 180+7 cm for males and
1666 cm for females. The polygenic height score accounted for 40.3% and 37.6% of the variance
in adult height among males and females respectively, and the meanSD height-GaP was 0.0+5.0
cm (95" percentile range: -9.9 to 9.7 cm). Characteristics of excluded participants are summarized
in Supplementary Table 1.

Characteristics of the 483,385 UKBiobank participants included are summarized in
Supplementary Data 3. The mean+SD age at height-GaP assessment was 56+8 years, 54% were
female, mean+SD measured height was 176+7 cm for males and 163+4 cm for females, 10.5%
were current smokers and 34.5% were former smokers (median [IQR] 19 [10, 32] pack-years
among ever smokers). The polygenic height score accounted for 37.1% and 35.2% of variance in
measured height among males and females respectively and the mean=SD height-GaP was 0.0£5.2
cm (95" percentile range: -10.1 to 10.5 cm). Over a median of 12.4 years of follow-up (5,996,608



person-years) there were 35,703 deaths, of which 7,177 were attributed to atherosclerotic
cardiovascular disease and 3,801 to atherosclerotic coronary heart disease. Participant
characteristics were generally similar across height-GaP deficit quartile, except those with larger
height-GaP deficit tended to be older, to have ever smoked and to have a higher number of pack-
years. Excluded participant characteristics are summarized in Supplementary Data 4.

Characteristics of the replication cohorts are presented in Supplementary Table 2 and
Supplementary Data 5. The DMHDS sample included 855 participants (age: 26x1 years at height-
GaP assessment; 49% female; height: 17846 cm for males and 1656 cm for females) with a
height-GaP of 0.0+5.3 cm (95" percentile range: -9.9 to 10.3 cm). The MESA sample included
6,352 participants (age: 62+10 years at height-GaP assessment; 52% female; measured height:
173+8 cm for males and 160+7 cm for females) with a height-GaP of 0.0+5.7 cm (95" percentile
range: -11.1 to 11.5 cm). Self-identified race-ethnic proportions were 39.1% White, 26.2% African
American, 22.6% Hispanic, and 12.1% Chinese. Over a median of 15.0 years of follow-up (92,319
person-years) there were 1,337 deaths, of which 233 and 155 were adjudicated as being due to
atherosclerotic cardiovascular and coronary heart disease, respectively.

Early-life growth conditions and adult height-GaP: The adjusted associations of early-life
growth conditions with adult height-GaP in ALSPAC are summarized in Figure 1 and
Supplementary Table 3.

In the main adjusted model, larger adult height-GaP deficits were observed among
participants with greater levels of multiple deprivation during pregnancy (mean height-GaP
difference per quintile of multiple deprivation: -0.16 cm; 95%CI: -0.28 to -0.05 cm; p=0.006),
greater maternal smoking during pregnancy (mean height-GaP difference comparing 0 vs. 20+
cigarettes per day: -1.51 cm; 95%CI: -2.71 to -0.30 cm; p=0.001), lower maternal “healthy diet”
principal component during pregnancy (mean height-GaP difference per 1-SD decrement in
“healthy diet”: -0.43 cm; 95%CI: -0.59 to -0.27 cm; p<0.001), lower gestational age at birth (mean
height-GaP difference comparing <32 weeks to 38+ week: -4.09 cm; 95%CI: -7.14 to -1.03 cm;
p=0.005), lower birth weight (mean height-GaP difference per 1-kg decrement: -2.22 cm; 95%Cl:
-2.63 to0 -1.82 cm; p<0.001), lower birth length (mean height-GaP difference per 1-cm decrement:
-0.67 cm; 95%CI: -0.78 to -0.55 cm; p<0.001), less breastfeeding (mean height-GaP difference
comparing 0 vs. 6+ months: -1.03 cm; 95%CI: -1.50 to -0.56 cm; p=0.001), higher levels of
multiple deprivation in childhood (mean height-GaP difference per quintile of multiple
deprivation: -0.22 cm; 95%CI: -0.34 to -0.09 cm; p=0.001), greater household tobacco smoke
exposure during childhood (mean height-GaP difference comparing 0 vs. 20+ hours/week -1.03
cm; 95%ClI: -1.64 to -0.42 cm; p<0.001). Adjusted associations of adult height-GaP with
residential outdoor PM2 s exposure in the first year of life (p=0.593) and “healthy diet” principal
component at 3 years old (p=0.026) did not meet the Bonferroni-corrected threshold of statistical
significance. There was no evidence of heterogeneity of height-GaP associations with early-life
growth conditions by sex (p-interaction>0.200). The variance in adult height-GaP explained by a
multi-variable regression model including the aforementioned early-life growth conditions was
12.1% (95%CI: 9.8-14.5%).

Unadjusted associations of adult height-GaP with early-life growth conditions and the
associations in DMHDS were consistent (Supplementary Figure 2 and Tables 4-5).

Adult height-GaP and later-life mortality: The associations of adult height-GaP with mortality in
UKBiobank are summarized in Figure 2 and Table 1.



In the main adjusted model, a 1-SD deficit in adult height-GaP (-5.2 cm) was associated
with higher all-cause mortality (hazard ratio: 1.11; 95%CI: 1.10-1.12). A 1-SD deficit in adult
height-GaP was also associated with a higher mortality from atherosclerotic cardiovascular disease
(hazard ratio: 1.15; 95%CI: 1.12-1.18) and coronary heart disease (hazard ratio: 1.25; 95%ClI:
1.21-1.29). Height-GaP deficit associations with mortality (all-cause, atherosclerotic
cardiovascular, and coronary heart disease) were consistent in MESA (Table 1). There was no
evidence of heterogeneity by sex- or by race-ethnicity in UKBiobank or MESA (p-interaction >
0.231). Genotype-predicted height was not associated with all-cause or atherosclerotic
cardiovascular disease mortality in either UKBiobank or MESA. Measured height—reflecting the
linear combination of genotype-predicted height and height-GaP—was associated with both
outcomes (Supplementary Table 6).

Sensitivity analyses: Accounting for potential height-GaP-mortality confounding by later-life
height loss using the median and worst-case scenario annualized height loss to “correct” measured
height (and thus height-GaP) did not alter the statistical significance of mortality associations and
only minimally attenuated the magnitude of association estimates (Supplementary Table 7).
Additional adjustment for adult health determinants did not alter statistical significance and
minimally attenuated mortality association estimates (Supplementary Table 8). Associations were
consistent when restricting the ALSPAC sample to those with non-missing data or those with
height measured at the 24 year study visit, and when using ancestry-specific polygenic height
scores or computing genotype-predicted height with cohort- and sex-specific models of measured
height (Supplementary Tables 9-12).

DISCUSSION

This study provides robust evidence that the difference between measured and genotype-predicted
adult height—here termed “height-GaP”— can serve as a quantitative index of early-life growth
adversity and as a predictor of later-life health. In multiple well-characterized cohorts, we
demonstrate that adult height-GaP deficit is associated with prospectively ascertained adverse
early-life events and exposures—including earlier gestational age at birth, less breastfeeding,
greater household tobacco smoke exposure and socioeconomic deprivation—and is also associated
with later-life mortality, including death from atherosclerotic cardiovascular disease. These
findings support height-GaP as a simple composite index of early-life growth adversity that can
be assessed in adulthood, thereby circumventing many of the challenges inherent to the
investigation of developmental origins of health and disease.

We observed a clear gradient between adversity during the period of ontogenetic growth
and subsequent height-GaP deficit in adulthood in two birth cohorts. These observations are
consistent with literature documenting that noxious exposures, suboptimal nutritional
environments and socioeconomic disadvantage during fetal and postnatal life attenuate children’s
realized height.®>>" The variance in adult height-GaP explained by early-life growth conditions in
ALSPAC was 12.1%. Although this fraction may appear modest, it is striking given that we relied
on single or intermittent assessments of complex exposures (e.g., diet, neighborhood
socioeconomic conditions) that likely exert dynamic influences across multiple developmental
stages. Height-GaP will facilitate future research seeking to identify the periods of growth
susceptibility and emerging threats to healthy human development.

We observed consistent associations between height-GaP and mortality in two adult
cohorts including death from atherosclerotic cardiovascular disease—an important observation
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given that suboptimal early-life growth has long been linked to cardiovascular health in
adulthood.17-21232526.283233 The |ack of association of genotype-predicted height with mortality
underscores the potential precision of height-GaP to serve as a surrogate endpoint in early-life
intervention trials seeking to improve lifelong health.%®

The biological mechanisms underlying the early-life and later-life height-GaP associations
are complex and were not directly interrogated in this study. The same prenatal and early-
childhood exposures that impair growth—for instance, poor nutrition, socioeconomic adversity,
or exposure to pollutants—may have lasting “programming” effects on immune, metabolic or
other homeostatic systems, which in turn, may augment susceptibility to subclinical insults across
the life course that culminate in premature mortality. Further mechanistic research should explore
whether height-GaP correlates with dysregulation of such systems, thereby elucidating targetable
links between early-life adversity and later-life health.

The findings of this study should be interpreted in the context of its limitations. First, the
polygenic height score was derived from a sample composed predominantly of European ancestry
individuals, which may limit generalizability to other ancestries or regions. We note, however, that
the polygenic height score derivation sample included several other ancestries (East Asian:
472,730, Hispanic: 455,180, African: 293,593, South Asian: 77,890).1® Moreover, later-life
mortality associations were homogeneous across race-ethnic groups in the Multi-Ethnic Study of
Atherosclerosis. Nevertheless, genetic maps of height and validation of height-GaP associations
across more diverse ancestries and geographies are needed. Second, GWAS-derived variant effect
estimates may reflect both direct and indirect genetic effects. We note, however, that indirect
genetic effects included in the polygenic height score would tend to attenuate associations between
early-life growth conditions and adult height-GaP. Third, the polygenic height score excludes rare
variants. We do not believe this would substantively impact height-GaP applications because 1)
rare variants with weak height effects would have weak impact on an individual’s height-GaP, and
ii) rare variants with large height effects (e.g., genetic skeletal dysplasias) would be clinically
apparent. Fourth, height-GaP associations with later-life health outcomes may reflect residual
confounding or mediation by adult health behaviours that correlate with adverse early-life growth
conditions.>® We believe this is less likely because of consistency of findings in sensitivity analyses
that adjusted for adult risk factors.

This study introduces a precision quantitative index of early-life growth adversity, readily
deployable in adulthood, to advance understanding of the developmental origins of disease and
facilitate efforts to improve health across the life course.
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The data that support the findings of this study are available from each of the respective cohort
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The source data for Figures 1, 2 and Supplementary Figure 2 are provided in the “Supplementary
Data 6”. Figure 1 source data is located in the Excel worksheets labelled “Figure 1 mean and CI”
and “Figure 1 data points”, and Figure 2 source data is in the Excel worksheets labelled “Figure
2 Kaplan Meier curves data” and “Figure 2 Numbers at risk data”, Supplementary Figure 2
source data is in the Excel worksheets labelled “Supplemental Figure 2 mean and CI” and
“Supplemental Figure 2 data points”.
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Figure 1: Association of early-life growth conditions with adult height-GaP in ALSPAC.

Estimated marginal mean adult height-GaP associated with a) maternal English Index of Multiple Deprivation
during pregnancy, b) maternal “healthy” diet score during pregnancy, ¢) maternal smoking during pregnancy, d)
birth weight, e) birth length, f) gestational age, g) duration of breastfeeding, h) environmental tobacco smoke
exposure at postnatal ages 6-54 months, and i) child mean Index of Multiple Deprivation ages 0-12 years. Models
are adjusted for sex, age at height-GaP assessment, and genotype-predicted height. Vertical error bars (panels a, c, g-
i) and shaded error bands (panels b, d-f) represent the 95% confidence interval (precision) of the estimated mean
height-GaP. Black dots indicate participant data points. P-values reflect two-sided Wald tests. Panel insets display
the y-axis range of the estimated mean and 95%CI. The p-value threshold to infer statistical significance was set at
0.050/5=0.010 to account for testing of five early-life growth factors (nutrition, peri-natal, noxious exposures, and
socio-economic deprivation). Abbreviations: ALSPAC = Avon Longitudinal Study of Parents and Children; ClI =
confidence interval.
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Figure 2: Association of adult height-GaP with mortality.
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Kaplan-Meier survival curves by adult height-GaP quartile for a) all-cause mortality, b) atherosclerotic cardiovascular disease mortality and c) coronary heart
disease mortality in the UKBiobank. Lower height-GaP quartile represents larger height-GaP deficit. The thresholds to define height-GaP quartile membership
were computed for each sex. Shaded error bands represent the 95% confidence interval (precision) of the estimated survival probability.
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Table 1: Association of height-GaP with mortality in UKBiobank and MESA.

Hazard ratio per 1-SD height-GaP deficit (95%CI) p-value

UKBiobank

MESA

All-cause death
Model 1
Model 2

Atherosclerotic cardiovascular disease death
Model 1
Model 2

Atherosclerotic coronary heart disease death
Model 1
Model 2

1.11 (1.10, 1.12) p<1.00x101%
1.11 (1.10, 1.12) p<1.00x101%0

1.15 (1.13, 1.18) p<1.00x10-1%
1.15 (1.13, 1.18) p<1.00x101%0

1.24 (1.22, 1.28) p<1.00x101%0
1.25 (1.22, 1.29) p<1.00x10-1%

1.09 (1.03, 1.15) p=4.22x10"3
1.09 (1.03, 1.15) p=4.19x10"3

1.17 (1.02, 1.34) p=2.66x102
1.17 (1.02, 1.34) p=2.72x10?2

1.35 (1.14, 1.59) p=4.88x10
1.35 (1.14, 1.59) p=4.92x10"*

Model 1: age, sex, principal components of genetic ancestry. Model 2: Model 1 variables, genotype-predicted height. P-values reported from two-sided Wald
tests. The p-value threshold to infer statistical significance was set at 0.050/3=0.017 to account for testing three mortality outcomes in UKBiobank and p-
value=0.050 for replication in MESA. Abbreviations: MESA = Multi-Ethnic Study of Atherosclerosis.

Editor’s Summary:

Goldman-Pham et al. introduce a quantitative index of early-life growth adversity to investigate the developmental origins of longevity and
improve health throughout the life course. Findings in multiple cohorts show that the precision index is associated with targetable adverse early-
life growth conditions and are linked to later-life mortality.
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