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Dynamic changes in postnatal growth predict adolescent mental
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Abstract

Although individuals born at extremely low birth weight (ELBW; ≤1000 g) are known to be at greater risk for mental health problems than
individuals born at normal birth weight (NBW;≥2500 g), contributions of postnatal growth to these relations have not been fully explored.We
compared individual differences in the Ponderal Index [(PI; weight(kg)/height(m3)] and head circumference (HC) in predicting internalizing
and externalizing behaviors in childhood and adolescence in a cohort of ELBW survivors (N= 137) prospectively followed since birth. Baseline
models indicated that infants who were born thinner or with smaller HC showed greater PI or HC growth in the first 3 years. Latent difference
score (LDS) models showed that compensatory HC growth in the first year (ΔHC= 20.72 cm), controlled for birth HC, predicted ADHD
behaviors in adolescence in those bornwith smaller HC. LDSmodels also indicated that the PI increased within the first year (ΔPI= 1.568) but
decreased overall between birth and age 3 years (netΔPI=−4.597).Modeling further showed that larger increases in the PI in the first year and
smaller net decreases over 3 years predicted more internalizing behaviors in adolescence. These findings suggest early growth patterns
prioritizing weight over height may have negative effects on later mental health in ELBW survivors, consistent with developmental
programming theories.
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Introduction

Birth size may be considered a measure of the overall success of
fetal development (Schlotz & Phillips, 2009). Very small size at
birth reflects impaired fetal growth, premature delivery, or a
combination of both. Infants born at extremely low birth weight
(ELBW;<1000 g) are among the smallest andmost vulnerable who
survive. These high-risk neonates are highly prone to postnatal
growth failure—growth velocity that is slower than expected—in
the first weeks following birth (Cooke et al., 2004; Hsiao et al., 2014;
Mathews et al., 2011). Preterm infants who are more immature
(Pridham et al., 2001) or have significant illness (Cooke, 2010;
Ramel et al., 2014) are especially vulnerable. In most cases, growth
failure is not overcome by the time these infants are discharged
from hospital (e.g., Ehrenkranz et al., 1999; Horbar et al., 2015),
despite the provision of high-nutrition intravenous feedings
designed to counter cumulative protein and energy deficits
accrued in the first weeks of life (Embleton et al., 2001).
Postnatal growth failure has been associated with poorer neuro-
developmental outcomes and smaller body size in early childhood
(Latal-Hajnal et al., 2003), and poorer neurologic outcomes
(Guellec et al., 2016) and neurocognitive functioning at school age

(Casey et al., 2006; Ong et al., 2015; see Taine et al., 2018, for a
recent review).

The earliest growth periods are most significant for long-term
development (Mummert et al., 2018). Should adverse conditions
prevail during periods of dynamic growth, fetal or infant
adaptation to these circumstances may induce programming
effects that can permanently alter the structure, function, or set
points of the body’s physiological systems (Barker et al., 2009;
Gluckman et al., 2008; Metcalfe & Monaghan, 2001).
Programming effects are most robust during the first 1000 days
after conception (Barker, 2012). Programming effects initiated
during gestation not only lead to changes in physical morphology
or physiology, but may also lead to changes in psychological
functioning that culminate in internalizing and externalizing
behaviors (Schlotz et al., 2008), increased susceptibility to stress
(Cheung et al., 2002; Nilsson et al., 2004), difficult temperament
(e.g., negative affectivity, Pesonen et al., 2006; trait anxiety, Lahti
et al., 2010), or mood disorders (Brown et al., 2000; de Mola et al.,
2014; Faa et al., 2016). While the notion of prenatal programming
has attracted much attention (see Hartmann & Belsky, 2021, for a
recent review), the question of whether long-term mental health
outcomes may be related to early postnatal programming effects
has been explored less often.

Mental health risks following extremely preterm birth

Individuals born at ELBW are at greater risk of developing mental
health difficulties than their peers born at normal birth weight
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(NBW; >2500 g; see Johnson & Marlow, 2014; Mathewson et al.,
2017; Pyhälä et al., 2017 for reviews). Problems associated with
emotional disorders, (e.g., Johnson et al., 2010; Taylor et al., 2015)
and social functioning (e.g., Natalucci et al., 2013; Poole et al., 2020;
Woodward et al., 2009) are well-documented in children,
adolescents, and adults born extremely preterm. Externalizing
behaviors are less frequently elevated in preterm children (e.g.,
Aarnoudse-Moens et al., 2009; Woodward et al., 2009, but see
Elgen et al., 2012) and adolescents (Boyle et al., 2011), except for
attention deficits, which are common at both ages (e.g., Anderson
et al., 2021; Lindström et al., 2011; Woodward et al., 2009). Low
birth weight (e.g., Faa et al., 2016; Gale & Martyn, 2004; Nomura
et al., 2007) and factors limiting fetal growth (e.g., Tore et al., 2018)
may be implicated in the etiology of affective disorders that emerge
later in development.

Unfortunately, the available literature on postnatal growth
patterns and mental health problems in preterm populations is not
completely consistent across published findings. Cohort studies
from the general population suggest that smaller size at birth and in
infancy predicts higher levels of trait anxiety in late adulthood
(Lahti et al., 2010), but not depressive symptoms (Räikkönen et al.,
2007). On the other hand, overall postnatal growth rates in preterm
infants may show no relation to mental health problems in
adulthood (Sammallahti et al., 2015). In contrast, faster first-year
head growth in preterm infants has been associated with lower
risks for childhood depression and ADHD, but not anxiety
(Soldateli et al., 2022). In adults born late preterm (34–37 weeks’
gestational age), faster head growth from 20 to 56 months has been
associated with fewer internalizing, but not externalizing,
behaviors (Sammallahti et al., 2017).

Although preterm infants are highly likely to exhibit altered
growth trajectories (Embleton et al., 2001), to date, potential effects
of postnatal growth patterns on later mental health outcomes
remain largely unexplored in individuals born extremely preterm.

The present study

The aim of the current study was to test the hypothesis that altered
patterns of postnatal growth in preterm survivors are predictive of
internalizing and externalizing behaviors seen during develop-
ment, using a longitudinal cohort of ELBW survivors followed
prospectively from birth. The growth trajectories for weight,
height, head circumference (HC), and body mass index (BMI), for
this cohort have been described previously (Saigal et al., 2006).
During the first year of postnatal life, these infants were rapidly
“losing ground” in weight for age, relative to the 50th percentile for
infants of this gestational age (Kuczmarski et al., 2000). Weight
gains in ELBW infants caught up considerably in the second and
third years, but final attainment of absolute height, weight, and HC
remained lower in ELBW adults than NBW control adults,
indicating that the effects of ELBW on adult stature and head size
were permanent. These ELBW survivors also displayed higher
levels of internalizing behaviors in adolescence (Saigal et al., 2003).

In the present study, we tested whether long-standing
physiological changes associated with perinatal adversity would
predict higher levels of internalizing or externalizing behaviors at
later stages of development, consistent with postnatal program-
ming effects (Barker et al., 2009). It would be logical to examine
these problems developmentally, especially in adolescence, a
sensitive period often characterized by significant physical and

social changes and a rise in mental health problems in general
populations (Kessler et al., 2007). Therefore, we examined whether
growth patterns in early postnatal life, measured by the Ponderal
Index (PI) and HC, were associated with internalizing or
externalizing behaviors in childhood and adolescence in individ-
uals born at ELBW.

The PI (birth weight × 100 /crown-heel length3) is a propor-
tional measure of the adiposity of newborns (weight per length)
that provides a rough estimate of their nutritional status at birth. It
has long been used to identify intrauterine growth restriction
(IUGR) or soft-tissue “wasting” during fetal development (Livi,
1897, cited in du V. Florey, 1970; Miller & Hassanein, 1971). A
higher PI at birth suggests the presence of a well-functioning
placenta and advanced fetal growth (Räsänen et al., 2000). A
relatively low PI indicates that soft tissuemass is lower than normal
for the infant’s stage of skeletal development. A PI below the 10th

percentile (Miller & Merritt, 1979) or the 10th percentile for
gestational age at birth (Goldenberg et al., 1990) is considered a
proxy for IUGR and a correlate of perinatal morbidity (Martínez-
Jiménez et al., 2020). An infant with a PI below the 3rd percentile
for the population at birth (PI< 20.0) is deemed malnourished
(Miller & Hassanein, 1971).

The PI was used here to approximate early postnatal growth,
represented by true change in the PI between birth and age 1 year
and between birth and age 3 years, as derived from latent
difference score (LDS) modeling. These periods capture
important short- and long-term changes in early life growth.
The first year of life is characterized by rapid changes in growth,
especially for the most vulnerable preterm infants (Belfort et al.,
2011). The longer 3-year period encompasses the first 1000 days
when programming effects are likely to occur. A significant mean
decline in the PI during either of these periods would suggest
early postnatal growth faltering. A significant increase in the PI
during either period would suggest compensatory postnatal
growth. Growth in HC was examined in the same periods, using
parallel LDS models.

The present study had three specific objectives: 1) to assess the
direction and significance of change in the PI and HC between
birth and age 1 year and between birth and age 3 years in
individuals born at ELBW, 2) to determine whether interindividual
differences in intraindividual PI or HC change were significant
over these time periods, and 3) to test for correlational associations
between early PI or HC change and internalizing or externalizing
behaviors at ages 8 years and 14 years.

Since mean weight-for-age z-scores in this cohort declined
significantly in the first year relative to the 50th percentile for
infants of this gestational age and were not fully restored to average
levels by the third year (Saigal et al., 2006), the group mean for the
PI was expected to decline over the first three years of life. HC is
known to increase over the same time frame. Significant individual
differences were anticipated in both measures, reflecting inter-
individual variability in intraindividual change during the periods
of interest. Given the potential for growth-limiting factors to
support the emergence of affective disorders, greater individual
declines in the PI in the first three years of life were expected to
predict higher levels of internalizing, but not necessarily
externalizing, behaviors in childhood and adolescence.
Conversely, greater increases in HC in the first three years were
expected to predict lower levels of internalizing and externalizing
behaviors.
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Method

Participants

We examined a regional cohort of 179 individuals born at ELBW
between 1977 and 1982 to parents living in Canada, who survived
to hospital discharge. This group represented almost half (45%) of
the original cohort of 397 infants born during this period. The
survivors were born near the limit of viability for that time.
Universal, government-insured health care was available to all at
birth. Most were born toWhite mothers (89%). Within the cohort,
137 (60male) ELBW survivors had birth measures of length as well
as weight, allowing calculation of the PI at birth. The gestational
age of these infants at birth ranged from 23 to 36 weeks (median =
27 weeks), with birth weights from 560 to 1000 g (M = 838 g).
Within this group, 31 (23%) were classified as SGA, with birth
weights<10th percentile for gestational age (Kramer et al., 2001).
Thirty-eight (28%) had significant neurosensory impairments
(NSI), diagnosed at age 3 years by a physician as cerebral palsy,
blindness, deafness, hydrocephalus, microcephaly, or develop-
mental delay (Saigal et al., 1989). Most (85%) received respiratory
support, with nearly half (45%) receiving assisted ventilation for 30
days or more. The mean length of their initial hospitalizations was
78 days (range: 7 to 367 days). Participants in the present study
(n= 137) did not differ from ELBW nonparticipants (n= 42) in
birth weight, gestational age, distributions of sex, NSI, or SGA,
antenatal steroid exposure, incidence of cerebral hemorrhage,
presence of bronchopulmonary dysplasia (BPD) or duration of
respiratory support, socioeconomic status (SES) at birth, or age of
assessment in childhood or adolescence (ps> 0.12).

These studies were approved by the Ethics Committee of
Chedoke-McMaster Hospitals, the Ethics Committee of Hamilton
Health Sciences, and/or the Hamilton Health Science Ethics
Review Board. All respondents or their parents provided written
informed consent and received remuneration for their
participation.

Measures

Predictors
The PI has been variously defined over the course of the past
century, but its most common expression in infants is birth

weight × 100/crown-heel length3, or, in children and adults,
weight/height3. The PI provides critical information about the
nutritional health of the newborn and is commonly used to index
growth between birth and 2 years. The BMI (weight/height2) was
not the focus of this study because the weight to height ratio of the
BMI is not proportional during periods of dynamic growth
(Burton, 2007; Cole et al., 2000; Howe et al., 2010), when weight
gains are exponential while increases in height are linear. In
contrast, the PI is relatively stable throughout childhood and
adolescence (Zaniqueli et al., 2019), is independent of sex and
ethnicity (Dombrowski et al., 1994), requires no correction for age,
and estimates body fat stores more accurately than does the BMI
(between ages 8 and 29 years; Peterson et al., 2017; Zaniqueli et al.,
2019). In this study, the PI was calculated at birth and ages 1, 2, and
3 years, corrected for the number of months premature (Saigal
et al., 2006), to track overall growth during early development. The
PI was also calculated at ages 8 and 14 years without correction for
prematurity, since age corrections of less than 3 months are less
critical for explaining developmental changes at these older ages
(Figure 1a). Predictions of internalizing and externalizing out-
comes were tested in two series of LDS models of PI change to
capture short- and long-term changes in the first 1000 days after
conception (Barker, 2012). As the first year of life was previously
characterized by a precipitous drop in weight-for-age z-scores
relative to the 50th percentile for infants of this gestational age
(Saigal et al., 2006), we wished to model this change using a
proportional measure of body size. We also wished to model
change in the PI from birth to age 3 years, to investigate potential
effects on later mental health outcomes of PI change within the
longer time frame for programming effects.

Unlike change in the PI, change in HC is unidirectional,
providing an alternate, linear measure of growth. Predictions of
internalizing and externalizing were tested in LDS models of HC
growth for the same periods examined for PI change.

Mental health outcomes
Full details of the original studies of childhood and adolescent
psychopathology in this cohort have been described previously
(Saigal et al., 2003; Szatmari et al., 1993) and are briefly
summarized here. Parents of school-age children born at ELBW

Figure 1. Change in mean levels of a) the ponderal index (PI) and b) head circumference (HC) between birth and adolescence in ELBW survivors.
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were more likely than parents of control children to report
problems with ADHD, with few other differences. In adolescence,
parents reported significantly higher scores for ADHD, overanx-
ious behaviors, and depression in adolescents born at ELBW than
in control adolescents born at NBW.

Middle childhood assessment. When the children were 8 years
old (M = 7.8 years, SD= 0.4), parents (predominantly mothers)
completed the Ontario Child Health Study Scales (OCHS, Offord
et al., 1987; Szatmari et al., 1993). Parents were asked to consider
their child’s behavior during the previous six months. Items were
scored as 0, not true, 1, somewhat or sometimes true, or 2, very true
or often true. Higher scores reflected more problem behaviors. As
the Child Behavior Checklist (CBCL, Achenbach & Edelbrock,
1983) provided the basic pool of items for the OCHS, both
instruments assess similar behaviors. Individual item scores at 8
years of age were summed to generate the internalizing (α = 0.86)
and externalizing behaviors (α = 0.91) scales.

Adolescent assessment. Parents completed the Ontario Child
Health Study-Revised Scales (OCHS-R, Boyle et al., 1993) when
their child was 14 years old (M = 13.9 years, SD= 1.6), assessing
the child’s behavior during the previous 6 months (Saigal et al.,
2003). Items were scored 0, never or not true, 1, somewhat or
sometimes true, or 2, very or often true. Higher scores indicated
more problem behaviors. Subscale scores were based on the criteria
of the Diagnostic and Statistical Manual of Mental Disorders,
Third Edition, Revised (DSM-III-R; Kobylski, 1988). Three
subscale scores (overanxious, α = 0.73, separation anxiety, α =
0.73, depression, α = 0.87), were summed to generate a higher-
order internalizing scale score (α = 0.91). Three subscale scores
(conduct problems, α = 0.76, ADHD symptoms, α = 0.90,
oppositional defiance, α = 0.88) were summed to generate a
higher-order externalizing scale score (α = 0.94).

Both instruments have demonstrated good psychometric
properties in previous research and are able to distinguish between
children and youth using and not using outpatient mental health
services (Achenbach & Rescorla, 2001; Boyle et al., 1993).

Covariates
Sex was added to the LDS models of PI and HC change to account
for possible sex differences in fetal development (Hintz et al., 2006;
Månsson et al., 2015) and later mental health outcomes (e.g.,
Costello et al., 2007; Hack et al., 2004). Given that low SES is a well-
known source of chronic stress, maternal SES at the time of birth
was also included in the models to account for potential effects of
ongoing environmental adversity in postnatal life (Schlotz &
Phillips, 2009). The two-factor Index of Social Position
(Hollingshead, 1969), incorporating education level and occupa-
tional status of the family head at the time of the child’s birth, was
used to measure SES on a scale ranging from 1 (highest SES level) to
5 (lowest SES level).

Analytic approach: latent difference score (LDS) models

A LDS model was used to assess change in the PI over time
(Klopack & Wickrama, 2020; McArdle, 2009; Newsom, 2015). In
the first analysis, the observed PI at age 1 year was regressed on the
PI at birth, and the difference between the two was modeled by a
latent change factor. This modeling was achieved by fixing the
loading to 1.0 for two pathways: a) the autoregressive pathway
between the PI at birth and age 1 year, and b) the pathway between
the latent PI change factor and the PI at age 1 year, thus capturing

the “difference” variance in the latent change PI factor. For
identification reasons, the intercept and residual of the PI at 1 year
was fixed at zero in each model. In a second analysis, this same
model specification was used to capture a LDS for change between
birth and age 3 years. Ultimately, the latent change PI factor was
characterized by a mean that represented the average of individual
increases or decreases in the PI over time, and a variance that
represented the individual differences in mean-level changes in the
PI. The effect of birth PI on the PI change factor was included in
each model to account for a possible proportional change effect
(regression to mean), a statistical phenomenon that can give rise to
misinterpretation of change estimates. In a third and fourth
analysis, we assessed parallel LDS models for change in HC
between birth and age 1 year, and between birth and age 3 years,
respectively. These models were specified in exactly the same
manner as those for the PI.

We first examined whether the baseline LDS model showed
significant interindividual differences in intraindividual change in
the PI or HC (see Figure 2a) and whether interindividual
differences in intraindividual change in the PI or HC might be
predictive of later internalizing or externalizing behaviors
measured at middle childhood and adolescence (see Figure 2b
and 2c). Conventional fit statistics were used to assess good or
adequate model fit, including χ2 associated with a p> 0.05, a
RMSEA of≤ 0.060 or≤ 0.080, a CFI of≥ 0.950 or ≥ 0.900, and a
SRMR of≤ 0.050 or≤ 0.080, respectively (Hooper et al., 2008).

Data loss and missing data

Missing PI and mental health outcome data were noted for each
assessment period after birth, due to intermittent participation
across the six waves of this study (PI missingness at birth= 0%, age
1 year= 15%, age 2 years = 27%, age 3 years = 34%, middle
childhood= 15%, adolescence = 18%; HC missingness at birth<
1.0%, age 1 year = 15%, age 2 years = 28%, age 3 years= 40%,
middle childhood = 16%, adolescence= 20%; internalizing
missingness in middle childhood= 14%, adolescence = 19%;
externalizing missingness in middle childhood= 13%, adolescence
= 20%). Our assumption was that missing data might be related to
the health status of our participants, linking the PI index of
neonates to vulnerabilities that could have impeded their
consistent participation over time. Consequently, we tested for
nonignorable missing data, more commonly known as not missing
at random (NMAR) data, which occurs when an unobserved
outcome variable (e.g., missing values not recorded for the
outcome) is correlated with its corresponding outcome. We ran
simple regression models, controlling for sex and SES at birth, to
discover that missingness in the PI was significantly related to PI
values at that same age (p< 0.05). Likewise, missingness in
internalizing behaviors in middle childhood and adolescence was
significantly associated with internalizing behaviors at the
corresponding age, respectively (p< 0.05), and missingness in
externalizing behaviors in middle childhood and adolescence was
significantly associated with externalizing behaviors at the
corresponding age, respectively (p< 0.05).

We accounted for NMAR in PI and internalizing outcomes
using a “full-data” likelihood analysis that included missing data
indicators (Enders, 2013; Muthén et al., 2011). We chose the
Diggle-Kenward (1994) selection model to incorporate binary
missing data indicators (0 = observed, 1 = missing) into the LDS
model. Using this framework, for example, both the PI at birth and
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at age 1 year predicted the age 1 missing data outcome in a logistic
regression designed to account for nonignorable missingness. A
missing indicator for internalizing or externalizing behaviors was
added to the overall model that corresponded to the age of the
mental health outcome being investigated. Missingness in the PI at
birth to age 3 years LDSmodel was specified similarly (Figures S1a,
S1b, and S1c). Furthermore, because missing data are believed to
exist on a continuum between missing at random (MAR) and
NMAR (Graham, 2009) and normality assumptions are difficult to
ascertain in both situations, we reran our analyses without missing
data indicators under a MAR assumption. All analyses were
conducted inMplus 8.7 (Muthén&Muthén, 2017), with robust full
information maximum likelihood (MLR) estimation that does not
need to assume multivariate normality (Yuan & Bentler, 1998).
MLR estimates can also accommodate non-independence among
the observations.

Results

Descriptive statistics

As the ELBW sample size (N = 137) was relatively small for
structural equation modeling (SEM), we limited our

investigations to examining a simple LDS model with observed
variables that estimated few parameters. Mean levels, standard
errors, skew, kurtosis, and range of observed values for all study
variables are presented in Table 1. Univariate normality was
observed for all variables (within cut-off values ± 2 for skew
and ± 7 for kurtosis, Byrne, 2010). In this sample, 20% (n = 23) of
participants had elevated childhood internalizing scores, indicat-
ing significant concern or clinical disorder (sex-specific
T-scores ≥ 64), and 18% (n = 21) had elevated externalizing
scores (Achenbach, 1991). In adolescence, 28% (n = 31) had
internalizing scores indicating significant concern and 28%
(n = 31) had elevated externalizing scores. The same sex-specific
evaluation was applied in adolescence with a slightly more
stringent criterion (T-scores ≥ 65), in line with recent practical
guidelines for T-score interpretation (e.g., de Beurs et al., 2022).
At each assessment, variances in internalizing and externalizing
scores were similar across groups.

Preliminary analyses

Due to concerns about the influence of nonignorable missing-
ness on our findings, the PI conditional baseline and predictive

Figure 2. Latent difference score (LDS) modeling of
change in the ponderal index (PI) during the first
3 years of life for a) the conditional baseline,
b) internalizing behaviors in adolescence, and
c) the internalizing subscales in adolescence
(N= 137).
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models were all analyzed under conditions of missingness as
MAR and NMAR (see supplementary materials for NMAR
models). The findings were similar in statistical significance,
strength, and direction of effects for both MAR and NMAR
models, for internalizing and externalizing behaviors. For this
reason, we chose to report only the values from the MAR
analysis.

Latent change in the ponderal index (PI) in predicting later
mental health outcomes

Change in PI: birth to 1 year
In a first step, we ran a conditional baseline LDS model to assess
change in the PI in the first year, controlling for sex, and found good
global fit between the sample data and implied model (Table 2). The

Table 1. Descriptive statistics for study variables (N= 137; 43.8% male)

Study Variable Developmental Age M SD Skew Kurtosis Score Range

SES Birth 3.571 1.184 −0.646 −0.355 1.00–5.00

Functional Status Early Childhood (3 years) 1.703 0.913 1.051 −0.009 1.00–4.00

Full-Scale IQ Middle Childhood (8 years) 91.409 16.877 −0.727 0.532 39.00–122.00

Family Dysfunction Middle Childhood (8 years) 20.581 4.889 0.076 −0.702 12.00––34.00

SES Adolescence (14 years) 2.936 1.111 −0.074 −0.852 1.00-5.00

Ponderal Index (PI) Birth 20.802 2.361 0.513 1.220 15.17–29.26

Infancy (1 year) 22.370 2.510 0.550 1.932 16.43–33.43

Toddlerhood (2 years) 18.359 1.528 0.018 0.414 13.77–22.21

Early Childhood (3 years) 16.205 1.462 −0.050 −0.728 13.00–19.01

Middle Childhood (8 years) 12.346 1.346 0.595 0.611 9.34–16.99

Adolescence (14 years) 12.687 2.581 1.586 3.729 8.68–12.47

Head Circumference (HC) Birth 24.028 1.560 −0.020 −0.306 20.50–28.00

Infancy (1 year) 44.744 1.858 −0.002 1.636 38.50–51.00

Toddlerhood (2 years) 47.245 1.738 0.286 2.904 41.00–53.50

Early Childhood (3 years) 48.413 1.662 0.163 0.440 43.20–52.00

Middle Childhood (8 years) 50.979 1.538 0.325 0.129 46.80–55.50

Adolescence (14 years) 53.918 1.994 0.447 0.118 50.00–60.00

Internalizing Behaviors Middle Childhood (8 years) 9.585 6.033 1.505 4.530 0.00–40.00

Adolescence (14 years) 13.721 7.841 1.083 2.156 1.00–48.00

Overanxious 5.360 2.925 0.775 0.773 0.00–16.00

Separation Anxiety 2.514 2.234 0.950 0.383 0.00–9.00

Depression 5.847 4.271 1.191 1.582 0.00–23.00

Externalizing Behaviors Middle Childhood (8 years) 11.782 7.880 0.800 0.413 0.00–36.00

Adolescence (14 years) 12.873 10.162 1.424 2.289 0.00–51.00

Conduct Disorder 1.027 1.919 2.798 8.655 0.00–10.00

Conduct Disorder-TF1 0.592 0.822 1.186 0.564 –

ADHD 7.694 5.780 1.149 1.127 0.00–27.00

Oppositional Disorder 4.245 3.669 0.991 0.638 0.00–16.00

Note. SES represents socioeconomic status (highest SES level= 1; lowest SES level= 5); functional status refers to level of dysfunction (none,mild,moderate, severe); the ponderal index (PI) was
measured as weight(kg)/height(m3).
1Conduct disorder was skewed, thus, data for Conduct Disorder were square-root transformed (TF) in the models with externalizing subtypes.

Table 2. Model fit for the ponderal index (PI) latent difference score (LDS) models (birth to age 1 year): baseline and predicting later internalizing behaviors

Model Outcome χ2 p df RMSEA [90% CI] p CFI SRMR

0 ΔPI (conditional baseline) 1.274 0.735 3 0.000 [0.000, 0.102] 0.821 1.000 0.036

1 Middle Childhood Internalizing 4.187 0.523 5 0.000 [0.000, 0.109] 0.692 1.000 0.048

2 Adolescent Internalizing 2.419 0.789 5 0.000 [0.000, 0.077] 0.883 1.000 0.035

3 Adolescent Internalizing Subscales 12.262 0.199 9 0.051 [0.000, 0.116] 0.429 0.969 0.043

Note. ΔPI is the latent change in the ponderal index between birth and age 1 year; the baseline model is ΔPI conditional on sex; the three remaining models included ΔPI and SES at birth as
predictors of later internalizing behaviors.
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residual for the PI change factor was statistically significant,
p< 0.001, indicating that there were substantial individual
differences in intraindividual change in PI during the first year.
(The intercept of the PI latent change variable was not interpreted in
any of the following analyses because a value of zero change is
meaningless). Importantly, the PI at birth was significantly
associated with change in the PI, indicating that lower levels of
the PI at birth were associated with larger increases in the PI during
the first year, β = −0.648, p< 0.001 (Table 3; ΔPI= 1.568). Thus,
thinner neonates showed greater gains in the PI during the first year.
The PI change factor was not influenced by sex.

Next, we tested whether change in the PI between birth and age
1 year predicted mental health outcomes (middle childhood and
adolescent internalizing or externalizing behaviors, and the
adolescent subscales), controlling for SES and sex.

Internalizing behaviors and PI change from birth to age 1 year.
All three predictive models incorporated the baseline model and
had good global fit (Table 2). Increases in PI between birth and age

1 year did not predict internalizing behaviors in middle childhood
or adolescence (Table 3). However, testing the overanxious,
separation anxiety, and depression subscales together in one
analysis revealed that positive change in the PI predicted higher
overanxious problems, β = 0.185, p= 0.043 (but not separation
anxiety or depression; Table 3). In other words, after accounting
for the baseline association, relatively larger increases in PI over the
first year of postnatal life were associated with higher levels of
generalized anxiety in adolescence. Lower SES at birth was
associated with higher internalizing, overanxious, and depression
scores in adolescence, ps< 0.04.

Externalizing behaviors and PI change from birth to age 1 year.
Only the model predicting the externalizing subscales had good
global fit (Table S1). Testing the conduct, ADHD, and oppositional
behaviors together revealed no associations with PI change. Lower
SES at birth was associated with higher levels of conduct problems
and ADHD in adolescence, ps< 0.01 (Table S2).

Change in PI: birth to 3 years
To assess PI change between birth and the first 3 years of postnatal
life, we ran a conditional baseline LDS model, controlling for sex,
and found good fit between the sample data and implied model
(Table 4). Individual differences in intraindividual change in PI
during this period were statistically significant, p< 0.001. Again, PI
at birth predicted the PI change factor, but this time lower PI at
birth predicted smaller increments of negative change, namely,
smaller decreases in the PI during the first three years of postnatal
life, β = −0.838, p< 0.001 (Table 5; ΔPI=−4.597). Thus, thinner
neonates showed smaller declines in the PI over 3 years. Sex was
unrelated to the PI change factor.

Next, we tested whether change in the PI between birth and the
first 3 years of postnatal life predicted later mental health outcomes
(middle childhood internalizing or externalizing behaviors,
adolescent internalizing or externalizing behaviors, and the
adolescent subscales).

Internalizing behaviors and PI change from birth to age 3 years.
All three predictive models included the baseline model. Global fit
was good in the models predicting adolescent internalizing
behaviors (Table 4). Change in PI between birth and age 3 years
predicted internalizing behaviors in adolescence, β = 0.233,
p= 0.023 (Table 5). Specifically, smaller decreases in PI over the
first 3 years of postnatal life were associated with higher levels of
internalizing behaviors in adolescence. Smaller decreases in the PI
were also associated with higher overanxious scores, β = 0.226,
p< 0.019 (but not separation anxiety or depression scores,
ps> 0.055; Table 5). Thus, thinner neonates (who showed smaller
decreases in the PI over three years) displayed higher levels of
internalizing behaviors in adolescence, especially overanxious
problems. Lower SES at birth was associated with higher
internalizing, overanxious and depression scores in adolescence,
ps< 0.03. Additional models (e.g., PI change between birth and
two years or between 1 and 3 years) provided no new or conflicting
information.

Externalizing behaviors and PI change from birth to age 3 years.
Only the model predicting the externalizing subscales had
adequate global fit, apart from a high SRMR statistic (0.101;
Table S3). Findings from this model were similar to those of the
LDS model of PI change between birth and age 1 year, showing no
associations between PI change and any of the externalizing
subscales. Lower SES at birth was associated with higher levels of
conduct problems and ADHD in adolescence, ps< 0.02 (Table S4).

Table 3. Standardized estimates for the conditional baseline ponderal index (PI)
latent difference score (LDS) model and PI change from birth to age 1 year in LDS
models predicting internalizing behaviors

Model Predictor Outcome

0 ΔPI (conditional baseline)

β SE p

Sex −0.024 0.071 0.734

Birth PI −0.648 0.071 < 0.001

1 Middle Childhood Internalizing
Behaviors

β SE p

SES Birth 0.142 0.091 0.120

ΔPI 0.163 0.109 0.135

2 Adolescent Internalizing Behaviors

β SE p

SES Birth 0.210 0.088 0.017

ΔPI 0.141 0.103 0.173

3 Adolescent Overanxious Subscale

β SE p

SES Birth 0.196 0.090 0.030

ΔPI 0.185 0.091 0.0431

Adolescent Separation Subscale

β SE p

SES Birth 0.092 0.089 0.298

ΔPI 0.080 0.093 0.392

Adolescent Depression Subscale

β SE p

SES Birth 0.204 0.086 0.018

ΔPI 0.087 0.107 0.415

Note. Δ PI is the latent change in the ponderal index between birth and age 1 year. The
baseline model is Δ PI conditional on sex; the three remaining models includedΔ PI and SES
at birth as predictors of later internalizing behaviors. Greater ΔPI values indicate more
positive change in PI. The highest SES level= 1; the lowest SES level= 5.
1The association between ΔPI and the adolescent overanxious subscale (p= .043) attained
significance when using standardized data; in unstandardized results, p= .055.
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Latent change in head circumference (HC) in predicting later
mental health outcomes

Change in HC: birth to 1 year
Most fit indices indicated adequate global fit for the baseline LDS
model assessing HC change between birth and age 1 year, except
for a low CFI, 0.844, suggesting that the average correlation among

the variables was small (Table 6). Individual differences in
intraindividual change in HC during this period were statistically
significant. Like the PI, HC at birth was significantly associated
with change in HC, β = −0.595, p < 0.001, indicating that smaller
HC at birth was associated with greater increases in HC during the
first year (Table 7; ΔHC = 20.72). Male sex was also associated
with greater increases in HC, β = −0.246, p < 0.001. (Table 7).

Internalizing behaviors and HC change from birth to age 1 year.
Only the models of adolescent internalizing behaviors and
internalizing subscale scores had adequate global fit. (Table 6).
However, change in HC between birth and age 1 year was not
associated with adolescent internalizing or the subscale scores,
ps> 0.40 (Table 7). Lower SES at birth was associated with higher
levels of adolescent internalizing behaviors, overanxious behaviors,
and depression, ps< 0.02.

Externalizing behaviors and HC change from birth to age 1 year.
Only the model predicting the externalizing subscales had good
global fit (Table 8). Greater increases in HC between birth and age
1 year predicted higher ADHD scores in adolescence, β = 0.270,
p= 0.010 (but not conduct or oppositional behavior; Table 9).
Lower SES at birth was associated with higher levels of conduct
problems and ADHD in adolescence, ps< 0.01.

Change in HC: birth to 3 years
The baseline LDS model capturing HC change between birth and
age 3 years, controlling for sex and SES, had good global fit (Table
S5). Like the PI, HC at birth was significantly associated with change
in HC to age 3 years, β = −0.659, p< 0.001, indicating that smaller
HC at birth was associated with greater increases in HC during the
first 3 years (Table S6; ΔHC= 23.22 cm). Male sex was also
associated with greater increases in HC, β = −0.258, p< 0.001
(Table S6).

Internalizing behaviors and HC change from birth to age 3 years.
All the predictive models for internalizing measures had good
global fit (Table S5). Findings from these models were similar to
those of the LDS models of HC change between birth and age 1
year, showing no associations between HC change and internal-
izing behaviors. Lower SES was associated with higher levels of
internalizing behaviors, overanxious behaviors and depression in
adolescence, ps< 0.02 (Table S6).

Externalizing behaviors andHC change from birth to age 3 years.
Only the model predicting the externalizing subscales had
acceptable global fit (Table S7). SmallerHC at birth was associated
with larger increases in HC during the first 3 years, β = −0.659,
p< 0.001. Change in HC did not predict any of the externalizing
subscales in adolescence (Table S8). Lower SES was associated with
higher levels of conduct problems and ADHD in adoles-
cence, ps< 0.02.

Table 4. Model fit for the ponderal index (PI) latent score difference (LDS) models (birth to age 3 years): baseline and predicting later internalizing behaviors

Outcome χ2 p df RMSEA [90% CI] p CFI SRMR

ΔPI (conditional baseline) 2.779 0.427 3 0.000 [0.000, 0.141] 0.566 1.000 0.064

Middle Childhood Internalizing 5.565 0.351 5 0.029 [0.000, 0.125] 0.537 0.864 0.062

Adolescent Internalizing 3.622 0.605 5 0.000 [0.000, 0.100] 0.756 1.000 0.060

Adolescent Internalizing Subscales 16.264 0.062 9 0.077 [0.000, 0.135] 0.203 0.931 0.063

Note. ΔPI is the latent change in the ponderal index between birth and age 3 years; the baseline model is ΔPI conditional on sex; the three remaining models included ΔPI and SES at birth as
predictors of later internalizing behaviors.

Table 5. Standardized estimates for the conditional baseline ponderal index
(PI) latent difference score (LDS) model and PI change from birth to age 3 years
in LDS models predicting later internalizing behaviors

Model Predictor Outcome

0 ΔPI (conditional baseline)

β SE P

Sex 0.044 0.058 0.448

Birth PI −0.838 0.029 < 0.001

1 Middle Childhood Internalizing
Behaviors

β SE P

SES Birth 0.148 0.093 0.111

ΔPI 0.121 0.105 0.247

2 Adolescent Internalizing Behaviors

β SE P

SES Birth 0.213 0.087 0.014

ΔPI 0.233 0.102 0.023

3 Adolescent Overanxious Subscale

β SE P

SES Birth 0.204 0.089 0.021

ΔPI 0.226 0.096 0.019

Adolescent Separation Subscale

β SE P

SES Birth 0.095 0.088 0.281

ΔPI 0.112 0.090 0.215

Adolescent Depression Subscale

β SE P

SES Birth 0.203 0.085 0.016

ΔPI 0.216 0.114 0.058

Note. ΔPI is the latent change in the ponderal index between birth and age 3 years. The
baseline model is ΔPI conditional on sex; the three remaining models included ΔPI and SES
at birth as predictors of later internalizing behaviors. Greater ΔPI values indicate less
negative change in PI. The highest SES level= 1; the lowest SES level= 5.
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Summary of findings

All of the baseline models showed significant regression to the
mean. Thinner neonates showed greater increases in the PI during
the first year, and smaller decreases in the PI over 3 years.1

Similarly, neonates with relatively smaller heads showed greater
HC growth during the first year and over 3 years. It is only after
controlling for the starting (birth) values that change in the PI or
HC predicted internalizing behaviors or ADHD, respectively.
Relatively higher PI values at the end of each period predicted
increased internalizing behaviors in adolescence, particularly
overanxious behavior. Relatively greater HC at the end of
the first year of life predicted greater ADHD problems in
adolescence.

Comparisons with normative data

To provide context for the PI and HC changes in ELBW infants, we
used the 50th percentile Center for Disease Control (CDC)
reference norms for weight, height, andHC, averaged across sex, to
calculate values of the PI and HC for average-sized, term-born
infants (www.cdc.gov; 2000). The mean for the PI at birth in term-
born infants born at normal weight was 28.333 kg/m3, well above
the ELBWmean of 20.802 kg/m3. In contrast to ELBW infants, the
PI in term-born infants exhibited a substantial decrease beginning
in the first year (CDC norms; −4.72) as the rate of weight gain
decelerated relative to height3. The decrease in PI continued over
the next two years (CDC norms, total decline; −11.86). In sum, the
trajectory of the PI showedmarked directional differences between
ELBW and term-born children in the first year, but by age 3 years,
mean levels of the PI had converged across groups (CDC norms:
M= 16.47, ELBW: M= 16.21; Figure 3a).

Mean HC at birth in the term-born group (35.26 cm) was
11.23 cm (47%) larger than mean HC in the ELBW group
(24.03 cm). The upward trajectory of HC growth in the first year
was considerably steeper for ELBW than term-born children, but
by age 3 years, mean HC had converged across groups (CDC
norms: M= 49.16 cm, ELBW: M= 48.41 cm; Figure 3b).

Sensitivity analyses

Because factors such as disability, cognitive limitations, family
dysfunction, or financial duress during developmentmay influence
the emergence and maintenance of adolescent mental health
problems, we tested the significant associations between PI change
(birth to 1 year, birth to 3 years) and the adolescent internalizing
sub-scales, and between HC change (birth to 1 year) and the

Table 6. Model fit for the head circumference (HC) latent difference score (LDS) models (birth to age 1 year): baseline and predicting later internalizing behaviors

Model Outcome χ2 p Df RMSEA [90% CI] P CFI SRMR

0 ΔHC (conditional baseline) 5.090 0.165 3 0.072 [0.000, 0.176] 0.286 0.844 0.070

1 Middle Childhood Internalizing 8.202 0.146 5 0.069 [0.000, 0.150] 0.296 0.796 0.066

2 Adolescent Internalizing 5.571 0.350 5 0.029 [0.000, 0.125] 0.535 0.968 0.057

3 Adolescent Internalizing Subscales 16.504 0.057 9 0.078 [0.000, 0.137] 0.192 0.934 0.055

Note.ΔHC is the latent change in head circumference between birth and age 1 year; the baseline model isΔHC conditional on sex; the three remaining models includedΔPI and SES at birth as
predictors of later internalizing behaviors.

Table 7. Standardized estimates for the conditional baseline head
circumference (HC) latent difference score (LDS) model and HC change from
birth to age one year in LDS models predicting later internalizing behaviors

Model Predictor Outcome

0 ΔHC (conditional baseline)

β SE P

Sex −0.246 0.061 < 0.001

Birth HC −0.595 0.046 < 0.001

1 Middle Childhood Internalizing
Behaviors

β SE P

SES Birth 0.140 0.092 0.129

ΔHC −0.102 0.117 0.386

2 Adolescent Internalizing Behaviors

β SE P

SES Birth 0.249 0.090 0.006

ΔHC 0.049 0.090 0.584

3 Adolescent Overanxious Subscale

β SE P

SES Birth 0.229 0.093 0.014

ΔHC −0.026 0.089 0.773

Adolescent Separation Subscale

β SE P

SES Birth 0.116 0.091 0.200

ΔHC 0.079 0.095 0.406

Adolescent Depression Subscale

β SE P

SES Birth 0.237 0.088 0.007

ΔHC 0.067 0.095 0.478

Note. ΔHC is the latent change in head circumference between birth and age one year. The
baselinemodel isΔHC conditional on sex; the three remainingmodels includedΔHC and SES
at birth as predictors of later internalizing behaviors. Greater ΔHC values indicate more
positive change in HC. The highest SES level= 1; the lowest SES level= 5.

1Interpreting change in the PI. Increases in the PI between birth and one year reflected
rapid increases in adiposity. Overall, weight increased eight-fold (823%) from less than a
kilogram (838 g) to well over 7 kg (7.74 kg), whereas height doubled from 34.28 to 70.22 cm
(105%; see Figure 1a, Table 1). However, beginning in the second year of postnatal life, a

downward trend in the PI was observed, as the exponential weight gains of the first year
decelerated to more linear rates of increase (34% in the second year, from 7.74 to 10.36 kg),
comparable to rates of height growth (18% in the second year, from 70.22 to 82.56 cm).
Growth rates for HC in ELBW infants also decelerated over three years. HC increased by
86% in the first year, but only 6% in the second year and 2.5% in the third (see the Figure 1b,
Table 1). ELBW infants displayed dramatic catch-up growth in the PI and HC in the first
year of postnatal life, followed bymuch slower growth in the second (and third) year. Of the
three growth parameters, (weight, length, and HC), changes in the rate of weight gain were
the most pronounced.
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adolescent externalizing subscales for sensitivity to each of these
factors in separate mediation models (Figure S2). None of the new
models indicated significant mediation by any of these factors.
Generally, the mediation models with functional status (disability),
IQ, or concurrent SES at adolescence had poor fit. The remaining

factor, childhood family dysfunction, did not mediate between PI
change and the adolescent internalizing subscales, or between HC
change and the adolescent externalizing subscales, in models that
fit well. Further, adding family dysfunction to these models failed
to alter the original relations between growth parameters and
mental health outcomes. (For an example, see results from the
model for PI change and the internalizing subscales with family
dysfunction as the mediator in Tables S9, S10).

Discussion

Anthropomorphic indicators such as weight, length, and HC serve
as surrogate indicators of nutrient accretion during the critical first
weeks of life (Belfort & Ramel, 2019). The primary aim of this study
was to test whether early growth parameters in individuals born at
ELBW were predictive of internalizing or externalizing behaviors
at later stages of development. Importantly, the baseline models
indicated that change in the PI or HC was significantly associated
with the PI or HC values at birth. ELBW infants who showed
greater overall weight gains during the first 3 years were relatively
thinner at birth than other ELBW infants, and those showing
greater head growth were likely to have had smaller HC at birth.
Thus, infants who were more vulnerable at birth showed relatively
greater catch-up growth in the PI and HC during this early period.

Second, the predictive models revealed specific associations
between change in the PI and internalizing measures, and between
growth in HC and ADHD behaviors. With the baseline relations
accounted for, greater increases in the PI during the first year
positively predicted anxiety in adolescence. Similarly, smaller net
decreases in the PI during the first 3 years predicted higher levels of
teen internalizing behaviors and anxiety. These associations
suggested that adolescent internalizing levels were associated with
relatively greater weight gain in the first year and rates of weight
gain that remained high at age 3 years. Relatively greater growth in
HC during the first year predicted higher levels of ADHD
problems in adolescence. There were no reliable relations between
the early growth parameters and childhood internalizing, largely
because of poor model fit in these analyses.

With respect to the covariates, baseline models indicated that
male sex was associated with larger HC (Galjaard et al., 2019),
whereas the PI did not differ by sex. Low maternal SES was
associated with overanxious symptoms, depression, conduct
problems, and ADHD (but not separation anxiety or oppositional
defiant disorder), in line with recent studies (Markham & Spencer,
2022; McLaughlin et al., 2011). Additional models provided no
evidence to suggest that significant relations in the predictive
models were mediated by functional status, IQ, childhood family
dysfunction, or concurrent SES.

Table 8. Model fit for the head circumference (HC) latent difference score (LDS) models (birth to age one year): baseline and predicting later externalizing behaviors

Model Outcome χ2 p df RMSEA [90% CI] p CFI SRMR

0 ΔHC (conditional baseline) 5.090 0.165 3 0.072 [0.000, 0.176] 0.286 0.844 0.070

1 Middle Childhood Externalizing 9.908 0.078 5 0.085 [0.000, 0.163] 0.191 0.799 0.074

2 Adolescent Externalizing 9.944 0.077 5 0.085 [0.000, 0.163] 0.189 0.814 0.075

3 Adolescent Externalizing Subscales 12.334 0.195 9 0.052 [0.000, 0.117] 0.422 0.981 0.072

Note. ΔHC is the latent change in head circumference between birth and age one year. The baseline model is ΔHC is conditional on sex; the three remaining models included ΔHC and SES at
birth as predictors of later externalizing behaviors.

Table 9. Standardized estimates for the conditional baseline head
circumference (HC) latent difference score (LDS) model and HC change from
birth to age one year in LDS models predicting later externalizing behaviors

Model Predictor Outcome

0 ΔHC (conditional baseline)

β SE p

Sex −0.246 0.061 < 0.001

Birth HC −0.595 0.046 < 0.001

1 Middle Childhood Externalizing
Behaviors

β SE p

SES Birth 0.317 0.074 < 0.001

ΔHC 0.138 0.123 0.264

2 Adolescent Externalizing Behaviors

β SE p

SES Birth 0.263 0.071 < 0.001

ΔHC 0.226 0.105 0.032

3 Adolescent Conduct Subscale1

β SE p

SES Birth 0.218 0.078 0.005

ΔHC 0.028 0.101 0.779

Adolescent ADHD Subscale

β SE p

SES Birth 0.311 0.063 < 0.001

ΔHC 0.270 0.105 0.010

Adolescent ODD Subscale

β SE p

SES Birth 0.162 0.089 0.069

ΔHC 0.200 0.108 0.065

Note.ΔHC is the latent change in head circumference between birth and age one year; ADHD
is attention deficit and hyperactivity disorder; ODD is oppositional defiant disorder. The
baselinemodel isΔHC conditional on sex; the three remainingmodels includedΔHC and SES
at birth as predictors of later externalizing behaviors. Greater ΔHC values indicate more
positive change in HC. The highest SES level= 1; the lowest SES level= 5.
1Conduct disorder was skewed, thus, the model with externalizing subtypes as outcomes
included data for Conduct Disorder square root transformed.
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Internalizing behaviors following adaptation to nutritional
deficit

What explains the relations between change in the PI and
internalizing behaviors in adolescence? These paradoxical findings
invite closer scrutiny and discussion.

To begin with, the basal energy requirements of very preterm
neonates are higher than those of babies born closer to term
(Embleton et al., 2001), and early intolerance for enteral feeding
may exacerbate the risk of growth faltering before term-equivalent
age. As a result, these infants tend to experience significant protein
and energy deficits in the first weeks of life, with incidence rates
ranging from 43 to 97% even in recent decades (Horbar et al., 2015;
Su, 2014). Recouping these losses requires nutrient intake that
exceeds the requirements for normal maintenance and growth
(Cooke, 2010; Embleton et al., 2001; Heird, 1999). Nonetheless,
most preterm infants (80%) show some evidence of catch-up
growth in weight, length, and HC, beginning in the first few
months of postnatal life (Euser et al., 2008; Hack et al., 2014;
Hellström et al., 2020). By the end of the second year, variable
intraindividual growth rates appear to stabilize and growth begins
to follow an infant’s genetically guided trajectory (Ong et al., 2000).

Any intraindividual change in the PI denotes a shift in the
relative contributions of body weight and body length to the index.
For ELBW newborns with significant energy and protein deficits,
preferentially directing available nutritional resources to weight
gain may be an adaptive defensive response. Given their higher
metabolic needs and poor nutritional intake (Heird, 1999), it may
be more adaptive for these newborns to invest energy in
maintaining energy stores rather than diverting resources to
physical development during the critical early months of life. The
latter strategy could risk depleting energy levels below a threshold
required for survival, especially for preterm infants who are sicker
(Ehrenkranz et al., 1999; Ramel et al., 2014), more immature
(Pridham et al., 2001), or more sensitive to the type of nutrition
available (Barker et al., 2001).

A similar defensive strategy has been documented in humans
and animals exposed to famine; the metabolic stress elicited by
starvation initiates multiple hormonal, autonomic, and metabolic
changes to promote the accumulation and storage of fat (Schwartz
& Seeley, 1997). Related evidence is seen in the offspring of women
who were exposed as fetuses to the Dutch HungerWinter in 1944–
45. Famine exposure in utero resulted in shorter newborns in the

next generation, while average birth weight was preserved, thereby
increasing the PI (Painter et al., 2008). Nutritional deficits that
influence height growth are also malleable in the other direction:
when nutritional deficits are ameliorated by enhanced early
parenteral (intravenous) and enteral nutrition, stature may be
increased (Loÿs et al., 2013). Notably, the influence of famine
exposure extends beyond physical growth: famine exposure in
early life is reported to have deleterious effects on adult mental
health, for example, increasing the incidence of affective disorders
following the Dutch famine (Brown et al., 2000), and elevating the
overall risk of mental health problems following the Great Leap
Forward famine in China, 1959–61 (Huang et al., 2013).

Some infants in the present ELBW cohort were undernourished
at birth, given that PI values ranged from 15 to 29. In accord with
the practices of the era, most of the cohort received intravenous
lipids and amino acids (M= 24 and 25 days, respectively) and
concentrated preterm formula (SMA24, SMA30 calories/ounce)
during their initial hospitalization. With enhanced nutrition,
first-year growth in the cohort was exponential, leading to mean
increases of 823% in weight and 105% in height, and an increase in
the PI from 20.8 at birth to 22.4 by 12 months. After the first year,
gains in weight and height became more balanced, leading to
reductions in the PI: by the end of the second year, growth rates
had slowed considerably for both weight and height (MPI= 18.36).
PI values were further reduced by the end of the third year
(MPI= 16.21), by which time they showed parity with those of
typically developing infants (cf. similar trajectories in Hellström
et al., 2020).

While the decline in mean levels of the PI from birth seen in
full-term infants appears to be normative (Figure 3a), given the
undernourished status of some ELBW neonates, it is uncertain
how far their PI values could decline from birth without risking
their survival. Conversely, modeling indicated that ELBW infants
who were thinner at birth showed more pronounced increases in
the PI during the first year and smaller declines in the PI over the
first 3 years. These changes reflect adjustments in the allocation of
resources to weight versus height during early postnatal growth.
Although speculative, this pattern of adaptation seems consistent
with biological priorities that favor postnatal weight gain over
physical development. It is important to note that internalizing
behaviors in ELBW adolescents were predicted by the dynamic
changes in the weight/height ratio that occurred during an early

Figure 3. Change in a) the ponderal
index (PI) and b) head circumfer-
ence (HC) between birth and age 3
years in ELBW children and NBW
children, derived from Center for
Disease Control (CDC) norms at the
50th percentile.
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critical period for postnatal development, rather than by lower
absolute values of birth weight or thinness (lower PI) at birth (data
not shown).

Altered brain development following nutritional deficit

According to theories of early programming, adaptations that
support immediate survival may incur costs to later physical health
(Gluckman et al., 2008; Metcalfe & Monaghan, 2001). Such costs
may extend to mental health, but what mechanism would explain
this effect? Potential growth-limiting factors in the prenatal
environment include IUGR and maternal health characteristics
such as smoking during pregnancy, hypertensive disorders, and
older maternal age (Sannoh et al., 2003). Postnatally, infant mental
health may be affected by exposures to infection, painful
procedures, and prolonged separation from the primary caregiver
while in neonatal care (Drvaric et al., 2013) or parental distress
related to caring for a highly vulnerable infant (Pierrehumbert
et al., 2003). There is abundant neuroanatomical evidence to
suggest that the normal neurodevelopmental trajectory may be
permanently altered following very preterm birth (e.g., Guellec
et al., 2016; Hadaya & Nosarti, 2020; Hedderich et al., 2019; Ment
et al., 2009; Narberhaus et al., 2009). Altered neurodevelopment
during the perinatal period is likely to affect brain systems that are
integral to mental health (e.g., Gale &Martyn, 2004; Nomura et al.,
2007; Pettersson et al., 2019; Smith et al., 2016).

Serotonergic regulation has long been associated with negative
mood states (Cowen & Browning, 2015). As a neurotransmitter,
brain serotonin is involved in processes that support experience-
induced plasticity (Kojic et al., 2000), synaptic modeling, and the
refinement of neural connections during development (Manjarrez
et al., 2005). During gestation, increased metabolic stress may lead
to disturbances in the metabolism of brain serotonin in growth-
restricted infants (Manjarrez et al., 2005). Alterations in
serotonergic activity during critical periods of cortical differ-
entiation may lead to neurodevelopmental anomalies that affect
learning. In addition to its role in synaptic modeling, serotonin has
important roles in regulating HPA-axis activity (Gotlib et al., 2008;
Gunnar &Quevedo, 2007), cortisol responses (Reimold et al., 2008;
2011), and cardiovascular and behavioral stress reactivity (Davies
et al., 2006). Increased stress reactivity has been implicated in the
pathogenesis of mood disorders in adulthood (Kajantie et al., 2007;
Wüst et al., 2005). Thus, poor fetal growth may also lead to
disturbances in serotonergic activity that negatively influence
stress regulation.

Growth in head circumference (HC) and ADHD

Apart from genetic predisposition, prematurity and low birthweight
are themain risk factors for the development of ADHD,with greater
risks for infants born extremely preterm or ELBW (Franz et al.,
2018). HC is a rough proxy for brain volume (Bartholomeusz et al.,
2002; Belfort & Ramel, 2019). Mean HC in this sample of ELBW
infants at birth was substantially smaller than CDC norms for
infants born at term. Smaller HC has been associated with increased
risk of ADHD at school age in children born preterm (e.g., Soldateli
et al., 2022). Term-born children diagnosed with ADHD around the
time of school entry are alsomore likely to have had smaller HC and
lower PI at birth, outcomes that are consistent with physiological
adaptation in utero (Heinonen et al., 2011; Lahti et al., 2006). Our
data extend the findings to adolescence for infants born at ELBW:
ELBW neonates with smaller HC at birth showed relatively greater

HC growth during the first year, and these infants had higher levels
of ADHD problems in adolescence.

Strengths and limitations

The present investigation is one of only a handful of studies that
examines the PI and later mental health outcomes in individuals
born at ELBW. Strengths of the study include careful
construction of LDS change models and the use of MLR
estimation, which incorporates all available information into the
analysis model and provides estimates that are robust to
multivariate nonnormality. In addition to demonstrating good
model fit and adjusting for important covariates (sex, familial
SES), LDS change models accounted for intermittent participa-
tion across the waves of the study. We tested the LDS models
under bothMAR andNMAR assumptions, in the latter case using
a “full-data” likelihood analysis. In addition, latent variables such
as ΔPI or ΔHC reflect both the magnitude of the observed
changes and the specific risks that underlie the changes (Woo,
2017). Finally, given the clear temporal order between infant
levels of the PI and assessments of internalizing in middle
childhood and adolescence, our findings are not merely
observational but suggest potentially causal associations between
infant growth and later mental health.

Some limitations should also be considered when interpreting
these findings. The size and statistical power of this high-risk
sample were limited by the size of the original cohort and attrition
over time. We attempted to address this problem by utilizing
simple LDS models and accounting for intermittent participation
through NMAR analyses that included missing data indicators to
account for missing data. Although study participants did not
differ from nonparticipants in SGA status, key covariates, or
important neonatal exposures, our sample was too small to allow
meaningful evaluation of group differences in birth size related to
prematurity (early birth) versus IUGR. Aside from this question,
the sample size was large enough to reveal interpretable
associations between PI or HC change and internalizing or
ADHD problems in individuals born at ELBW.

Second, the lack of a typically developing control group born at
NBW is a limitation. Although a control group of NBW children
was added to the ELBW cohort when both groups were eight years
old, measures of birth length and height before age eight were not
available for these children, preventing calculation of their PI
values in early postnatal life. For comparisons to term-born
children, we calculated mean values for the PI and HC between
birth and age 3 years using CDC reference data at the 50th

percentile for weight, height, and HC. Comparing the PI and HC
trajectories of ELBW and term-born infants revealed striking
contrasts in their patterns of early growth, though their respective
trajectories appeared to converge by age 3 years.

Third, this study used a historical cohort born four decades ago,
which did not benefit from improvements in neonatal care
available to younger cohorts. Although these ELBW infants were
nourished according to standards current at the time, approaches
to postnatal nutritional intervention have continued to evolve (e.g.,
Embleton & van den Akker, 2019). Replication would be helpful
for assessing whether the present findings generalize to ELBW
survivors who have experienced more advanced neonatal care. Our
analyses could easily be repeated in larger and more contemporary
cohorts, as the variables included in the LDS models were simple
measures of weight and height, sex, and SES at birth. Our findings
may also be relevant for modern contexts, given that the world-
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wide incidence of preterm birth remains high, advanced levels of
care are less likely to be available in low-resource settings
(Blencowe et al., 2019), and the limit of preterm viability has
been pushed to as early as 23–24 weeks’ gestational age (Stoll
et al., 2015).

Finally, internalizing behaviors were evaluated by parents,
using slightly different screening tools across assessments.
Formal diagnoses of internalizing behaviors derived from
structured clinical interviews were not available. However, the
use of parent reports from both assessments provided consistency
across the two visits. Moreover, parent reports from the
adolescent assessment explained more of the variance in mental
health problems than did teen self-reports (Saigal et al., 2003).
The Achenbach scales are well-validated and designed to be
comparable across development (Achenbach et al., 2016), making
them ideal for use in longitudinal studies. The problem subscales
from the Achenbach and OCHS-R scales also show a high degree
of overlap. We believe the discrepancy between findings from the
childhood and adolescent LDSmodels was not likely to stem from
the use of these two slightly differing scales but may have been
related to lower levels of problem behaviors in childhood
observed in the sample. Except for ADHD problems, childhood
means for internalizing and externalizing were not especially high
(Szatmari et al., 1993).

Conclusions

In ELBW survivors, dynamic changes in growth measured by the
PI and HC during the first 3 years of postnatal life were indicated
by latent change factors (ΔPI, ΔHC) in LDS models. The most
vulnerable ELBW infants displayed greater catch-up growth in
both of these measures over the first year, and smaller normative
declines in the PI over the first 3 years. Changes in the PI indicate
relatively short-term responses to available nutrition. In infants
born at ELBW, early-life changes in the PI appeared to reflect an
immediate survival strategy to maintain weight stores, followed by
a dynamic shift after the first year from defensive energy
conservation to a strategy that favored physical development.
Higher levels of adolescent internalizing behaviors may be a
downstream consequence of delayed postnatal diversion of
nutritional resources to physical development in ELBW infants.
Infants who showed compensatory growth in HC in the first year
were relatively more vulnerable, having smaller HC at birth, and
higher levels of attentional problems (ADHD) in adolescence.
Together, the findings suggest some specificity in the relations
between adolescent internalizing behaviors and early proportional
growth (reflected in PI change), and between adolescent ADHD
problems and early brain development (reflected in HC growth).
Importantly, early growth rates in both measures depended on
their initial start values, that is, on the degree of growth achieved by
the time of birth.

Given these associations, the impact of early nutritional
interventions on postnatal growth patterns and brain maturation
should be examined in conjunction with long-term psychological
functioning. If the timing of the shift favoring neurodevelopment is
responsive to early nutritional intervention, it may be possible to
minimize or pre-empt potential negative downstream conse-
quences of postnatal undernutrition for later mental health.
Additional studies will be required to establish firmer connections
between early growth patterns in infants born at ELBW and later
mental health.

Supplementary material. The supplementary material for this article can be
found at https://doi.org/10.1017/S0954579423000573.
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