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Abstract

In this study, we use advanced growth modeling techniques and the rich biospecimen and data 

repositories of the NICU Hospital Exposures and Long-Term Health (NICU-HEALTH) study to 

assess the impact of NICU-based phthalate exposure on extrauterine growth trajectories between 

birth and NICU discharge. Repeated holdout weighed quantile sum (WQS) regression was used 

to assess the effect of phthalate mixtures on the latency to first growth spurt and on the rate of 

first growth spurt. Further, we assessed sex as an effect modifier of the relationship between a 
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phthalate mixture and both outcomes. Nine phthalate metabolites, mono-ethyl phthalate (MEP), 

mono-benzyl phthalate (MBzP), mono-n-butyl phthalate (MBP), mono-isobutyl phthalate (MiBP), 

mono-(3-carboxypropyl) phthalate (MCPP), mono-2-ethylhexyl phthalate (MEHP), mono-(2-

ethyl-5-hydroxyhexyl) phthalate (MEHHP), mono-(2-ethyl-5-oxohexyl) phthalate (MEOHP), 

mono-(2-ethyl-5-carboxypentyl) phthalate (MECPP) were measured in weekly urine specimens 

from 101 NICU-HEALTH participants between birth and the first growth spurt. Phthalate levels 

varied by species but not by infant sex, and decreased over the course of the NICU hospitalization 

as presented in detail in Stroustrup et al., 2018. There was evidence of nonlinearity when assessing 

the effect of phthalates on latency to first growth spurt. Above a threshold level, a higher phthalate 

mixture with dominant contributorsMCPP, MBz, and ME predicted a shorter latency to the first 

inflection point, or an earlier growth spurt. A higher phthalate mixture with dominant contributors 

MECPP, MEHHP, and MEOHP was associated with an increased rate of growth. Results of 

both models were clearly different for boys and girls, consistent with other studies showing the 

sexually dimorphic impact of early life phthalate exposure. These results suggest that growth curve 

modeling facilitates evaluation of discrete periods of rapid growth during the NICU hospitalization 

and exposure to specific phthalates during the NICU hospitalization may both alter the timing of 

the first growth spurt and result in more rapid growth in a sexually dimorphic manner.
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1. INTRODUCTION

Over the past twenty years, advancements in neonatology have greatly improved preterm 

infant extrauterine growth in the neonatal intensive care unit (NICU). Poor growth between 

birth and term equivalent is linked to both adverse neurodevelopmental outcome and 

metabolic syndrome in survivors of prematurity (1–11). Studies of children born at term 

have shown that chemical exposures early in development can impact early weight gain and 

are associated with later life growth trajectory. Specifically, prenatal exposure to ubiquitous 

organic chemical plasticizers known to disrupt endocrine function, phthalates, has been 

linked both to intrauterine growth restriction(12), decrements in birth weight (13), poor 

weight gain in infancy(14), and development of overweight or obesity later in life (15–

17). Childhood phthalate exposure is also associated with an increased body mass index 

(BMI), larger waist circumference, and increased risk of being overweight or obese(18, 

19), mimicking associations also seen between phthalate biomarkers and BMI and waist 

circumference in adults(20–22). Moreover, changes in the timing and rate of early-life 

growth spurts have been recognized as both susceptible to chemical exposures early in 

development (5) and predictive of later life obesity (1, 3, 5).

Studies of preterm infant growth between birth and discharge from the neonatal intensive 

care unit (NICU) have to date focused on maximizing nutrition and minimizing medical 

morbidities (23–25). The study of preterm infant growth has been hindered by lack of 

consistency of outcome metrics used to quantify preterm infant growth. To our knowledge, 
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timing and rate of early life growth spurts, metrics found to be useful in studies of term-born 

children (24), have not been applied to study of preterm infant growth.

Phthalate exposure in the NICU has been well-documented (26–31). Exposure has persisted 

over time, and has been linked to disposable plastic components of medical equipment, 

specifically central lines and respiratory support devices (27, 29, 32). Despite the recognized 

impact of early-life phthalate exposure on somatic growth of term-born children (5, 12, 

14–16, 19–22, 33–35), phthalate exposure has not been considered as a potential contributor 

to atypical preterm infant growth previously.

In this study, we used the rich biospecimen and data repositories of the NICU Hospital 

Exposures and Long-Term Health (NICU-HEALTH) study to assess the impact of NICU-

based phthalate exposure on extrauterine growth trajectories between birth and NICU 

discharge. Specifically, we hypothesized that phthalate exposure early in life would impact 

the timing and rate of accelerated weight gain (the “growth spurt”) during the expected 

period of rapid postnatal growth in the NICU. The objective of this study was to apply a 

comprehensive growth modeling technique to assess the impact of NICU-based phthalate 

exposure preterm infant growth between birth and NICU discharge.

2. MATERIALS AND METHODS

2.1 Participant population:

The NICU-HEALTH cohort (ClinicalTrials.gov NCT01420029, NCT01963065(30)), the 

first prospective environmental health cohort focused on preterm infants from its inception, 

enrolled a racially, ethnically, and socioeconomically diverse population of very preterm 

infants born less than 33 weeks gestation at a single urban academic medical center in New 

York City from September 2011 to February 2020. Infants with congenital anomalies or 

signs of hypoxic injury at birth were not eligible for enrollment. All families provide written 

informed consent prior to participation in NICU-HEALTH. The study was approved by the 

institutional review board of the Icahn School of Medicine at Mount Sinai.

2.2 Exposure assessment:

Serial urine specimens were collected by trained study staff between the week of birth 

and NICU discharge using methods described previously(28). Diapers are changed every 

three hours in the NICU, so there is no distinction between“first morning” and “random” 

void in this population. Specimens were collected during the day, most commonly between 

10am and 4pm. Briefly, cotton balls were placed in the infant diaper and retrieved three 

hours later. Urine was squeezed from cotton not contaminated with stool. Specimens were 

refrigerated after collection, then frozen within 6 hours of collection at −80°C pending batch 

analysis. As we measure phthalate metabolites in urine rather than the parent phthalate 

diester, contamination from collection materials was not anticipated. Nonetheless, collection 

materials were screened for contamination. Field blanks collected alongside biospecimens 

were also analyzed for phthalate metabolites.
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2.3 Outcome assessment:

Clinical daily weight measurements and once weekly length and head circumference 

measurements from birth through hospital discharge were abstracted by trained study staff. 

Study outcomes assess neurodevelopment, growth, and pulmonary outcomes longitudinally 

through early childhood as part of the Developmental Impact of NICU Exposures (DINE) 

study, which is in turn part of the National Institutes of Health Environmental Influences on 

Child Health Outcomes (ECHO) program(36, 37). Since it is common for infants to initially 

lose weight in the first few days of life(9, 38, 39) weight measurements obtained after the 

first 7 days of life were included in analyses. Additionally, as we were primarily interested 

in growth during the ex utero prenatal period, we limited curves to growth between 7 days of 

life and NICU discharge or the due date, postmenstrual age (PMA) of 40 weeks, whichever 

came first.

2.4 Phthalate biomarker analysis:

Concentrations of nine metabolites of six phthalate diesters were measured at the Senator 

Frank R. Lautenberg Environmental Health Sciences Laboratory at the Icahn School 

of Medicine at Mount Sinai from 200 μL urine specimens as described previously(28) 

with a minor modification. Measured metabolites were mono-ethyl phthalate (MEP), 

mono-benzyl phthalate (MBzP), mono-n-butyl phthalate (MBP), mono-isobutyl phthalate 

(MiBP), mono-(3-carboxypropyl) phthalate (MCPP), mono-2-ethylhexyl phthalate (MEHP), 

mono-(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP), mono-(2-ethyl-5-oxohexyl) phthalate 

(MEOHP), mono-(2-ethyl-5-carboxypentyl) phthalate (MECPP). Quantification was based 

on isotope-dilution liquid chromatography with tandem mass spectrometry. 13C4 or D4 

stable isotope labeled internal standards were added to each sample. Metabolites were 

treated with β-glucuronidase from Escherichia coli-K12 (product # 3707601001, Roche 

Diagnostics through Sigma Aldrich) followed by solid-phase extraction with an Oasis HLB 

hydrophilic-lipophilic balanced reversed-phase 96-well plate (30 mg sorbent per well, 30 

μm particle size; Waters Corporation, Milford, MA). Low-volume sample aliquoting and 

cleanup procedure was automated using a liquid handler (epMotion 5075vtc; Eppendorf, 

Hauppauge, NY). The LC-MS/MS (Agilent 1290 Infinity II UHPLC coupled with 6470A 

triple quadrupole MS, Agilent Technologies, Wilmington, DE) was operated in electrospray 

negative mode for ionization and multiple reaction monitoring (MRM) for quantification. 

Chromatographic separation was achieved on a Zorbax RRHD Eclipse Plus C18, 1.8 μm, 

100 × 2.1 mm analytical column with 5 × 2.1 mm guard cartridge (Agilent Technologies, 

Wilmington, DE). Mobile phase A was 0.1% formic acid in LC-MS grade water, and 

mobile phase B was 0.1% formic acid in LC-MS grade acetonitrile. Quality assurance 

measures included the insertion of National Institute of Standards and Technology standard 

reference materials NIST SRM 3672 Organic Contaminants in Smokers’ Urine and NIST 

SRM 3673 Organic Contaminants in Non-Smokers’ Urine (two each per batch), and 

bi-annual participation in the German External Quality Assessment Scheme (G-EQUAS) 

(http://www.g-equas.de/)(40). Laboratory staff were blinded to field blanks and established 

standards analyzed alongside participant specimens. Urine specific gravity was measured 

with a refractometer, and small volume method (10μL) (Rudolph Research Analytical, 

Hackettstown, NJ, USA), detection limit 1.0000 kg m−3(41).
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2.5 Statistical Approach:

Growth curves were modeled for all infants with available growth data using proc nlin in 

SAS v.9.4. For each participant, a double logistic curve was fit to weight measures(42). 

Curves were examined visually, and when appropriate a triple logistic curve was fit. Model 

fit was assessed using the mean squared error (MSE). Curves with an MSE greater than 

the 95th percentile were removed from subsequent analyses. Each inflection point on the 

growth curve represents a distinct period of rapid growth or a “growth spurt”. Analyses were 

focused on the first growth spurt, regardless of whether the curve was modeled by double 

or triple logistic regression. Parameters estimating time to first growth spurt and rate of first 

growth spurt were pulled from the logistic curve fit per participant. Further details on how 

parameters were calculated can be found in Tanner et al 2020.

Since phthalate metabolite data were right skewed, values were log2-transformed to assess 

effects for every doubling of the chemical concentration. Single chemical multivariable 

regression models were used to assess the linear effect of each log2-transformed phthalate 

on the latency to first growth spurt relative to PMA (D1) and on the rate of first growth 

spurt (B1) (Figure 5) using the geometric mean of specific gravity-corrected urinary 

phthalate metabolite concentrations measured prior to the first inflection point to increase 

generalizability (Table S2). Adjustment for concentration was calculated for each urinary 

phthalate concentration using the formula [(Biomarker in μmol)*(median batch specific 

gravity - 1) / (specific gravity - 1)](28). The typical time to the first growth spurt was 1–3 

weeks from birth, meaning that phthalate exposure was estimated by the geometric mean of 

a small number of individually measured biomarker levels (Table 1). Phthalate biomarker 

concentrations have previously been shown to fall appreciably over the course of the NICU 

hospitalization in our cohort (30). Differences in phthalate concentration are related most 

directly to degree of medical intervention rather than age, however (27–29). Models were 

adjusted for relevant factors selected by a directed acyclic graph (DAG; Appendix Figure 

A1).

Due to the complex correlation pattern of phthalate metabolites, as shown in Figure 1, 

repeated holdout weighed quantile sum regression(42) was used to assess the effect of the 

phthalate mixture on the same outcomes. Chemical component weights were estimated on 

a randomly selected 40% of subjects. The instability in estimation of weights, due to the 

complex correlations between components, can be improved by focusing the inference in 

a specified direction with a powerful 1 degree of freedom test. Since this is the first study 

to assess phthalates on growth of pre-term infants in the NICU, we could not specify a 

direction a priori and thus tested mixture effects in both the positive and negative directions. 

Thus, two-sided confidence intervals were reported. The final weighted index was calculated 

as W QS = ∑W IQI, J, where WQS is the mixture term, Wi is the mean weight per variable 

averaged across 100 bootstraps, and QI, J is the deciled measurement per subject/variable. 

The effect of this index on each outcome was assessed with the remaining 60% of subjects. 

Typically, WQS assumes linearity of the effect of the mixture on outcome; however, we 

also tested for nonlinearity with a quadratic term to determine if a more flexible model 

was needed. The full WQS analysis was repeated for 100 holdouts of randomly selected 
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40/60 splits of the data. Models were adjusted for the same factors used in single chemical 

modeling.

As a sensitivity analysis, a bootstrapped lasso regression, with 500 bootstraps and 10 nfolds, 

was run to confirm that metabolites highly weighted in the WQS regression were also 

identified in the lasso. Specifically, lasso regression is a shrinkage method that identifies a 

parsimonious model among predictors that may be highly correlated, such that one variable 

may be retained while the beta coefficient of other variables that are highly correlated are 

forced to zero. All WQS regression analyses were run with the gWQS package in RStudio 

(Version 1.2.5001) and all figures were created using SAS (v 9.4).

Distribution of each final chemical weight component and the beta coefficient of the effect 

on growth measures were examined using the 100 holdouts. We defined significance when 

at least 97.5% of effect estimates were above or below the null effect using a two-sided test. 

When at least 90% of the chemical component weight distributions were greater than the 

1/c threshold, we defined the component to be a probable contributor to the overall mixture 

effect. When at least 50% of holdouts were above the threshold, we defined the component 

to be a possible contributor to the mixture effect.

Further, as phthalate effects have been shown to be sexually dimorphic in other studies(14, 

33), we assessed sex as an effect modifier of the relationship between a phthalate mixture 

and both outcomes. The gWQS package has the capability to include interactions between 

covariates as well as specify stratification of the model’s weight estimation. Throughout this 

report, we refer to a model run with an interaction term between WQS and sex in addition to 

the main effects and other covariates as an “interaction model”. We refer to a WQS model in 

which weight components are estimated for each strata as a “stratified weight model”. This 

model had twice as many parameters estimated in the training dataset, one set for males and 

one set for females but assessed only one overall effect. We refer to a model which includes 

both components as a “stratified/interaction model”. This model combined both components 

such that twice as many parameters were estimated in the presence of an interaction term 

between WQS and sex in addition to the main effect and other covariates.

We began by testing the most flexible model – the stratified/interaction WQS. If the 

same components were identified as important for both sexes, based on criteria presented 

previously, then we would test the interaction model which assumes the same weights 

per sex, but tests if the effect between sexes differ. If the same components were not 

identified as important between the sexes and the effect did not differ between sexes, then 

we would test the stratification model which assumes different chemical mixtures per sex 

resulting in the same effect sizes. When an analysis estimated common weights, meaning 

one weight was estimated per chemical component for the entire population, the distribution 

of weight estimates across the 100 holdouts is shown. When an analysis estimated stratified 

weights, meaning one weight is estimated per chemical component per stratum, the relative 

contributions were calculated as Relative weigℎtI, S = W I, S
∑W s

 where W I, S is the average weight 

from the 100 holdouts per chemical/stratum and ∑W s is the sum of the stratum-specific 

average weights. The relative weights sum to 100% per stratum.

Busgang et al. Page 6

Sci Total Environ. Author manuscript; available in PMC 2023 March 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3. RESULTS

One hundred thirty-eight NICU-HEALTH participants had urinary phthalate biomarkers 

measured during the NICU hospitalization and 101 had appropriate data for analysis. 

Appendix Figure A2 is a CONSORT-style diagram that describes progression from initial to 

final analytic cohort. Table 1 demonstrates clinical and demographic characteristics of the 

diverse analytic cohort, overall and stratified by sex.

Four hundred ninted-six urine specimens were analyzed for phthalate biomarkers in 14 

batches. The mean concentrations of phthalate metabolites were similar across batches 

(Supplementary Table 1). The coefficients of variance were low and within the acceptable 

range, indicating good intra-batch consistency. Since NIST provides reference values, mean 

percent recovery was calculated for each phthalate. All recoveries were within an acceptable 

tolerance and thus no batch correction was needed. Phthalate levels varied by species but 

not by infant sex, and decreased over the course of the NICU hospitalization as presented 

in detail in Stroustrup et al., 2018(28). Phthalate levels by species and sex are presented in 

Supplementary Table 2.

Growth curves were fit for 135 participants. Goodness of fit was assessed using MSE, such 

that curves with the top 5% of MSE were removed due to poor fit. Appendix Figure A3 

shows the distribution of MSE and the 95% percentile. In addition, example curves are 

shown above and below this threshold to demonstrate what was considered a “good fit” and 

what was considered a “bad fit”.

Single chemical species were modeled as a preliminary step to mixture analyses (Table 

S2). Regression diagnostics revealed that models assessing slope did not meet assumptions 

necessary for linear regression (residuals were not normally distributed); thus, the natural 

log of growth spurt speed was used for all subsequent analyses. Initially, several phthalate 

metabolites were identified as being significantly related to latency to first growth spurt 

and natural log transformed speed of growth spurt. Only MEHHP and MEOHP remained 

significantly and negatively associated with latency after false discovery rate correction to 

account for multiple comparisons.

Mixture models were assessed with both a positive and negative constraint. There were no 

positive estimates found when assessing the phthalate mixture on latency to growth spurt 

in the positive direction. There was evidence of nonlinearity when assessing the mixture on 

latency in the negative direction (Figure S4). To account for this nonlinearity, an additional 

WQS regression model, with a quadratic term for the WQS, was repeated 100 times using 

different sets of participants for training and validation. Table 2 provides a summary of the 

distribution of effect estimates for both the linear WQS term and the quadratic WQS2 term 

across the 100 holdouts. Figure 2 provides the distribution of the 100 regression models.. 

Seventy of the holdouts resulted in a positive linear effect of the index and 86 holdouts 

resulted in a negative nonlinear effect (i.e. WQS2; Figure 2A). Though not considered 

significant, based on criteria described previously, there is some evidence that at lower 

levels, the phthalate mixture has no effect or a slight delay in latency to first growth spurt 

(as indicated by positive/negligible WQS term) but at higher phthalate mixture levels, the 
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growth spurt occurs earlier (as indicated by a highly negative WQS2 term). Figure 2B 

provides the distribution of each phthalates weight contributions across the 100 holdouts. 

MCPP, MBzP, and MEP are possibly important contributors to the phthalate mixture effect.

WQS regression modeling, was then repeated 100 times to examine the effect of phthalate 

exposure on the natural log transformed slope at the first inflection point, or the rate of 

the first growth spurt. Of the 101 curves, 96 had growth spurt speeds that were within 

two standard deviations of the mean. Table 2 summarizes the distribution of linear effect 

estimates across the 100 holdouts and suggests a linear positive association between the 

phthalate mixture and slope of the first growth spurt without evidence of nonlinearity. Figure 

3 provides the distribution of each phthalate metabolite’s weight contribution across the 

100 regression models. All holdouts resulted in a positive effect of the mixture on growth 

rate (Figure 3A). The effect was driven by MECPP with MEHHP and MEOHP as possibly 

important contributors (Figure 3B).

Next, we tested sex as an effect modifier on the relationship between phthalates and latency 

of first growth spurt. There was no evidence of non-linearity, so models were fit with a 

linear WQS term. The majority of holdouts for males resulted in a negative association (93 

out of 100) and 91 of the holdouts resulted in females having a larger magnitude of effect 

compared to males (Figure 4A). MECPP, MBzP, and MCPP were most important in the 

males’ mixture and MECPP, MEHHP, MBzP and MEP were most important in the females’ 

mixture (Figure 4B).

Finally, we tested sex as an effect modifier on the relationship between phthalates and rate 

of first growth spurt. The stratified/interaction model, with a negative constraint, resulted 

in a slightly stronger magnitude of effect estimates for both males and females, with the 

interaction term being negligible (Appendix Figure A4). However, this model informed us 

that mixture components differed between males and females, such that the males’ mixture 

was dominated by MECPP, MBP, MBzP, and MCPP whereas for females MECPP, MEHHP, 

and MEOHP, were the most important contributors to the mixture. Since this model showed 

different mixtures for males and females but did not have a significant difference in effect, 

we tested the stratified weight only model and found that most effect estimates were positive 

(98 out of 100); Figure 5A). The mixture for males was dominated by MECPP, MBP, MCPP, 

and MEOHP and while the mixture for females was dominated by MECPP, MEHHP, and 

MEOHP (Figure 5B).

Results from lasso regression confirm results from WQS analyses, using log transformed 

growth rate as the outcome (Table S3). As compared to the WQS regression analyses, where 

MECPP, MEHHP, and MEOHP were all possible contributors to the mixture effect, the lasso 

regression retained MECPP and MEOHP, but only MEOHP had a significant positive beta 

coefficient. As described in the methods, lasso uses a shrinkage method where it randomly 

choses one variable and reduces down or forces the highly correlated variables to zero. 

In this case, Figure 1 supports high correlations among these three possible contributors. 

Thus, lasso supports the WQS findings that at least one of these high molecular phthalate 

metabolites is related to increased growth rate. Those metabolites that were identified as 

probably not contributors in the WQS analyses were all retained in the lasso but with 
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negative beta coefficients. Only MBZP has a significantly negative beta. We did not run the 

lasso for latency for simplicity since the WQS regression assessed a nonlinear term.

4. DISCUSSION

In this report, we describe the application of a comprehensive growth modeling 

technique(42) to the novel question of the impact of chemical exposure on in-hospital 

preterm infant growth. Our study has four main findings: 1) in single chemical analysis, 

exposure to MEHHP and MEOHP, two metabolites of the common plasticizer DEHP, is 

associated with shorter latency of the first growth spurt; 2) in mixture analysis, exposure to 

MCPP, MBzP and MEP, metabolites of phthalates found in polyvinyl chloride flooring, 

sealants, and paints as well as vinyl gloves and personal care products (e.g. creams, 

shampoos), is associated with a shorter latency to the first growth spurt (i.e. an earlier 

growth spurt); 3) exposure to MECPP, MEHHP, and MEOHP, all DEHP metabolites, is 

assocated with an increased rate of growth at the first growth spurt in the overall study 

population; and 4) the impact of phthalate exposure on timing of the first growth spurt 

was sexually dimorphic, with different mixtures demonstrating stronger impact on girls than 

boys.

The hospital environment is known to be a source of significant exposure to endocrine 

disrupting organic chemicals including phthalates(43, 44). Since the early 2000s, multiple 

cohorts have demonstrated clinically meaningful phthalate exposure among hospitalized 

preterm infants(26–29, 31, 45). Although third trimester in utero phthalate exposure is 

known to be associated with alterations in growth trajectories in term-born populations 

(14, 15, 33, 35), the role of NICU-based phthalate exposure on preterm infant growth has 

not been examined previously. Notably, our preterm infant population demonstrates much 

higher levels of phthalate exposure than pregnant women participating in NHANES during 

the same time period of fetal neurodevelopment (Appendix Figure 5). Specifically, studies 

in term-born populations have shown associations between phthalate exposure and both 

early growth restriction and higher BMI later in life(12, 17, 35). Preterm infants are known 

to be at risk for later life adverse neurodevelopmental outcomes, obesity, and metabolic 

syndrome(6–11). As early life phthalate exposure may impact growth trajectories, including 

timing and rate of weight gain, and as preterm infants are known both to face significant 

phthalate exposure and experience abnormal growth trajectories, we were interested in 

whether hospital-based phthalate exposure could impact specific parameters of preterm 

infant weight gain.

Pediatric growth is marked by periods of rapid growth, or discrete growth spurts, 

interspersed with periods of more moderate growth rate(46). On a smaller timescale, this 

pattern is also seen in ex utero growth during the “preterm period” between preterm infant 

birth and term-equivalent(9). Preterm infants typically lose weight – largely water weight 

– in the first week after birth, then establish daily weight gain until discharge(9, 38, 39). 

Prior studies of preterm infant growth typically consider only absolute and relative weight 

gain across the NICU hospitalization, rather than growth metrics such as the timing and peak 

growth velocity of NICU-based growth spurt(s). We know from study of term-born children 

that early life growth spurts are both (1) sensitive to phthalate exposure and (2) linked to 
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later life overweight and obesity(1, 3), although the mechanism behind these epidemiologic 

observations remain poorly understood. Based on this limited existing data, we chose the 

timing and rate of the first ex utero growth spurt as a relevant outcome metric for this 

study(5) as predictive of later life obesity.

Our statistical approach, first described by Tanner et al. in a study of the impact of 

prenatal exposure to perfluorooctanoic acid on childhood growth of term-born children 

in Sweden(42), allows for determination of the impact of chemical exposure on specific 

aspects of infant weight gain over time. Our growth models demonstrate that despite 

differences in medical course, nutritional approach, and enteral feeding tolerance between 

study participants, the vast majority of preterm infants studied had growth that could be 

modeled similarly, demonstrating at least one discrete period of rapid growth – a growth 

spurt – during the NICU hospitalization. Our approach allowed identification in differences 

in growth dynamics not available by more traditional approaches used to evaluate preterm 

infant growth that compare growth rates or weight parameter z-scores cumulatively across 

the NICU hospitalization.

It is well documented in the neonatology literature that in-hospital growth is of critical 

importance to the long-term health of children born preterm. Catch-up growth from 

the first week of life to term equivalent is associated with improved performance on 

neurodevelopmental testing later in childhood(47). It has previously been shown that 

phthalate exposure in the NICU is associated with improved neurobehavioral performance 

at NICU discharge (28). The findings of this study provide a possible mechanism ripe 

for further study of how this link may occur. Rather than direct effect on neurological 

development, phthalate exposure during this sensitive period may improve catch-up growth, 

which may in-turn contribute to improved neurodevelopment.

Similar to growth restricted fetuses, preterm infants are at known risk of overweight, 

obesity, and metabolic syndrome later in life(7, 8). Phthalate exposure early in life has 

also been linked to later overweight and obesity (15–19). Prior studies of ex utero preterm 

infant growth focus on nutritional practices and/or the impact of medical illness without 

consideration of environmental exposures both known to be prevalent in the NICU and 

known to alter growth trajectories in other populations(6, 9–11, 38, 39), making this study 

a highly novel investigation. As alteration of timing and rate of early-life growth spurts are 

predictive of later obesity (1, 3, 5), chemical exposure in the NICU may be a previously 

unrecognized yet modifiable contributor to to later-life obesity among individuals born 

preterm. Long-term follow-up of our cohort is needed to fully evaluate this hypothesis.

By using double and triple logistic modeling approaches, we identified specific mixtures of 

phthalate metabolites that are associated with both earlier onset and increased growth rate 

during the primary NICU-based growth spurt. Consistent with other studies of endocrine 

disrupting chemicals, our results are sexually dimorphic, with different mixtures and 

different effects on girls compared to boys. Phthalates share key similarities in chemical 

structure to endogenous sex hormones. As such, they exert their effet through interaction 

with estrogen and androgen hormone receptors (48–50). Multiple studies have demonstrated 

that phthaltes may act in a sexually dimorphic manner through epigenetic mechanisms as 
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well (49, 51, 52). In the NICU population, where overall mortality and certain morbidities 

are known to have differing rates by baby sex (53–55), our findings may indicate that 

phthalate exposure could contribute to this observation.

Identification of a NICU-based growth spurt with timing and growth rate associated with 

phthalate exposure indicates that, despite nutritional practices aimed at consistent weight 

gain across the NICU hospitalization, environmental chemical exposures may impact 

ultimate weight gain trajectory for preterm infants.

Our findings are provocative considering what is known about infant growth and long-term 

outcome. In-hospital growth between birth and NICU discharge is associated both with 

lifetime risk of metabolic syndrome and with neurodevelopmental outcome(6–8, 11, 47). In 

terms of obesity risk specifically, this mimics the numerous studies that have documented 

the association between poor growth in early life followed by excess weight gain leading 

to metabolic syndrome(56, 57). First described by Barker in relation to fetal undernutrition 

during the Dutch Famine(58), the pattern of poor early weight gain followed by excess 

weight gain has been replicated in numerous studies of endocrine disrupting chemicals, 

including phthalates, over the subsequent decades(12, 17, 18, 35). In parallel, poor growth 

during the ex utero prenatal period has been associated with later life overweight, obesity, 

and cardiovascular risk(8, 9, 56, 57). These findings persist despite significant improvements 

in preterm infant nutrition(39) and widespread understanding of the importance of nutrition 

and growth during the NICU stay(6, 10, 11, 39). As the first study of the impact of 

NICU-based chemical exposure on preterm infant growth, we raise the question of whether 

potentially modifiable hospital-based exposures could impact growth trajectory. Although 

the exact mechanism of action of early life phthalate exposure on growth remains under 

investigation, a number of plausible pathways via endocrine receptor activation or blockade, 

endocrine hormone level alteration, and epigenetic changes have been suggested(34). A 

conceptual framework for the impact of hospital-based phthalate exposure on preterm infant 

weight gain is presented in Figure 6.

Phthalate exposure in the NICU is likely to occur via a variety of sources. The phthalate 

metabolites highlighted for concern in this study include biomarkers of the low molecular 

weight phthalates butylbenzyl phthalate, diethyl phthalate, and di-n-butyl phthalate as well 

as high molecular weight phthalates di-n-octyl phthalate and di(2-ethylhexyl) phthalate. 

These parent phthalate compounds can leach or off-gas from the built NICU environment 

(floor tiles), plastic packaging of disposable medical supplies, personal care products used 

by NICU families or staff, or directly from disposable medical equipment including flexible 

plastic tubing used for intravenous access or respiratory support (28, 29). As components 

of the highly controlled NICU environment, these exposures may be modifiable with 

close attention to NICU construction, medical materials manufacture, and care practices. 

One unavoidable limitation of our study is that we cannot comment on the impact of 

chemical species not included in our analytic panel. Nonphthalate plasticisers and other 

emerging DEHP replacements may also play an important role in preterm infant growth and 

development.
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As a novel approach to preterm infant growth modeling, our study has a number of specific 

strengths. We provide a more complete characterization of preterm infant growth compared 

to cumulative weight measures examining only differences between weight at birth and 

NICU discharge. The ability to identify simple, individual child growth metrics allows for 

flexibility in regression modeling of the impact of various factors, including environmental 

exposures, on growth.

Although we applied our technique to weight gain, the most common measure of growth in 

NICU-based studies, it could also be applied to other important measures including length 

and head circumference. We focused on weight in this study due to the increased density 

of data – weight is measured in our NICU daily while length and head circumference 

are measured weekly – as well as improved precision of electric scale-based weight 

measurement compared to clinical length and head circumference measures that are obtained 

manually with a tape measure. For certain long-term outcomes including neurocognitive 

and pulmonary development, length or head circumference may be the more appropriate 

surrogate marker. Finally, we modeled the unconditional growth curve of each child 

individually, after Tanner et al.(42) As noted in that report, there are more complex strategies 

available to model all study participants simultaneously that could also have been chosen.

5. CONCLUSIONS

Growth curve modeling allows for evaluation of discrete periods of rapid growth during the 

NICU hospitalization. Exposure to specific phthalates during the NICU hospitalization may 

both result in an earlier onset of the first growth spurt and result in more rapid growth at the 

time of the first growth spurt in a sexually dimorphic manner. Phthalate exposure during the 

NICU hospitalization may impact ex utero growth during the preterm period.
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DAG directed acyclic graph

DINE Developmental Impact of NICU Exposures cohort

ECHO Environmental Influences on Child Health Outcomes 

program

IQR interquartile range

MBP mono-n-butyl phthalate

MBzP mono-benzyl phthalate

MCPP mono-(3-carboxypropyl) phthalate

MECPP mono-(2-ethyl-5-carboxypentyl) phthalate

MEHHP mono-(2-ethyl-5-hydroxyhexyl) phthalate

MEHP mono-2-ethylhexyl phthalate

MEOHP mono-(2-ethyl-5-oxohexyl) phthalate

MEP mono-ethyl phthalate

MiBP mono-isobutyl phthalate

MSE mean squared error

NICU neonatal intensive care unit

NICU-HEALTH NICU Hospital Exposures and Long-Term Health study

NIST SRM National Institute of Standards and Technology standard 

reference material

PMA postmenstrual age

QC quality control

SGA small for gestational age

WQS weighted quantile sum
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Figure 1: 
Correlation matrix of phthalate metabolites among the study population.

Busgang et al. Page 17

Sci Total Environ. Author manuscript; available in PMC 2023 March 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: 
Results from 100 repeated holdouts testing the association between the phthalate index and 

latency to the first growth spurt, adjusting for sex, SGA, NICU morbidity score, and year of 

birth (N=101; training n~40, validation n~61). A. shows the distribution of WQS and WQS2 

estimates and B. shows the distribution of weights for each phthalate metabolite. For both A. 
and B., data points represent the estimate for each holdout and the closed diamond shows the 

mean effect estimate. For A., the boxplot shows the 25th, 50th, and 75th percentiles and the 

whiskers show the 2.5th and 97.5th percentiles and for B., the boxplot shows the 25th, 50th, 

and 75th percentiles and the whiskers show the 10th and 90th percentiles.
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Figure 3: 
Results from 100 repeated holdouts testing the association between the phthalate index and 

rate of the first growth spurt, controlling for sex, SGA, NICU morbidity score, and year of 

birth (N=96; training n~38, validation n~58). A. shows the distribution of WQS estimates 

and B. shows the distribution of weights for each phthalate metabolite. For both A. and 

B., data points represent the estimate for each holdout and the closed diamond shows the 

mean effect estimate. For A., the boxplot shows the 25th, 50th, and 75th percentiles and the 

whiskers show the 2.5th and 97.5th percentiles and for B., the boxplot shows the 25th, 50th, 

and 75th percentiles and the whiskers show the 10th and 90th percentiles.
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Figure 4: 
Stratified/interaction model for latency to first growth spurt. Results from 100 repeated 

holdouts testing the association between the phthalate index and latency to first growth 

spurt (in PMA weeks), controlling for sex, SGA, NICU morbidity score, and year of birth, 

and including stratified weights and an interaction between the mixture and sex (N=101; 

training n~40, validation n~61). A. shows the distribution of WQS and WQS*sex estimates 

where data points represent the estimate for each holdout and the closed diamond shows 

the mean effect estimate and the boxplot shows the 25th, 50th, and 75th percentiles and 

the whiskers show the 2.5th and 97.5th percentiles. B. shows the relative weight of each 

phthalate metabolite, using the average weight from the 100 holdouts divided by the sum of 

the averages, stratified by sex.
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Figure 5: 
Stratified model for growth spurt rate. Results from 100 repeated holdouts testing the 

association between the phthalate index and rate of first growth spurt, controlling for sex, 

SGA, NICU morbidity score, and year of birth, and including stratified weights only (N=96; 

training n~38, validation n~58). A. shows the distribution of WQS estimates where data 

points represent the estimate for each holdout and the closed diamond shows the mean effect 

estimate and the boxplot shows the 25th, 50th, and 75th percentiles and the whiskers show the 

2.5th and 97.5th percentiles. B. shows the relative weight of each phthalate metabolite, using 

the average weight from the 100 holdouts divided by the sum of the averages, stratified by 

sex.
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Figure 6: 
Proposed conceptual framework for NICU-based phthalate exposure and alteration in early 

growth trajectory during the neonatal period. Phthalate exposure causes endocrine disruption 

and epigenetic changes in vitro, in animal models, and in non-preterm human studies. These 

changes could all impact the timing and velocity of the first growth spurt.

Busgang et al. Page 22

Sci Total Environ. Author manuscript; available in PMC 2023 March 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Busgang et al. Page 23

Table 1:

Characteristics of study cohort, overall and stratified by sex (N=101)

Overall (N=101) Males (N=51) Females (N=50)

Insurance, N (%)

 Medicaid 24 (23.8) 16 (31.4) 8 (16.0)

 Private/Self pay 77 (76.2) 35 (68.6) 42 (84.0)

Race, N (%)

 White (non-Hispanic) 48 (49.0) 19 (39.6) 29 (58.0)

 Black (non-Hispanic) 25 (25.5) 10 (20.8) 15 (30.0)

 Asian (non-Hispanic) 3 (3.0) 3 (6.3) 0 (0.0)

 Hispanic 9 (9.2) 8 (16.7) 1 (2.0)

 Mixed Race 4 (4.1) 2 (4.2) 2 (4.0)

 Other 9 (9.2) 6 (12.5) 3 (6.0)

 Missing 3 3 0

Small for gestational age (SGA), N (%) 11 (10.9) 9 (17.6) 2 (4.0)

NEC > stage I, N (%) 2 (2.0) 2 (3.9) 0 (0.0)

ROP stage, N (%)

 0 89 (89.0) 42 (84.0) 47 (94.0)

 1 2 (2.0) 1 (2.0) 1 (2.0)

 2 8 (8.0) 6 (12.0) 2 (4.0)

 3 1 (1.0) 1 (2.0) 0 (0.0)

 Missing 1 (1.0) 1 (2.0) 0 (0.0)

IVH grade, N (%)

 0 79 (78.2) 40 (78.4) 39 (78.0)

 1 19 (18.8) 9 (17.3) 10 (20.0)

 2 1 (1.0) 1 (2.0) 0 (0.0)

 3 0 (0.0 0 (0.0) 0 (0.0)

 4 2 (2.0) 1 (2.0) 1 (2.0)

Sepsis, N (%) 11 (10.9) 9 (17.7) 2 (4.0)

BPD, N (%) 17 (17.0) 10 (10.0) 7 (14.0)

Gestational age (weeks), Mean (SD) 30.0 (2.2) 29.8 (2.4) 30.3 (1.9)

Birth weight (grams), Mean (SD) 1326 (364) 1261 (380) 1393 (338)

Apgar score at 1 min, Median (IQR) 8 (2) 8 (3) 8 (2)

Apgar score at 5 min, Median (IQR) 9 (0) 9 (1) 9 (0)

Maternal age at delivery (years), Mean (SD) 32.7 (6.4) 31.3 (6.5) 34.2 (6.1)
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Overall (N=101) Males (N=51) Females (N=50)

Time to first growth spurt (weeks), Mean (SD) 33.5 (1.71) 33.5 (1.78) 33.4 (1.66)

Slope of first growth spurt (kg/week), Mean, (SD) 11.5 (36.9) 14.1 (46.1) 8.77 (24.5)

# of samples between birth and first growth spurt, Mean (SD) 2 (1.4) 2 (1.6) 2 (1.3)
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Table 2:

Results from 100 repeated holdouts testing the association between the phthalate WQS index and PMA at first 

growth spurt (latency) and slope of the first growth spurt (growth rate), controlling for sex, SGA, NICU 

morbidity score, and year of birth.

Outcome Parameter Mean Median 2.5th percentile 97.5th percentile

Latency
a

WQS 0.17 0.21 −0.39 0.64

WQS2 −0.045 −0.049 −0.103 0.030

Growth rate
b WQS 0.13 0.13 0.05 0.21

a
N=101 (training n~40, validation n~61); a nonlinear effect was assessed by including a WQS*WQS term

b
N=96 (training n~38, validation ~58); βs were constrained in the positive direction; log transformed growth rate to meet assumptions of linear 

regression
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