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Abstract

Background: Although phthalate exposures have been associated with adverse effects on male 

reproductive health, few studies have explored longitudinal associations with male pubertal 

development.

Objectives: We examined the association of prepubertal urinary concentrations of phthalate 

metabolites with age at pubertal onset in a prospective cohort of Russian boys.

Methods: At enrollment at ages 8–9 years, medical history, dietary, and demographic 

information was collected. At entry and annually, physical examinations and pubertal staging 

[Genitalia (G), Pubarche (P), and testicular volume (TV, in ml)] were conducted and spot urines 

were collected. Prepubertal urine samples (defined as either TV=1, 2 and G=1, 2 or TV=3 

and G=1) were pooled for each boy and phthalate metabolite concentrations were quantified 

using isotope dilution LC-MS/MS at Moscow State University. We measured 15 metabolites 

including those from anti-androgenic parent phthalates (AAPs) such as di(2-ethylhexyl) (DEHP) 

and di-isononyl (DiNP) phthalates as well as monobenzyl (MBzP), mono-n-butyl (MnBP), and 

mono-isobutyl (MiBP) metabolites. We calculated the molar sums of DEHP (∑DEHP), DiNP 

(∑DiNP), and AAP (∑AAP) metabolites. Separate interval-censored models were used to assess 

associations of quartiles of prepubertal phthalate metabolites with each pubertal onset indicator, 

G2+, P2+ and TV >3mL, adjusted for covariates and urine specific gravity.

Results: 304 boys had 752 prepubertal urine samples (median 2, range: 1–6) for pooling. In 

adjusted models, higher urinary AAPs were consistently associated with later pubertal onset 

(P2) with mean shifts ranging from 8.4–14.2 months for the highest versus lowest quartiles. 

Significantly later onset for G2 and TV>3ml was observed for higher versus lower quartiles of 

MiBP, MBzP, ∑DEHP and ∑DiNP.

Conclusions: On average, boys with higher concentrations of prepubertal urinary AAPs had 

later pubertal onset by six months to over a year. The impact of AAPs on timing of male puberty 

may be attributable to disruption of androgen-dependent biological pathways.

Keywords

phthalates; endocrine disrupting chemicals; environment; children; puberty; Tanner staging

1. Introduction

Phthalates are a class of synthetic chemicals considered potential human endocrine 

disruptors based, in part, on the association of some phthalates with adverse male 

reproductive development in rodents (Howdeshell et al. 2017; Hoyer et al. 2018). High 

molecular weight phthalates (HMWPs), e.g. di-2-ethylhexyl (DEHP), di-isononyl (DiNP), 
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and di-isodecyl (DiDP), have been primarily used as plasticizers in polyvinyl chloride plastic 

products, ranging from plastic flooring, rainwear and shoes, children’s toys, food packaging, 

and medical devices. Low molecular weight phthalates (LMWPs), e.g. diethyl (DEP), di-n-

butyl (DnBP), and di-isobutyl (DiBP), are used as solvents in personal care products such as 

shampoos, lotions, cosmetics, and insect repellant (Duty et al. 2005). Exposure is pervasive 

in many countries and widely detected in the environment (Heudorf et al. 2007; Lebedev et 

al. 2018; Mazur et al. 2021; Polyakova et al. 2018; Wormuth et al. 2006). Human exposure 

is primarily by ingestion for HMWPs, and via 1indoor air and dermal contact for LMWPs 

(Koch et al. 2013; Wormuth et al. 2006). Although these chemicals have short biological 

half-lives of hours (Koch and Calafat 2009), due to their widespread use there is ubiquitous 

and concurrent human exposure to multiple phthalates. Regulations have restricted the use 

of some phthalates, and they have been replaced by other, less well characterized phthalates, 

e.g. DiNP and DiDP for DEHP, or non-phthalate alternatives (Koch et al. 2017; Zota et al. 

2014).

In rodent studies, gestational exposure to several anti-androgenic phthalates (AAPs), 

e.g. DEHP and DiBP, have been associated with decreased fetal testicular testosterone 

production and testis weight, and male reproductive tract anomalies (Hannas et al. 2011; 

Kay et al. 2014). Moreover, in animal studies, exposure to AAPs during gestational and 

juvenile periods were associated with delayed puberty and sexual maturity, and impaired 

semen quality (Howdeshell et al. 2017; Kay et al. 2014). In epidemiological studies, prenatal 

exposure to AAPs have been associated with male reproductive tract anomalies, and among 

men higher cross-sectional urinary AAPs were associated with reduced serum testosterone 

and impaired semen quality (Kay et al. 2014; Marsee et al. 2006; Radke et al. 2018), 

leading to the recognition of AAPs as human reproductive toxicants. However, despite 

evidence of male reproductive toxicity and the central role of pubertal development in 

reproductive health, there are few epidemiologic studies that have examined the associations 

between urinary concentrations of AAP metabolites with the timing of male puberty and 

their findings have been inconsistent.

The Russian Children’s Study (RCS) is a unique and well-characterized longitudinal cohort 

of boys enrolled at ages 8–9 years and followed through adolescence with annual physical 

examinations including pubertal staging by the same physician. During the annual study 

visits, spot urine samples were collected and archived, and extensive data collected on 

early life, dietary, and demographic characteristics. In prior publications, we examined the 

1Abbreviations: AAP, anti-androgenic phthalate; DEHP, di(2-ethylhexyl) phthalate; DEP, diethyl phthalate; DHEAS, 
dehydroepiandrosterone; DHEAS, dehydroepiandrosterone sulfate; DiBP, di-isobutyl phthalate; DiDP, di-isodecyl phthalate; DiNP, 
di-isononyl phthalate; DnBP, di-n-butyl phthalate; EDC, endocrine disrupting chemicals; G, Tanner stage genitalia; G2, Tanner 
stage pubertal onset by genitalia development; GM, geometric mean; HMWP, high molecular weight phthalate; LC-MS/MS, 
liquid chromatography tandem mass spectrometry; LMWP, low molecular weight phthalate; MBzP, mono-n-butyl phthalate; MCNP, 
mono-(carboxy-iso-nonyl) phthalate; MCOP, mono-carboxyl-iso-octyl phthalate; MCPP, mono-(3-carboxypropyl) phthalate; MECPP, 
mono(2-ethyl-5-carboxy-pentyl) phthalate; MEHHP, mono(2-ethyl-5-hydroxy-hexyl) phthalate; MEHP, mono(2-ethylhexyl) phthalate; 
MEOHP, mono(2-ethyl-5-oxo-hexyl) phthalate; MEP, mono-ethyl phthalate; MHiDP, mono-(hydroxy-iso-decyl) phthalate; MHiNP, 
mono-hydroxy-iso-nonyl phthalate; MiBP, mono-isobutyl phthalate; MnBP, mono-n-butyl phthalate; MOiDP, mono-(oxo-iso-decyl) 
phthalate; MOiNP, mono-oxo-iso-nonyl phthalate; P, Tanner stage pubic hair; P2, Tanner stage pubertal onset by pubic hair 
development; RCS, Russian Children’s Study; Rs, Spearman correlation; RSD%, inter-assay relative standard deviation percent; SES, 
socioeconomic status; SG, specific gravity; S/N, signal-to-noise ratio; ∑AAP, molar sum of all anti-androgenic phthalate metabolites 
(μmol/L); ∑DEHP, molar sum of DEHP metabolites (μmol/L); ∑DiDP, molar sum of DiDP metabolites (μmol/L); ∑DiNP, molar sum 
of DiNP metabolites (μmol/L); TV, testicular volume.
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associations of organochlorine chemicals and lead with pubertal timing (Burns et al. 2016; 

Lam et al. 2014; Williams et al. 2010). We expand these observations in the current analysis 

by focusing on the relationship between prepubertal urinary AAP metabolite concentrations 

and pubertal onset.

2. Materials and Methods

2.1. Study Population

The Russian Children’s Study is a prospective cohort study of 516 boys who were enrolled 

at ages 8–9 years from 2003 to 2005 in Chapaevsk, Russia (Hauser et al. 2005), and 

followed annually to ages 18–19 years as described previously (Burns et al. 2020; Sergeyev 

et al. 2017). The study was designed to prospectively assess the potential impact of 

prevalent environmental contaminants (e.g., organochlorines and metals and, most recently, 

phthalates) on male growth and pubertal development. The study was approved by the 

Human Studies Institutional Review Boards of the Chapaevsk Medical Association, Harvard 

T.H. Chan School of Public Health, Nemours Children’s Health, and Brigham and Women’s 

Hospital. Before participation, the parent/guardian provided informed consent and the boys 

signed assent forms. At age 18 and above, each boy signed informed consent. Among 

boys with urinary phthalate metabolites measured at any visit (506/516, 98%), 320 (63%) 

had concentrations measured prior to pubertal onset. Exclusions included boys who were 

orphans with missing birth and parental information (n=13) and those with chronic diseases 

that could affect puberty (n=3), with the final sample size of 304.

At study entry, each boy’s parent or guardian completed nurse-administered health and 

lifestyle questionnaires on early childhood and medical history, and demographic and 

socioeconomic status (SES) (Lee et al. 2003). A validated Russian Institute of Nutrition 

semi-quantitative food frequency questionnaire was completed by the parent/guardian for 

each boy (Martinchik et al. 1998; Rockett and Colditz 1997). Birth information was 

abstracted from medical records.

2.2. Physical Examination and Pubertal Assessment

At study entry, a standardized anthropometric examination and pubertal staging was 

performed by one physician (O.S.). Annual follow-up physical examinations were 

performed by a single trained research nurse and pubertal staging by O.S. without 

knowledge of urinary phthalate metabolites concentrations. Staging of genitalia (G) and 

pubic hair (P) as 1 (immature) to 5 (sexually mature) was by visual inspection (Tanner 

and Whitehouse 1976). Testicular volume (TV) was measured using a Prader orchidometer. 

Prepuberty was defined as either TV=1, 2 and G=1, 2 or TV=3 and G=1. Pubertal onset was 

defined as G2, P2, or TV>3 mL for either testis.

2.3. Urinary Phthalate Metabolite Assessment

At enrollment and annually, spot urines collected in clean polypropylene containers were 

aliquoted into 15 ml sterile glass containers and stored at −35⁰C.
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For each boy, an aliquot of urine from each annual exam was defrosted, vortexed, and 

pooled into one of four pubertal categories (prepuberty, early puberty, mid to late puberty, 

or sexual maturity) using pre-specified G and TV criteria. The 304 boys had 752 urine 

samples available for the prepubertal period; each boy had 1 to 6 samples (median=2, 

IQR 1–3) to contribute to his individual pooled sample. Pools for each boy were made by 

combining individual annual prepubertal aliquots. The pooled urine was thoroughly vortexed 

before measuring specific gravity (sg) and aliquoting into 1.8 ml polypropylene cryovials for 

storage at −35⁰C. Urine samples collected during the first ten months of enrollment, n=216, 

were stored at the Harvard T.H. Chan School of Public Health in Boston, Massachusetts, 

U.S.A. and unavailable for pooling because of Russian restrictions on shipping specimens to 

the Moscow State University (MSU) laboratory, Moscow, Russia.

The frozen pooled urine samples were transported in dry ice from Chapaevsk to MSU 

for analysis according to the methods of Koch et al. (Koch et al. 2017). Phthalate 

metabolite concentrations were measured using online liquid chromatography tandem 

mass spectrometry (LC-MS/MS) (Koch et al. 2017). Urinary phthalate metabolites 

measured were mono-ethyl phthalate (MEP), mono-isobutyl phthalate (MiBP), mono-

benzyl phthalate (MBzP), mono-n-butyl phthalate (MnBP), mono(2-ethylhexyl) phthalate 

(MEHP), mono(2-ethyl-5-hydroxy-hexyl) phthalate (MEHHP), mono(2-ethyl-5-oxo-hexyl) 

phthalate (MEOHP), mono(2-ethyl-5-carboxy-pentyl) phthalate (MECPP), mono-hydroxy-

iso-nonyl phthalate (MHiNP), mono-oxo-iso-nonyl phthalate (MOiNP), mono-carboxy-iso-

octyl phthalate (MCOP), mono-(hydroxy-iso-decyl) phthalate (MHiDP), mono-(oxo-iso-

decyl) phthalate (MOiDP), mono-(carboxy-iso-nonyl) phthalate (MCNP), and mono-(3-

carboxypropyl) phthalate (MCPP) (see Table 1 for parent phthalates and their metabolites). 

Calibrations were performed using commercial reference standards from LGC (MEP, MiBP, 

MnBP, MBzP, MEHP; Teddington, UK), Biozol (MEHHP, MEOHP, MECPP; Eching, 

Germany), custom synthesized standards provided by Koch/IPA (MCPP, MHiNP, MOiNP, 

MCOP, MHiDP, MOiDP, MCNP; Bochum, Germany) and isotopically labelled internal 

standards from Toronto Research Chemicals (MEP; Toronto, Canada), LGC (MCPP, MEHP, 

MEOHP; Teddington, UK) and custom synthesized by Koch/IPA (MiBP, MnBP, MBzP, 

MEHHP, MECPP, MHiNP, MOiNP, MCOP, MHiDP, MOiDP, MCNP; Bochum, Germany). 

Analyses were performed in 34 batches of 50 samples each including two randomly 

selected participants’ samples analyzed in duplicate, two quality control (QC) samples (from 

designated discard urines) with known low and high concentrations of each metabolite (1 

QClow and 1 QChigh), and 1 field blank. For each boy, pooled urines from each pubertal 

stage were analyzed in the same batch. When a peak was absent or indeterminate, zero was 

assigned. Limits of detection (LOD) were defined as a signal-to-noise (S/N) ratio of 3 in 

a urine matrix assessed as part of method validation. The inter-assay relative SD percent 

(RSD%: (SD/mean)*100) across the 34 batches for QChigh ranged from 1.5–20.0%, except 

for MEHP (29.1%), whereas RSD% for QClow were ≤20%, except for MEHP (50.8%) and 

DiDP metabolites (23.6 – 57.8%), one of which had 23% of values below the LOD.

2.4. Statistical Analysis

Prepubertal urinary metabolite concentrations of AAPs were the a priori primary focus of 

our analyses; MBzP (ng/mL), MiBP (ng/mL), MnBP (ng/mL), the molar sum of DEHP 
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metabolites (∑DEHP, μmol/L), the molar sum of DiNP metabolites (∑DiNP, μmol/L), and 

the molar sum of all metabolites of the five AAPs, with DiNP metabolites weighted 0.43 

because of its weaker relative impact on fetal testosterone production (Hannas et al. 2011), 

(∑AAP, μmol/L). In addition, we performed analyses examining the associations between 

prepubertal metabolites of phthalates without recognized anti-androgenic activity: MEP (ng/

mL), the molar sum of DiDP metabolites (∑DiDP, μmol/L), and MCPP (ng/mL). Of note, 

MCPP is a metabolite of multiple parent phthalates, both HMW and LMW phthalates, e.g. 

DnBP, DiNP, DiDP, thus representing potential exposures to both AAPs and non-AAPs. 

Finally, for completeness we assessed the associations of individual metabolites of DEHP 

(i.e., MEHP, MEHHP, MEOHP, and MECPP) and DiNP (i.e., MHiNP, MOiNP, and MCOP) 

with age at pubertal onset.

Unadjusted and adjusted interval-censored survival analyses were used to evaluate the 

associations of boys’ prepubertal urinary phthalate metabolite concentrations with age at 

pubertal onset. We used quartiles of urinary phthalate metabolites with the lowest quartile 

as the reference. This conservative approach does not require an assumption of linearity 

and provides estimates of differences in pubertal onset in months associated with different 

quartiles of prepubertal urinary phthalate metabolites. Age at pubertal onset was assumed 

to follow a normal distribution. Trend tests were conducted by modeling quartiles as an 

ordinal variable. The interval-censored model allows for pubertal onset to occur between 

study visits (interval-censored), before the study entry visit (left-censored), or after the last 

study visit (right-censored) (Christensen et al. 2010; Lindsey and Ryan 1998). Using this 

interval-censored model, we estimated the overall mean age of onset for each pubertal onset 

indicator. Parameter estimates using maximum likelihood methods were obtained via PROC 

LIFEREG in SAS Version 9.2 (SAS Institute, Cary NC).

A separate model was fit for each measure of pubertal onset; all models were adjusted for 

urine specific gravity. All covariates except height and body mass index (BMI, kg/m2) were 

identified as a priori predictors of pubertal development and were considered for inclusion 

in the models (Table 2). A core model was developed by first evaluating associations of 

each covariate with pubertal onset and retaining those with p<0.20, then including these in 

a full model and using backwards selection to exclude covariates with p>0.10. To check 

for confounding, excluded covariates with p<0.20 were added individually to the final 

model and those associated with ≥ 10% change in phthalate trend test coefficients retained. 

Statistical significance was defined as p≤0.05. Missing covariate data was minimal and thus 

a complete case analysis was conducted.

By definition, prepubertal urinary pools included some boys who were in early puberty (G2 

or P2) based on discordant sexual maturity measures. Because of this, sensitivity analyses, 

excluding boys who were in G2 or P2 in their prepubertal urine pool, were conducted to 

assess robustness of associations between urinary phthalate metabolites and pubertal onset, 

reducing the sample number to 228. Growth is closely linked with pubertal onset; therefore, 

an additional sensitivity analysis was conducted adjusting for the boys’ height and BMI at 

age 9 years.
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Because over 25% of the pooled samples consisted of one urine sample, we assessed 

differences in distribution and concentrations by number of urines in the pooled samples 

(categories: 1 (n=99), 2 (n=67), 3 (n=64), and 4+ (n=74)) across quartiles of phthalate 

metabolite concentrations, using Mantel-Haenszel chi-square and Kruskal Wallis statistical 

tests, respectively. When significant differences were detected, we performed sensitivity 

analyses restricting the analysis to 205 boys who had 2+ urine samples in their pooled 

sample.

3. Results

3.1. Study population

Table 2 summarizes study participants’ perinatal history, and baseline anthropometric 

measurements, diet, maternal and household characteristics, and missing data, which was 

minimal. At study entry (age 8–9 years), the majority of boys were within the normal 

range for height and BMI, with 13% overweight (de Onis et al. 2007). Half of the boys 

had prenatal exposure to household and/or maternal tobacco smoke, and 13% of mothers 

reported alcohol consumption during pregnancy. Although over 90% had at least one parent 

with more than a secondary education, a third of the families were in the lowest household 

income level at the time of study entry. The boys’ dietary intake of total calories and 

macronutrients were within recommended levels for their age group and sex (Food and 

Nutrition Board 2006). Among the 304 boys included in this analysis, at study entry (age 8 

to 9 years), pubertal onset had occurred in 7% (P2), 8% (G2), and none using TV>3 mL. 

The estimated mean (95% CI) age of pubertal onset by P2, G2, and TV>3mL was 12.1 

(11.9, 12.3), 10.3 (10.1, 10.5), and 11.1 (11.0, 11.3) years, respectively.

3.2. Urinary phthalate metabolites

The 304 boys who contributed to the prepubertal urine pools were 8 to 13 (median 9) 

years of age at sample collection, which spanned 2004–2009 (median 2005). Most of the 

phthalate metabolite measurements were >LOD, except for the DiDP metabolite MOiDP 

(23% <LOD) (Table 3). The range of metabolite concentrations was wide, with the 90th 

percentiles for MnBP, MEHHP, MECPP, and MEP being over 200 ng/mL. Concentrations of 

DiDP metabolites were lower than most other metabolites, with medians below 1.0 ng/mL 

for MOiDP and MCNP. The metabolite MBzP and DiNP metabolites MHiNP, MOiNP, 

and MCOP were also at lower concentrations than other metabolites, with medians <10 

ng/mL. Most of the phthalate metabolites were moderately positively correlated [Spearman 

r (rs) 0.30 to 0.64], with higher correlations among the metabolites of DEHP (rs 0.71 

to 0.96) and DiNP (rs 0.88 to 0.92). Phthalate metabolites were weakly correlated with 

organochlorine chemicals (sum of dioxin-like toxic equivalents, sum of nondioxin-like 

polychlorinated biphenyls, p,p´-dichlorodiphenyldichloroethylene, hexachlorobenzene, and 

beta-hexachlorocyclohexane) (rs −0.09 to 0.26) and blood lead (rs −0.18 to 0.17) measured 

at study enrollment.

Comparing biomarkers of phthalate exposure in the RCS with similar aged cohorts 

elsewhere in Europe and the U.S., there were regional and cohort-specific variability in 

LMWP and HMWP metabolite concentrations (Table S1). Notably, urinary concentrations 
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of LMWP MEP and MnBP and HMWP DEHP metabolites in the Russian cohort were 

substantially higher than in European and U.S. cohorts (CDC 2019; Gari et al. 2019; 

Kasper-Sonnenberg et al. 2014). Urinary concentrations of MBzP in RCS were much lower 

than in U.S. cohorts (CDC 2019), but similar to European cohorts (Gari et al. 2019; Kasper-

Sonnenberg et al. 2014).

3.3. Prepubertal phthalates and pubertal onset

Overall, the highest compared to the lowest levels of the urinary prepubertal metabolites of 

any AAPs were associated with later onset of pubertal pubic hair development (pubarche), 

with mean shifts ranging from approximately 8 to 14 months (Table 4). For MnBP, only 

Q4 versus Q1 was associated with significantly later P2 of 9.3 (95% CI 1.5, 17.1) months. 

The dose-response relationship of quartiles of MiBP with P2 appeared linear, whereas 

the associations of MBzP and ∑DEHP with P2 were somewhat attenuated at Q4. The 

dose-response association between quartiles of ∑DiNP and P2 demonstrated a plateau at 

Q3-Q4 compared to Q1 of approximately 8.6 months. The dose-response relationship over 

quartiles of ∑AAP with P2 appeared to be linear (trend p=0.006).

The associations between urinary metabolites of prepubertal AAPs and pubertal onset by 

TV and G did not demonstrate a consistent pattern (Table 4). MnBP was not associated 

with age at pubertal onset by G nor TV. Quartiles 2 and 3 versus quartile 1 of MiBP were 

associated with later pubertal onset by G and TV, but the associations for quartile 4 were 

attenuated. For MBzP, the highest versus lowest quartiles were associated with 7.5 (95% 

CI 1.1, 13.8) months later G2 (trend p-value=0.02) and 5.6 months (95% CI 0.6, 10.7) 

later TV onset (trend p-value=0.006). Quartiles 3 versus 1 of ∑DEHP were significantly 

associated with later pubertal onset by G and TV, 8.0 (2.9, 13.2) and 8.3 (1.8, 14.7) 

months, respectively, but there were no clear associations with Q4. ∑DiNP metabolites 

were associated with approximately 6 months (95% CI) later G2 for Q3 (0.03, 13.0) and 

Q4 (−0.6, 12.7) versus Q1 and 5.4 (0.01, 10.7) months later TV onset for Q4 versus Q1. 

∑AAP were not significantly associated with TV onset, but there was a significantly later G2 

associated with Q3 versus Q1 of 9.1 (2.4, 15.8) months, but no clear association with Q4.

In analyses examining the relationships between metabolites of non-anti-androgenic 

phthalates, the highest versus lowest quartile of MEP was associated with 7.1 (95% CI 

−0.1, 14.2) months later P2 (trend p=0.03) (Table S2). Quartile 2 versus 1 of MEP was 

associated with later onset by G and TV of 8.3 months (95% CI 2.2, 14.4) and 7.9 months 

(95% CI 3.0, 12.8), respectively, but associations with Q3 and Q4 were greatly attenuated. 

∑DiDP was not associated with pubertal onset (Table S2). Quartile 4 versus 1 of MCPP was 

associated with 9.1 months later P2 (95% CI 1.3, 16.9); otherwise MCPP was not associated 

with later TV onset nor G2.

Generally, we found that the associations of individual DEHP metabolites (MEHP, MEHHP, 

MEOHP, and MECPP) and DiNP metabolites (MHiNP, MOiNP, and MCOP) with age at 

pubertal onset were similar to their sums (∑DEHP and ∑DiNP) (Table S3).
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3.4. Sensitivity analyses

In analyses restricted to boys who were prepubertal for both G1 and P1 at the time 

of urine collection (n=228), associations were generally similar (Table S4). There was 

slight attenuation of some associations between AAP metabolites and P2, but all remained 

significant (Table S4). The associations between MiBP and onset by G and TV were 

strengthened, comparing Q4 versus Q1, from 6.2 months to 8.0 months later (95% CI 1.1, 

14.9) and from 5.7 to 7.8 months (95% CI 1.6, 14.1), respectively.

In analyses that further adjusted for height and BMI at age 9 years, the associations between 

urinary prepubertal metabolites of AAP metabolites and P2 remained similar (Table S5). 

The associations of urinary MnBP and MBzP with onset by G and TV did not change after 

further adjustment by height and BMI. However, most of the associations between MiBP, 

∑DEHP, ∑DiNP, and ∑AAP and onset by G and TV were attenuated (Table S5).

We found that MiBP, MBzP, and ∑DiNP had proportionally more 1 urine pools in the 

lowest quartile (41–51%) than in the highest quartile (20–26%). Additionally, a comparison 

of the median concentrations of these metabolites across the categories of pooled urine 

samples suggests the pooled urines with a higher number of samples had higher phthalate 

concentrations (Table S6). For MnBP, ∑DEHP, and ∑AAPs the number of samples pooled 

did not vary by quartile and the median phthalate concentrations did not vary by number 

of urine samples pooled. In this sensitivity analysis, the relationship of MiBP and ∑DiNP 

with all three measures of pubertal onset were substantially attenuated although pubarche 

associations remained (Table S7). However, associations of MBzP with pubertal onset were 

largely unchanged.

4. Discussion

Higher prepubertal urinary concentrations of AAP metabolites were associated with later 

pubarche (P2). This was evident for both individual and summed phthalate metabolites, with 

mean delays of 8 to 14 months for the highest versus lowest exposure quartiles. We also 

observed that higher prepubertal urinary concentrations of MiBP, MBzP, and ∑DiNP were 

associated with later gonadarche (TV>3mL, G2), but the delays in age of gonadarche were 

less than that observed for pubarche and ranged from 5.4 to 7.5 months. In addition, for 

∑DEHP and gonadarche, there was an approximately 8 month later onset observed with Q3 

versus Q1 but no appreciable difference in onset age for Q4 versus Q1.

Toxicological studies in rats have shown that pre- and post-natal AAP exposures are 

associated with reduction in testicular testosterone production, and altered male reproductive 

development and function, including delayed puberty (Howdeshell et al. 2017; Kay et 

al. 2014). Epidemiological data, however, are limited and inconsistent, including 4 cross-

sectional cohort studies. Two studies in China among boys (ages 6–14 years) found 

associations of higher urinary DEHP metabolites with later pubarche, and higher MnBP 

was associated with smaller TV (Shi et al. 2015; Zhang et al. 2015). However, studies 

in Danish (n=555, ages 6–19 years) and Mexican (n=113, ages 8–14 years) male cohorts 

did not observe any associations between childhood urinary phthalate concentrations and 

Tanner staging of pubarche nor genitalia (Ferguson et al. 2014; Mieritz et al. 2012). It 
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is hypothesized that AAP exposures, particularly during hormonally sensitive pre- and 

peripubertal periods, could impact pubertal timing by interfering with androgen production 

(dehydroepiandrosterone (DHEA) and testosterone) and signaling in males; therefore 

assessing longitudinal associations that capture critical exposure windows may be more 

relevant than a cross-sectional analysis.

A Mexican study, Early Life Exposure in Mexico to Environmental Toxicants (ELEMENT), 

reported that higher versus lower maternal urinary concentrations of MBzP (an AAP 

metabolite) during the third trimester of pregnancy were associated with later pubarche 

among boys 8–14 years old, but there were no associations between phthalates and 

gonadarche (Ferguson et al. 2014). Additionally, boys whose mothers had higher versus 

lower urinary DEHP metabolites in the third trimester had lower odds (OR range 0.12–0.36) 

of pubarche (Ferguson et al. 2014). A U.S. study among 9–13-year-old children, the Center 

for the Health Assessment of Mothers and Children of Salinas (CHAMACOS), where 

60% of the boys were overweight, found significant modification of the associations of 

maternal urinary HMWPs (MCNP, MCOP, MCPP, ∑DEHP) and MBzP measured during 

pregnancy with pubertal onset by BMI. While among overweight (n=89) boys, higher 

versus lower maternal urinary HMWPs and MBzP were associated with earlier pubarche 

and gonadarche, among normal weight boys (n=55), the only significant association was 

between higher versus lower MBzP and later pubarche (Berger et al. 2018). It is important 

to note that unlike the ELEMENT and CHAMACOS studies, the timing of our exposure 

versus their exposure was different, and most of the boys in the Russian cohort were of 

normal weight (87%), making it difficult to assess effect modification by BMI. Neither the 

CHAMACOS nor the ELEMENT studies observed associations between other LMWPs, 

i.e. MEP, MnBP, and MiBP, and male pubertal onset (Ferguson et al. 2014; Harley et al. 

2019). However, a subsequent analysis of the ELEMENT cohort that included additional 

follow-up, did observe an association between higher versus lower maternal urinary MnBP 

and lower odds of being at a more advanced stage of pubarche at ages 8–14 years (OR=0.37; 

95% CI 0.14, 0.95) (Cathey et al. 2020). Overall, the findings of increasing urinary AAP 

metabolite concentrations and later pubarche were consistent across RCS and these two 

cohorts, despite differences in timing of exposure (prepubertal versus prenatal) and study 

participants’ ethnicity.

Two epidemiological studies assessed associations between peripubertal urinary AAPs and 

male pubertal onset or early progression, and used approaches that averaged the urinary 

prepubertal and pubertal phthalates collected during follow-up (Mouritsen et al. 2013; Zhang 

et al. 2015), as opposed to our method that used TV and G to identify and combine 

prepubertal urine samples. A longitudinal Danish study enrolled 168 children (84 boys), 

ages 5–12 years, and followed them for 5 years with first morning urine collection and 

physical examinations every six months (Mouritsen et al. 2013). Over the five-year follow-

up period, each phthalate metabolite urinary concentration (ng/ml) was determined for each 

child, multiplied by urine volume (ml), and divided by body weight (kg), producing an 

amount excreted per kilogram body weight. An individual and agroup geometric mean for 

each gender were calculated, with each child assigned to a high versus low exposure group, 

depending on whether their mean was above or below the group mean. Among boys at 

age 11 years, higher versus lower MBP (combined MnBP and MiBP) was associated with 
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lower adrenal androgens, specifically dehydroepiandrosterone sulfate (DHEAS), thereby 

providing a potential mechanism consistent with our findings. Paradoxically, though, higher 

versus lower MBP was associated with earlier male pubarche, on average occurring at 11.0 

years versus 12.3 years, respectively, which is inconsistent with our findings and DHEAS 

results. A Chinese study assessed the associations between urinary phthalate metabolites 

and pubertal onset and progression over 18 months among 430 children, ages 6–13 years 

(Zhang et al. 2015). For 78% of the children, the average urinary phthalates measured at 

enrollment and at the end of follow-up were calculated, representing peripubertal exposure; 

for the rest of the children the single urine collected at the end of follow-up was used 

to estimate exposure. Among the subset of boys who were prepubertal (defined as TV=1 

mL) at entry (n=118), no associations were observed between phthalate metabolites and 

pubarche or gonadarche. There may be several reasons for the contradictory findings 

comparing the Danish and Chinese cohorts to ours. In the Danish and Chinese cohorts, 

the estimated exposure included urine biomarker collection before and after pubertal onset, 

an approach that may lead to significant exposure misclassification. Additionally, urinary 

MnBP and DEHP concentrations (GMsg adjusted ng/mL) were much higher in the RCS cohort 

as compared to the Chinese cohort (MnBP 210.1 vs 27.4 and ∑MEHP, MEHHP, MEOHP 

171.5 vs. 23.3, respectively) (Zhang et al. 2015).

A German study did limit urinary phthalate quantification to study enrollment at ages 8–

10 years, assessing the associations between these phthalates and a pubertal development 

scale (PDS) that combined several indicators of pubertal development over three years of 

follow-up (Kasper-Sonnenberg et al. 2017). For boys, the PDS scale consisted of facial hair, 

voice change, and Tanner stage pubic hair. Among the 210 boys, higher versus lower DEHP 

metabolites were associated with advanced PDS, suggesting earlier puberty, contrary to our 

findings. In the subanalysis using the separate endpoints of the PDS, higher versus lower 

DEHP metabolites were strongly associated with earlier facial hair (OR range 2.10–3.11) in 

the final year of follow-up but with later pubarche (OR range 0.47–0.71), consistent with 

our findings. This suggests the association between higher DEHP metabolites and the higher 

overall PDS may be driven by in large part by the association with facial hair.

Notably, in our Russian cohort the association of ∑DEHP with pubertal onset for all pubertal 

outcomes demonstrated delays associated with Q3 versus Q1, but attenuation of associations 

at the highest (Q4) exposure level. For example, gonadarche occurred approximately 8 

months later for Q3 versus Q1, but for Q4 was 3.6 months later for G2 and −0.1 months 

for TV onset. This dose-response pattern appears to be reflected in the association of 

∑AAPs with gonadarche. It has been hypothesized that the effects of endocrine disrupting 

chemical (EDC) exposures on hormone-driven outcomes, such as puberty, may be more 

deleterious at lower rather than higher levels (Vandenberg et al. 2012). In our analyses 

of non-anti-androgenic phthalate metabolites there was a significant relationship between 

highest versus lowest quartiles of MEP and MCPP and later pubarche. It is difficult to 

interpret the association between MEP and pubarche because the parent compound of MEP, 

diethyl phthalate, is not anti-androgenic. Also, the urinary MEP concentrations observed in 

RCS were 2–3 times higher than other European and U.S. cohorts (CDC 2019; Gari et al. 

2019; Kasper-Sonnenberg et al. 2014). It may be that at these high levels the association 
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may be the result of residual confounding. MCCP is a metabolite of several different parent 

phthalates, so it is difficult to ascribe an underlying mechanism to this association.

In our cohort, we found strong evidence that higher prepubertal urinary AAP metabolites 

were associated with later pubarche, and to a lesser extent with later gondarche. While 

gonadarche depends on activation of the hypothalamic-pituitary-gonadal axis, pubarche 

depends on adrenarche, the maturation of the innermost zone of the adrenal cortex (the 

zona reticularis) (Rey 2021; Witchel et al. 2020). During adrenarche the zona reticularis 

produces adrenal androgens, e.g. DHEA, via three pathways, i.e. the canonical, alternative 

“backdoor,” and the 11-oxo-androgen pathways (Witchel et al. 2020). These pathways may 

be vulnerable to AAPs, without directly affecting testosterone production in the testes. 

However, since some adrenal androgens are converted to testosterone in the testicular 

somatic cells (Turcu et al. 2020), impairment of adrenal steroidogenesis and/or androgen 

signaling may also result in reduced testicular conversion of adrenal androgens to more 

biologically active androgens, which may in turn impact the pace of gonadarche. The 

apparent greater sensitivity of pubarche as compared to gonadarche to AAPs may be 

indicative of different biological pathways contributing to markers of puberty.

The prepubertal window is uniquely important for the initiation of pubertal onset, when 

sex steroid production increases, therefore we targeted this period to obtain a biomarker of 

average prepubertal AAP exposure. Our definition of prepubertal relied on a combination 

of TV and G staging that allowed some boys to contribute to their designated prepubertal 

urine pools who had G2 and/or P2 staging at one or more of their annual visits. In our 

sensitivity analysis, when we further restricted our data to those whose staging was limited 

to G1 and P1 at all visits included in the prepubertal urine pool, the results did not differ 

enough to change our overall interpretation. When our models were adjusted for height 

and BMI at age 9 years, we saw either no change in the estimates, or some attenuation, 

which may reflect the close relationship between pubertal onset and growth where growth 

may be an intermediate variable. These sensitivity analyses strengthen our interpretation 

that the associations we observed between AAPs and pubertal onset are not due to chance, 

misclassification of exposure, or residual confounding by growth. When we restricted our 

analyses to boys with at least 2 urines in the pooled samples, the relationship of MiBP 

and ∑DiNP with all three measures of pubertal onset were substantially attenuated although 

pubarche associations remained. An explanation may be that the average age of G2 and 

TV>3mL is 10.3 years and 11.1 years, respectively, and the sensitivity analysis eliminated 

boys who had pubertal onset by age 9 or 10 years, reducing the number of boys with 

G2 and TV>3mL, impacting our power to detect associations with these outcomes. Since 

the average age at P2 is 12.1 years, this would have had less impact on the associations 

with P2. However, sensitivity analyses suggest the potential for variability in the number of 

prepubertal urine samples available for pooling to have contributed to biased associations 

for some (MiBP and ∑DiNP), but not all, phthalate exposure biomarkers studied. The 

associations of phthalate biomarkers with pubertal onset by pubarche were especially robust.

The RCS is a prospective cohort that has measured numerous environmental exposures, 

including urinary phthalate metabolites. It is a unique strength of our study that we 

were able to identify and pool prepubertal urine samples among the boys in our cohort, 
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providing an estimate of average prepubertal phthalate exposure. To our knowledge, no other 

epidemiological study has done this. Another strength of our cohort is the measurement of 

pubertal stage by one pediatric endocrinologist (OS), using both Tanner Staging and the 

more objective TV measurement (Biro et al. 1995). Our cohort is well-characterized, with 

information collected on potential confounders, and followed annually over the course of 

puberty, allowing for more comprehensive characterization of pubertal development than has 

been possible in most studies. Moreover, since urinary phthalates were quantified separately, 

without knowledge of pubertal onset, information bias is unlikely.

Although several epidemiological studies have shown that prenatal phthalate exposures are 

associated with alterations in male puberty (Berger et al. 2018; Cathey et al. 2020; Ferguson 

et al. 2014), the RCS did not have prenatal maternal urine samples to estimate prenatal 

exposure. Therefore, we cannot assess the association of prenatal phthalate exposures with 

pubertal onset. That said, correlations between prenatal and childhood phthalate exposures 

are generally weak (Shoaff et al. 2017). Therefore, prenatal phthalate exposure is unlikely 

to confound our findings. Generally, urinary concentrations of phthalate metabolites in 

our cohort were high, especially when compared to similar populations in the U.S. and 

Europe (CDC 2019; Gari et al. 2019; Kasper-Sonnenberg et al. 2014), which may affect 

generalizability. On the other hand, phthalate exposures (especially DEHP and DnBP) might 

have been even higher before the turn of the millennium when rapid changes in phthalate 

containing products might differentially affected the different cohorts (Frederiksen et al. 

2020; Koch et al. 2017; Zota et al. 2014). In the RCS we did not find that other EDCs (e.g., 

serum organochlorines and blood lead) were strongly correlated with urinary phthalates and 

therefore are unlikely to confound the observed associations; however, we did not measure 

other EDCs, e.g. parabens, that may be correlated with phthalates.

5. Conclusions

We found that higher versus lower AAP metabolites during the prepubertal period were 

strongly associated with later pubertal onset, especially pubarche. Longitudinal studies have 

linked clinically delayed puberty among boys to increased risk of osteopenia (Finkelstein 

et al. 1996) and psychosocial and behavior issues (Graber 2013). There is widespread 

exposure to phthalates, and our findings raise the level of concern regarding the role of 

anti-androgenic phthalates on male pubertal timing, with implications for adolescent and 

adult health. Future analyses will assess whether exposure to AAPs during the hormonally 

sensitive prepubertal window may also alter the levels of reproductive hormones.
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Table 1.

Phthalate metabolites and their parent compounds measured in the Russian Children’s Study

Parent phthalate Primary metabolite Secondary metabolite
a

LOD
b

Metabolite name

Low molecular weight (LMW) phthalates

Diethyl phthalate (dep) MEP 0.125 Mono-ethyl phthalate

Di-n-butyl phthalate (DnBP) MnBP 0.125 Mono-n-butyl phthalate

Di-iso-butylphthalate (DiBP) MiBP 0.125 Mono-isobutyl phthalate

Butylbenzyl phthalate (BBzP) MBzP 0.125 Mono-benzyl phthalate

High molecular weight (HMW) phthalates

Di(2-ethylhexyl) phthalate (DEHP) MEHP 0.125 Mono(2-ethylhexyl) phthalate

MEHHP 0.125 Mono(2-ethyl-5-hydroxy-hexyl) phthalate

MEOHP 0.05 Mono(2-ethyl-5-oxo-hexyl) phthalate

MECPP 0.125 Mono(2-ethyl-5-carboxy-pentyl) phthalate

Di-isononyl phthalate (DiNP) MHiNP 0.025 Mono-hydroxy-iso-nonyl phthalate

MOiNP 0.025 Mono-oxo-iso-nonyl phthalate

MCOP 0.025 Mono-carboxy-iso-octyl phthalate

Di-iso-decyl phthalate (DiDP) MHiDP 0.125 Mono-(hydroxy-iso-decyl) phthalate

MOiDP 0.125 Mono-(oxo-iso-decyl) phthalate

MCNP 0.125 Mono-(carboxy-iso-nonyl) phthalate

MCPP
c 0.05 Mono-(3-carboxypropyl) phthalate

a
Differing metabolite abbreviations used in European Union are as follows: MEHHP, 5OH-MEHP; MEOHP, 5oxo-MEHP; MECPP, 5cx-MEPP; 

MECPP; MHiNP, OH-MiNP; MOiNP, oxo-MiNP; MCOP, cx-MiNP; MHiDP, OH-MiDP; MOiDP, oxo-MiDP; MCNP, cx-MiDP.

b
LOD, limit of detection.

c
Metabolite of several HMW and LMW phthalates (currently known: DnBP, DnPeP, DnOP, DiNP, DiDP). MCPP has also been abbreviated in 

previous studies with 3cx-MPP.
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Table 2:

Descriptive characteristics of 304 boys with prepubertal urinary phthalate metabolite measurements at entry 

(age 8–9 years) during 2003–2005 into the Russian Children’s Study

Physical Characteristics Mean (SD)

 Height z-score
a −0.01±1.02

 BMI z-score
a −0.36±1.24

 Height (cm) 128.6±6.1

 BMI (kg/m2) 15.6±2.0

Prenatal and Birth History
b

 Mother’s age at son’s birth 24.1±5.2

 Birthweight (kg) 3.3±0.5

 Gestational age (wks) 39.0±1.9

 Prenatal tobacco smoke exposure (N, %) 148 (50%)

 Prenatal alcohol consumption (N, %) 39 (13%)

 Breastfed (wks) 26±36

Boys Daily Dietary Intake
b

 Total calories (calories) 2715±970

 Percent calories from carbohydrates 55±7

 Percent calories from fat 34±6

 Percent calories from protein 12±2

Household Characteristics (N, %)
b

 Parental education - maximum of either parent

  Technical training/college 274 (91%)

 Household income
c

  ≤4,999 Russian rubles/month 99 (33%)

 Biological father resides in home 199 (66%)

a
WHO age-adjusted z-scores: http://www.who.int/childgrowth/en/;

b
missing information: mother’s age at son’s birth (n=4), gestational age (n=2), breastfed (n=5), prenatal tobacco smoke (n=6), prenatal alcohol 

consumption (n=8), dietary information (n=2), parental education (n=3).

c
Corresponds to ≤172 U.S. dollars/month. Weighted average using average exchange rate in 2003 (1 USD = 30.692 Russian Rubles), 2004 (1 

USD=28.814 rubles), 2005 (1 USD=28.284 rubles). Organization for Economic Cooperation and Development (OECD) (2021), Exchange rates 
(indicator). 2003: doi: 10.1787/037ed317-en (Accessed on 30 August 2021).

Environ Res. Author manuscript; available in PMC 2023 September 01.

http://www.who.int/childgrowth/en/


A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Burns et al. Page 19

Table 3.

Distribution of prepubertal urinary phthalate metabolites among 304 boys in the Russian Children’s Study

Urinary Phthalate Metabolite Percentiles

Metabolites of Anti-Androgenic Phthalates (AAPs) <LOD, N (%) 10th 25th 50th 75th 90th

MnBP, ng/mL 0 78.2 125.3 196.5 303.3 447.0

MiBP, ng/mL 0 23.1 34.3 57.1 88.0 148.4

MBzP, ng/mL 1 (<1%) 1.8 2.9 6.2 15.2 30.9

DEHP metabolites

 MEHP, ng/mL 1 (<1%) 4.2 7.1 13.2 23.0 38.9

 MEHHP, ng/mL 0 34.5 50.5 79.1 121.7 222.2

 MEOHP, ng/mL 0 26.5 41.6 65.8 105.4 179.4

 MECPP, ng/mL 0 67.9 104.5 159.4 260.1 442.6

 ∑DEHP metabolites, μmol/L
a 0.45 0.71 1.08 1.76 2.91

DiNP metabolites

 MHiNP, ng/mL 0 3.2 4.9 8.2 14.9 27.5

 MOiNP, ng/mL 0 1.0 1.7 2.9 5.9 12.4

 MCOP, ng/mL 0 1.9 3.3 6.4 12.0 19.5

 ∑DiNP metabolites, μmol/L
a 0.02 0.03 0.06 0.10 0.20

∑AAP, μmol/L
a 1.0 1.6 2.5 3.6 5.4

Metabolites of Other Phthalates

MEP, ng/mL 0 33.1 51.3 91.2 177.6 375.4

DiDP metabolites

 MHiDP, ng/mL 10 (3%) 0.8 2.0 3.8 8.0 18.2

 MOiDP, ng/mL 70 (23%) <LOD 0.2 0.4 0.8 1.4

 MCNP, ng/mL 2 (<1%) 0.3 0.5 0.8 1.4 2.3

 ∑DiDP metabolites, μmol/L
a 0.005 0.01 0.02 0.03 0.06

MCPP, ng/mL
b 0 4.5 6.6 11.0 18.9 27.2

Abbreviations: LOD, limit of detection; MnBP, mono-n-butyl, MiBP, mono-isobutyl; MBzP, monobenzl; DEHP, di(2-ethylhexyl); MEHP, mono(2-
ethylhexyl); MEHHP, mono(2-ethyl-5-hydroxy-hexyl); MEOHP, mono(2-ethyl-5-oxo-hexyl); MECPP, mono(2-ethyl-5-carboxy-pentyl); DiNP, di-
isononyl; MHiNP, monohydroxy-iso-nonyl; MOiNP, mono-oxo-iso-nonyl; MCOP, mono-carboxy-iso-octyl; MEP, mono-ethyl; diisodecyl (DiDP); 
MHiDP, mono-(hydroxy-iso-decyl); MOiDP, mono-(oxo-iso-decyl); MCNP, mono-(carboxyiso-nonyl); MCPP, mono-(3-carboxypropyl).

a
Molar sum of urinary phthalate metabolites.

b
Metabolite of several HMW and LMW phthalates (currently known: DnBP, DnPeP, DnOP, DiNP, DiDP).
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Table 4.

Adjusted mean shifts in age at pubertal onset [months (95% CI)] by quartiles of prepubertal urinary phthalate 

metabolites in the Russian Children’s Study (N=304)

Testicular Volume > 3 mL
a

Genitalia Stage ≥ 2
b

Pubarche Stage ≥ 2
c

Urinary phthalate 
metabolites

Mean shift (months) 
95% CI P-value

Mean shift (months) 
95% CI P-value

Mean shift (months) 
95% CI P-value

Mono-n-butyl (MnBP)
d

Quartile 1 Reference Reference Reference

Quartile 2 4.8 (−0.1, 9.7) 0.06 2.9 (−3.2, 9.0) 0.35 4.2 (−2.5, 11.0) 0.22

Quartile 3 −0.5 (−5.7, 4.7) 0.85 2.7 (−3.9, 9.3) 0.42 3.4 (−3.8, 10.6) 0.36

Quartile 4 −0.3 (−5.9, 5.3) 0.92 3.4 (−3.6, 10.4) 0.34 9.3 (1.5, 17.1) 0.02

Trend teste 0.53 0.38 0.03

Mono-isobutyl (MiBP)
f

Quartile 1 Reference Reference Reference

Quartile 2 8.5 (3.7, 13.5) <0.001 6.4 (0.2, 12.6) 0.04 5.9 (−0.9, 12.6) 0.09

Quartile 3 6.4 (1.1, 11.7) 0.02 7.2 (0.5, 13.8) 0.03 10.2 (2.9, 17.5) 0.006

Quartile 4 5.7 (0.2, 11.1) 0.04 6.2 (−0.7, 13.1) 0.08 12.8 (5.3, 20.3) <0.001

Trend test
e 0.13 0.11 <0.001

Monobenzyl (MBzP)
g

Quartile 1 Reference Reference Reference

Quartile 2 −0.6 (−5.6, 4.3) 0.80 3.2 (−3.0, 9.4) 0.31 4.9 (−1.7, 11.6) 0.15

Quartile 3 5.6 (0.3, 11.0) 0.04 5.7 (−0.9, 12.3) 0.09 15.1 (8.0, 22.2) <0.001

Quartile 4 5.6 (0.6, 10.7) 0.03** 7.5 (1.1, 13.8) 0.02 14.2 (7.4, 21.0) <0.001

Trend test
e 0.006 0.02 <0.001

∑Di(2-ethylhexyl) (DEHP) metabolites
h

Quartile 1 Reference Reference Reference

Quartile 2 3.2 (−1.7, 8.1) 0.20 3.7 (−2.5, 9.9) 0.24 8.4 (1.6, 15.3) 0.02

Quartile 3 8.0 (2.9, 13.2) 0.002 8.3 (1.8, 14.7) 0.01 14.1 (7.0, 21.1) <0.001

Quartile 4 −0.1 (−5.5, 5.2) 0.96 3.6 (−3.1, 10.4) 0.29 10.0 (2.5, 17.4) 0.009

Trend test
e 0.72 0.19 0.006

∑Di-isononyl (DiNP) metabolites
i

Quartile 1 Reference Reference Reference

Quartile 2 4.6 (−0.3, 9.5) 0.07 5.1 (−1.1, 11.2) 0.10 0.3 (−6.4, 7.0) 0.92

Quartile 3 4.5 (−0.7, 9.7) 0.09 6.5 (0.03, 13.0) 0.05 8.9 (1.8, 15.9) 0.01

Quartile 4 5.4 (0.01, 10.7) 0.05* 6.1 (−0.6, 12.7) 0.08 8.4 (1.1, 15.7) 0.02

Trend test
e 0.07 0.09 0.005

∑Anti-androgenic phthalate metabolites (AAP)
j

Quartile 1 Reference Reference Reference

Quartile 2 4.2 (−0.8, 9.2) 0.10 3.4 (−2.8, 9.5) 0.29 6.8 (−0.1, 13.7) 0.05
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Testicular Volume > 3 mL
a

Genitalia Stage ≥ 2
b

Pubarche Stage ≥ 2
c

Urinary phthalate 
metabolites

Mean shift (months) 
95% CI P-value

Mean shift (months) 
95% CI P-value

Mean shift (months) 
95% CI P-value

Quartile 3 4.9 (−0.5, 10.4) 0.08 9.1 (2.4, 15.8) 0.008 9.9 (2.4, 17.3) 0.01

Quartile 4 0.6 (−5.0, 6.2) 0.82 2.4 (−4.5, 9.3) 0.50 10.9 (3.2, 18.7) 0.006

Trend test
e 0.93 0.37 0.006

Interval-censored survival models adjusted for:

a
prenatal tobacco smoke exposure, birthweight, breastfed, household income, and urinary specific gravity;

b
prenatal tobacco smoke exposure, mother’s age at son’s birth, breastfed, biological father living in home, and urinary specific gravity;

c
prenatal maternal alcohol intake, and urinary specific gravity.

d
MnBP quartiles: Q1 12.5 – 125.1; Q2 125.2 – 195.8; Q3 195.9 – 299.8; Q4 299.9 – 1349.3 ng/mL;

e
Trend tests performed by modeling phthalate metabolite quartiles as an ordinal variable.

f
MiBP quartiles: Q1 3.3 – 34.2; Q2 34.3 – 56.9; Q3 57.0 – 87.3; Q4 87.4 – 1754.6 ng/mL;

g
MBzP quartiles: Q1 0.15 – 2.82; Q2 2.83 – 6.12; Q3 6.13 – 15.11; Q4 15.12 – 600.85 ng/mL;

h
∑DEHP (mono(2-ethylhexyl, mono(2-ethyl-5-hydroxy-hexyl, mono(2-ethyl-5-oxo-hexyl, and mono(2-ethyl-5-carboxypentyl) phthalates quartiles:

Q1 0.13 – 0.71; Q2 0.72 – 1.07; Q3 1.08 – 1.75; Q4 1.76 – 65.55 μmol/L;

i
∑DiNP (mono-hydroxy-iso-nonyl, mono-oxo-iso-nonyl, and mono-carboxy-iso-octyl phthalates) quartiles: Q1 0.006 – 0.032; Q2 0.033 – 0.056; 

Q3 0.057 – 0.102; Q4 0.103 – 1.756 μmol/L;

j
∑AAP (MBzP, MiBP, MnBP, [∑DiNP*0.43], and ∑DEHP) quartiles: Q1 0.37 – 1.57; Q2 1.58 – 2.49; Q3 2.50 – 3.58; Q4 3.59 – 76.36 μmol/L.
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