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Abstract

Background: Higher blood leads levels (BLLs) have been linked to neurologic deficits and 

impaired growth, but few studies have evaluated their association with timing of sexual maturity or 

pubertal progression in boys.

Methods: In a longitudinal cohort of Russian boys enrolled at age 8-9 and followed to adulthood, 

BLLs were measured at study entry, and pubertal staging (genitalia and pubic hair) and testicular 

volume (TV) measurements were obtained annually. We used interval-censored regression models 

to estimate differences between boys with higher BLL (≥ 5 μg/dL) and lower BLL in mean ages at 

sexual maturity (genitalia stage 5, pubic hair stage 5, or TV≥20 mL) and duration of pubertal 

progression (onset to maturity), adjusting for potential confounders. Mediation analyses were 

conducted to quantify the percent of lead’s effect attributable to its association with reduced 

somatic growth.

Results: Among 481 evaluable boys, 28% had BLL ≥ 5 μg/dL. Adjusted mean ages at sexual 

maturity were 14.7 years for genitalia, 16.1 for pubic hair, and 13.9 for TV. In adjusted models, 
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boys with BLLs ≥ 5 μg/dL had later maturity than those with lower levels by 4-5 months 

depending on pubertal indicator. In mediation analyses, height and body mass index at age 11 

accounted for 40-71% of the shift in age at maturity for boys with higher compared to lower 

BLLs. Higher BLLs were not associated with pace of pubertal progression.

Conclusions: Higher lead levels were associated with later attainment of sexual maturity in 

males, but not with the duration of pubertal progression. A high proportion of the delay in sexual 

maturity for boys with higher as compared to lower BLL was shown to be attributable to 

mediating effects of BLL on reduced growth.
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1. Introduction

There is increasing evidence that environmental exposures play a role in childhood growth 

and development.1 Heavy metals such as lead, mercury, and arsenic are known endocrine 

disruptors2, and evidence suggests that lead in particular may interfere with pubertal 

development and growth.3–11 Epidemiological studies have identified an association 

between blood lead and diminished early childhood growth, particularly in boys.3–7 Lead 

exposure decreases concentrations of growth hormone, insulin-like growth factor 1 (IGF-1), 

testosterone and other hormones responsible for growth and pubertal development in animal 

studies, suggesting an endocrine mechanism for such effects.8–11

The Centers for Disease Control and Prevention recently lowered the reference value for 

blood lead levels (BLLs) from 10 to 5 ug/dL,12 acknowledging that even BLLs well below 5 

μg/dL are associated with neurologic deficits.13–14 The most common routes of lead 

exposure are ingestion via diet from lead contamination in packaging or soils, ingestion of 

water contaminated by lead-containing pipes or fixtures, and childhood “hand-to-mouth” 

behaviors, including ingestion of particles or dust from deteriorating lead-based paint. Lead 

exposure may also result from combustion products of past leaded gasoline use or other 

industrial emissions.4 BLLs in some areas of Russia and other countries remain particularly 

high.15–18 While levels in the US have declined over time, rates in some subgroups remain 

high and both geographic and racial disparities persist.14, 19

Using data from a longitudinal cohort of 516 Russian boys, we previously reported an 

association of higher peripubertal BLLs with both timing of pubertal onset and reduced 

growth based on three years of follow-up, and reduced IGF-1.20–21 We recently extended 

these findings to demonstrate associations between higher peripubertal BLLs and shorter 

height through age 18 years, with the most pronounced decrements between ages 12-15 

years.22–23 These findings suggest a persistent effect of lead on linear growth particularly 

during later pubertal development, which may affect subsequent timing of sexual maturity. 

In this analysis, we consider the association of peripubertal BLLs with timing of sexual 

maturity and duration of pubertal progression, and examine the proportion of any identified 

delays attributable to associations of BLLs with reduced somatic growth.
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2. Patients and Methods

2.1 Study population

The Russian Children’s Study is a prospective cohort study of 516 boys in Chapaevsk, 

Russia, enrolled from 2003-2005 at ages 8-9 years, as previously described.20,22,23 The 

study was approved by the Institutional Review Boards of the Chapaevsk Medical 

Association, Harvard T.H. Chan School of Public Health, and Brigham and Women’s 

Hospital. The parent or guardian signed an informed consent and the boy signed an assent 

form; at age 18 years boys signed an informed consent. We excluded 17 orphans (missing 

maternal and birth characteristics) and 10 boys with chronic health conditions which could 

impact childhood development, leaving 489 eligible boys; 481 (98%) had available BLLs 

and were included in this analysis. At study entry, each boy’s mother or guardian completed 

a health and lifestyle questionnaire that included birth and medical history, demographic and 

socio-economic status indicators. A validated Russian Institute of Nutrition semi-

quantitative food frequency questionnaire was used to ascertain the child’s dietary intake.24

2.2 Growth measurements and pubertal assessments

At study entry and at annual follow-up visits, a standardized anthropometric examination by 

a trained research nurse was performed per written protocol and without knowledge of the 

boys’ lead levels. Body mass index (BMI; kg/m2) was calculated from weight (measured to 

nearest 100 grams) and height (to nearest 0.1 cm) measurements. Age-adjusted z-scores 

were calculated for height (HTZ) and BMI (BMIZ) using World Health Organization 

(WHO) standards (http://www.who.int/childgrowth/).25 Pubertal status was staged from 1 to 

5 via examination by a single clinician (O.S.) according to internationally accepted criteria.
26–28 Pubarche (pubic hair stage, P) was determined by extent of terminal hair growth. 

Genital staging (G) was assessed by genital size and maturity. Testicular volume (TV) was 

measured using an orchidometer. Three different measures of sexual maturity were 

considered as separate indicators: TV ≥ 20 ml of either testis, genitalia stage 5 (G5), and 

pubic hair stage 5 (P5). Duration of pubertal progression was defined as time from pubertal 

onset (TV>3 mL, genitalia stage ≥2 (G2), pubic hair stage ≥2 (P2), respectively) to sexual 

maturity, separately for each pubertal indicator.

2.3 Blood Lead Analysis

A 3.0 ml venous blood sample was collected in a trace metal–free vacutainer tube (Becton-

Dickinson, Franklin Lakes, NJ) at study entry, when boys were aged 8 to 9 years old. Whole 

blood samples were diluted with a matrix modifier solution and analyzed by Zeeman 

background-corrected flameless graphite furnace atomic absorption (ESA Laboratories, 

Chelmsford, MA). The limit of detection (LOD) was 1.0 μg/dl. For 14 of 481 boys (2.9%) 

with levels below the LOD, BLLs were set to 0.5μg/dl.

2.4 Statistical analysis

We considered longitudinal data based on initial entry visits and up to 12 annual follow-up 

visits conducted through June 2017. Our primary analyses compared pubertal outcomes 

between boys with ‘higher’ (≥5 μg/dL) versus ‘lower’ (<5 μg/dL) peripubertal BLLs; 
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sensitivity analyses were also conducted using log-transformed BLLs as a continuous 

predictor, and by treating BLL in three categories: low (≤2 μg/dL), moderate (3-4 μg/dL), or 

high ≥5 μg/dL). Interval-censored approaches for survival outcomes were used to account 

for the fact that sexual maturity was only known to occur between study visits rather than on 

a specific date; this approach also allowed for right-censored outcomes when sexual 

maturity had not yet occurred as of a boy’s last study visit. Interval-censored models were fit 

assuming a normal distribution for age at sexual maturity using accelerated failure time 

models.29–33 We also compared our findings with those based on a Weibull model and 

results were very similar, but the normal model provided a better fit based on Akaike’s 

Information Criterion. We estimated the mean age at sexual maturity (with 95% confidence 

intervals (CIs)) separately for each of the three pubertal indicators, overall and stratified by 

BLL categories. We also present the estimated shift in mean age for those with higher vs 

lower BLLs with and without adjustment for confounders.

For comparison with other cohorts and to allow additional context for pubertal progression 

measures, we also fit similar interval-censored models for the outcome of pubertal onset, 

separately for each pubertal indicator (G2, P2, and TV>3 mL). For pubertal onset, the 

interval-censored modeling approach also accounted for left-censored outcomes for boys 

with pubertal onset prior to enrollment (note: no boys were sexually mature at entry so none 

were left-censored for that outcome).

Duration of pubertal progression could only be estimated among those boys with observed 

pubertal onset (either before study entry or during study follow up). Due to the lack of 

standard statistical software for evaluating doubly-censored outcomes, this duration was 

approximated by setting the age at pubertal onset as the midpoint between the two visits 

during which onset occurred, and treating the age at maturity as interval-censored (between 

the two visits at which it was noted to occur) or right-censored. Boys with pubertal onset 

prior to study entry were estimated to have had onset 6 months prior to entry. We again used 

accelerated failure time models for interval-censored data assuming a normal distribution for 

progression times, and present the estimated shift in mean duration of pubertal progression 

for those with higher vs lower BLLs, with and without adjustment for confounders.

We evaluated potential confounders identified from previous literature and our own research, 

including the boy’s birth weight, prenatal exposure to maternal alcohol and tobacco, 

maternal age at son’s birth, household characteristics including income level, parental 

education, and whether the biological father lived in the same household, the boy’s physical 

activity, and his nutritional status determined by caloric intake and percent of fat and protein 

intake. Potential confounders with p<0.20 in unadjusted models were included in 

multivariable models, which were then reduced to include only those whose inclusion 

resulted in a change in estimated lead effect greater than 10%. An additional sensitivity 

analysis was conducted further adjusting for maternal age at menarche (which was 

unavailable on 39 women). We did not adjust for growth measures at the time of BLL 

measurement because growth measures could be considered to be on the causal pathway 

between lead exposure and pubertal maturation. Instead, we applied a mediation approach to 

more carefully address the complex relationship between BLL, growth, and timing of 

maturity.
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Mediation analysis was conducted to partition the total effect of higher vs lower BLLs on the 

age at sexual maturity into a direct effect of the lead exposure and an indirect effect of lead 

acting through its effects on height and BMI Z-scores (mediators) at age 11 years.31 This 

time point was chosen because no boys had reached sexual maturity prior to age 11 in this 

cohort, thus ensuring that the mediators were measured prior to the outcome of interest. In 

addition, this time point reflected growth several years after the measurement of BLLs, thus 

reducing the possibility of confounding by reverse causation due to dilution effects related to 

body size at the time of BLL measurement. The age at maturity was modeled using interval-

censored models as a function of BLL without and with inclusion of the mediators (and 

other covariates) to obtain the total effect and direct effect of higher BLL, respectively.33 

HTZ and BMIZ were jointly evaluated as potential mediators, and their indirect effects were 

calculated using the “product method” as described by VanderWeele et al.34,35 We present 

results in terms of proportion mediated, calculated as the ratio between the indirect and the 

total effects. Possible exposure-mediator and mediator-mediator interactions were also 

explored.36,37 However, only isolated evidence of interaction was detected, and the 

proportion mediated remained similar with and without inclusion of interactions. Thus, all 

results presented were obtained from models without interaction terms. Details of mediation 

methods are provided in online Supplemental Methods. All analyses were conducted with 

SAS Version 9.4, and statistical significance was set at alpha=0.05.

3. Results

3.1 Study population and blood lead concentrations

Among 489 eligible boys enrolled at age 8 or 9 years, 481 (98%) had BLLs measured. Birth, 

maternal, and household characteristics are presented in Table 1. The boys had a mean BMI 

of 15.9 at study entry, and other baseline growth measures consistent with WHO Child 

Growth Standards.25 The median BLL was 3 μg/dL, with 28% ≥ 5 μg/dL (range: 0.5-31 μg/

dL). Boys with higher BLL at entry tended to be shorter and weigh less, and more often had 

lower socioeconomic status as reflected by parental education and household income than 

those with lower BLL. Retention rates were relatively high, with ~4% loss to follow-up per 

year and 64% retained to at least age 18 years. As of June 2017, the median follow-up 

(interquartile range, IQR) was 10.5 (8.0, 11.7) years, and age at latest visit was 19.0 (16.1, 

20.1) years.

3.2 Mean Ages at Pubertal Onset and Sexual Maturity, and Association with Blood Lead 
Levels

Mean ages (95% CI) at pubertal onset and sexual maturity for the study population as a 

whole are summarized in Figure 1, and ranged from 9.5-11.8 years for pubertal onset, and 

from 13.9-16.1 for sexual maturity (depending on pubertal indicator). The mean duration of 

pubertal progression was estimated as 5.1 years for genitalia, 4.5 for pubic hair, and 3.5 

years for maturation of TV (Supplemental Figure 1). Between 64% and 89% of pubertal 

outcomes were determined to occur during study follow-up, depending on the outcome and 

pubertal indicator (see Supplemental Table 1 for a summary of censoring and timing of 

events relative to study entry and latest study visit).
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Boys with higher BLL had pubertal onset 7.7-8.4 months later on average than those with 

lower BLL, after adjustment for birthweight, nutritional intake, and socioeconomic 

covariates [Figure 1 and Table 2; note that Figure 1 presents mean ages in years while Table 

2 summarizes differences in terms of months, but the differences themselves are equivalent 

and based on the same underlying models]. Boys with higher BLL also had significantly 

later adjusted mean age at sexual maturity, with 4.2-5.1 month later attainment compared to 

boys with lower BLLs in adjusted models (see Table 2). There was no difference in mean 

time in progression from pubertal onset to sexual maturity by BLLs based on pubic hair or 

TV, but a mean decrease of about 3.8 months (95% CI: −7.9, 0.4) in progression from G2 to 

G5 for boys with higher compared to lower BLLs (Table 2, Supplemental Figure 1). 

Estimated differences in median ages at pubertal outcomes were generally very similar when 

based on a Weibull model rather than under a normal distribution (Supplemental Table 2), 

with the exception that the Weibull model yielded a much larger difference in age at sexual 

maturity by TV than the normal model (12.5 vs 7.0 months).

In sensitivity analyses, associations remained similar after further adjustment for maternal 

age at menarche (data not shown). Later adjusted mean ages at onset and maturity were 

confirmed in models evaluating log-transformed BLLs (Supplemental Table 3). These 

models indicated a 3.7 to 5.0 month delay in pubertal onset, and a 2.8 to 4.9 month delay in 

sexual maturity per 1 unit increase in log lead levels (which corresponds approximately to a 

shift from the 25th percentile to the 75th percentile of observed BLLs). Boys with 

peripubertal BLL in the moderate range (3-4 μg/dl) did not have significantly later ages of 

onset or maturity than those with low BLL (0-2 μg/dl), but a significantly increasing trend in 

mean ages over the three lead ranges was apparent (Supplemental Table 4).

While boys with higher BLL had later attainment of sexual maturity, few had not attained 

maturity by age 18 according to genitalia stage or TV, among those followed to at least age 

18. Only 1 did not attain mature genitalia until after age 18 (0.3% of 377 evaluable), and 

only 3 did not attain maturity by TV until after age 18 (0.8% of 389 evaluable). A higher 

percentage did not attain mature pubic hair until after age 18 (8.1% of 335 evaluable), and 

this finding was more common among boys with higher than lower BLLs (13.3% vs 6.1%, 

Fisher’s exact p=0.041).

3.3 Association of Child and Maternal Characteristics with Timing of Pubertal Outcomes

We observed significant associations of household characteristics, nutritional status, birth 

characteristics, and maternal factors with age at sexual maturity. Higher caloric intake was 

associated with earlier age at sexual maturity according to genitalia staging. Lower 

household income, lower parental education, biological father not residing in household, and 

younger maternal age at delivery were associated with later ages at sexual maturity. Higher 

birthweight was associated with earlier age at sexual maturity based only on TV. Older 

maternal age at menarche was associated with later age at sexual maturity for all three 

pubertal indicators. Similar associations were observed for these covariates with boys’ age at 

pubertal onset. Birthweight and socioeconomic covariates showed associations with time to 

progression from pubertal onset to sexual maturity, but no association with maternal age at 
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menarche was observed. Covariates included in final adjusted models for each pubertal 

outcome are noted in Table 2.

3.4 Analysis of Growth Measures as Mediators of BLL effect on Sexual Maturity

In mediation analyses, models further included growth measurements at age 11 to better 

understand what portion of the shift in mean age at sexual maturity was attributable to the 

effect of BLL on growth. Boys with higher BLLs demonstrated significantly lower HTZ and 

BMIZ at age 11.22 The direct and indirect effects of BLL on age at sexual maturity are 

summarized in Table 3. The association of peripubertal BLL with HTZ at age 11 accounted 

for 34%-53% of BLL’s total effect on age at maturity, while BMIZ at age 11 accounted for 

only 6%-23%. The indirect effect of BLL acting through its combined effect on both HTZ 

and BMIZ accounted for 40% of the effect on age at maturity based on TV and over two-

thirds of its effect on maturity based on genitalia and pubic hair.

4. Discussion

The effects of lead on pubertal onset and sexual maturity have primarily been studied in 

girls, with the exception of our own prior evaluations focusing on pubertal onset in this 

cohort and the Birth to Twenty cohort in South Africa.38–41 Thus, evaluating associations of 

lead exposure with timing of pubertal milestones among boys is a critical research gap. 

Based on our longitudinal study of boys followed from pre-puberty to young adulthood, we 

demonstrated later attainment of both pubertal onset and sexual maturity for boys with 

higher peripubertal blood lead concentrations. The shift of 4-5 months in mean age at 

maturity for boys with higher compared to lower BLLs was less than that observed for 

pubertal onset (7-8 months), suggesting that effects of peripubertal BLLs are attenuated over 

time.

Despite the later attainment of sexual maturity for Russian boys in our cohort with higher 

blood lead levels, the overall mean ages at genital maturity were generally similar to those 

published for other US and European cohorts, although most of these studies were based on 

cross-sectional designs and only followed boys to age 16-17 years, which may have 

influenced model estimates.42–49 The mean ages at genital maturity ranged between 

14.3-14.9 years for longitudinal studies42–44, compared to 14.7 years in our cohort, and from 

14.5-15.9 years for cross-sectional studies.45–49 The mean age at pubic hair maturity in our 

cohort (16.1 years) was also within 6 months of those from most other studies.44–47,49

We also evaluated the duration of pubertal progression, accounting for the interval-censored 

nature of sexual maturity outcomes. While the pubertal progression duration varied 

according to the specific pubertal indicator (genitalia, pubic hair, or TV), we observed no 

consistent associations of progression duration with BLLs. However, while not significant, 

the shorter estimated time from G2 to G5 for boys with higher BLL provides support for the 

possibility of some attenuation of lead effects as boys reach maturity. This potential 

attenuation of lead effects is consistent with our previous evaluations of differences in linear 

growth in boys with higher BLL as compared to boys with lower BLL, which appeared to 

decrease as they approached age 18.22
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The true duration of progression is the time from pubertal onset to sexual maturity, but 

because neither of these events is observed exactly, the outcome is technically “doubly-

censored”. Because few standard statistical methods (and no standard software packages) 

have been developed to address these types of outcomes, we approximated the duration of 

progression by only considering the right-hand time point (maturity) to be interval-censored 

and essentially assumed that the left-hand time point (pubertal onset) was observed. Since 

the evaluation of this outcome is restricted to those with pubertal onset, approximation of the 

age at onset as the midpoint between the two visits at which it was observed seemed 

reasonable, although it does require an assumption that measurement error in this estimation 

does not depend on the BLL. There are few evaluations of pubertal progression from 

longitudinal cohorts which follow children from pre-puberty through to sexual maturity, so 

there are few other metrics for progression with which to compare our approach; statistical 

approaches for evaluating and comparing different metrics for duration of progression 

deserve further attention.

We had previously reported associations of BLLs with timing of pubertal onset,20 and have 

updated and expanded our analysis here to account for several additional years of follow-up, 

and now present these results as adjusted mean shifts in ages at onset. These estimates allow 

comparison of the magnitude of shifts for onset as compared to maturity. Few previous 

studies have addressed the association of BLLs with age at male sexual maturity or duration 

of pubertal progression. One recent study observed no association between blood lead levels 

at age 13 and pubertal development trajectories, but reported slower progression of pubertal 

hair in boys with higher cord blood levels.41 However, this study did not provide estimates 

of the average age at sexual maturity or duration of pubertal progression.

In addition to demonstrating an association of high BLLs with later maturity, we also used 

novel mediation methods to show that these shifts were substantially explained (mediated) 

by lower growth among boys with higher peripubertal BLLs. Similar to other studies 

evaluating male maturity, we found that diminished height at age 11 played a stronger role in 

mediating the effects of lead than did lower BMI at this age, but the combined effects of 

BLL on height and BMI explained up to 71% of the shifts in age at maturity related to 

higher BLLs.31 While these growth measures explained a high proportion of the overall 

effects of lead on delay in sexual maturity, it is notable that the effects of lead were not fully 

mediated by growth measures. This finding suggests that there are other direct effects of lead 

on timing of maturity, either via other pathways (eg. hormonal or metabolic) or via growth 

measures or trajectories at other ages. Mediation analysis approaches for survival outcomes 

have only been recently applied to interval-censored outcomes, but the framework of 

accelerated failure time models allows straight-forward identification of indirect and direct 

effects of the primary exposure of interest.31,32,35

Clinical effects of a shift of 4-5 months in the age at sexual maturity are anticipated to be 

subtle and may not reflect clinical delay for most youth, but may nevertheless translate on a 

population level to a higher than expected percent with clinically delayed maturity. Few boys 

did not attain maturity until after age 18 by genital staging or TV; however pubic hair 

maturity after age 18 was significantly more common among boys with higher BLL than 

lower BLL. Clinical implications of delayed maturity include decreased final adult height, 
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which has been previously reported in this cohort, as well as increased risk of specific 

cancers. 22,50 In addition, public health implications of alterations in timing of sexual 

maturity include reduced self-esteem and decreased bone mineral density.51,52

Our findings are consistent with those of animal studies, which have demonstrated delayed 

sexual maturity in mice with elevated BLLs.8–11,53 In addition, lead exposure has been 

shown to affect reproductive hormone levels in girls, including decreases in levels of IGF-1, 

luteinizing hormone, and inhibin B, which may reflect hypothalamic–pituitary-gonadal 

(HPG) function.54 As a known endocrine disruptor, lead is believed to produce its adverse 

effects on reproductive function and pubertal development through the HPG axis, although 

multiple endocrine pathways may be involved.9,55

Strengths of our study include enrollment of all boys within a small age range, longitudinal 

follow-up over more than a decade with a high retention rate, annual evaluations of pubertal 

staging by the same clinical investigator, and collection of detailed data on growth and 

important covariates, including dietary intake and socioeconomic indicators. One limitation 

of our pubic hair assessments is the practice of pubic hair shaving among boys in this region, 

which may result in some misclassification of pubic hair staging. However, we would not 

expect boys with higher BLLs to be more likely to shave than those with lower BLLs; non-

differential measurement error in our pubic hair assessments may have decreased the 

precision of our effect estimates but should not introduce bias.

An additional limitation was that we had only a single BLL measurement for each boy, and 

this single measurement may not reflect exposure in critical windows, such as prenatal or 

early childhood periods.56,57 BLLs are recognized to reflect recent exposure over the past 

weeks or months and may not accurately characterize longer-term cumulative exposures.
57,58 At the same time, previous studies have reported relatively high reproducibility of 

BLLs in children, possibly reflecting consistent sources of exposure over time.59 In addition, 

the use of BLLs measured 2-3 years prior to the growth measurements included in our 

mediation analysis reduces the chance of reverse causation, which could result from lead 

concentrations being diluted by body size at the time of lead measurement.7 Still, given 

within-boy correlation in growth measurements over time, the possibility of such reverse 

causality cannot be completely ruled out. Finally, we recognize that the LOD of 1 μg/dL for 

our lead measurement was higher than that of more recent studies,7 but since <3% of BLLs 

fell below the LOD this would be expected to have little impact on our findings.

We recognize that the effect of BLLs on timing of sexual maturity via its effect on growth 

may be partially attributable to the previously demonstrated association of BLLs with later 

pubertal onset, which in turn affects subsequent growth. Our approach evaluated the overall 

association between BLLs and growth through multiple pathways, including alterations in 

the timing of pubertal onset. Future studies may be warranted to explore how other windows 

of potential susceptibility to lead exposure (in addition to the peripubertal exposure time 

period studied here) may impact trajectories of growth and pubertal development.
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5. Conclusions

In conclusion, Russian boys with higher BLLs experienced delays in pubertal onset and 

sexual maturation that may have adverse long-term consequences. Despite decreasing trends 

in blood lead levels internationally, particularly in resource-rich settings, lead exposure 

continues to be a significant public health problem in low and middle income countries. The 

decrements in growth observed for boys with higher BLLs were found to be important 

contributors to the later attainment of sexual maturity, which suggests potential targets for 

interventions that could ideally be initiated prior to the adolescent growth spurt.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS:

• Higher blood lead has been linked to impaired growth and delayed pubertal 

onset.

• Few studies have addressed the effects of blood lead on age at male sexual 

maturity.

• We found significant delays in maturity among Russian boys with higher lead 

levels.

• This delay was partly due to reduced growth among boys with higher lead 

levels.

• Higher blood lead did not appear to slow pubertal progression.
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Figure 1. Adjusted mean ages (years) at pubertal onset and sexual maturity, overall and by blood 
lead level
Pubertal onset defined by stage 2 for genitalia (G2), stage 2 pubic hair (P2), or testicular 

volume (TV) >3mL. Sexual maturity defined by stage 5 for genitalia (G5) and pubic hair 

(P5) or TV ≥ 20mL. “HighLead” defined as blood lead level (BLL) ≥ 5μg/dL and 

“LowLead” as BLL < 5μg/dL. Adjusted mean ages were estimated using the same 

accelerated failure time models summarized in Table 2, adjusted for specific covariates for 
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each outcome as indicated, with birth weight set to its mean level (3.34 kg) and categorical 

covariates weighted according to their percent in the study population.
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Table 1:

Demographic, maternal, and body size characteristics among 481 Russian Boys enrolled between 2003 and 

2005 and followed until 2017

Characteristic Overall N=481) High Blood Lead (≥ 5μg/dL) (N=134) Low Blood Lead (<5 μg/dL) (N=347)

Growth Measurements at Study Entry

 Age (years) 8.4 (0.5) 8.5 (0.5) 8.4 (0.5)

 Height (cm) 130.2 (6.3) 128.5 (6.9) 130.8 (5.9)

 Weight (kg) 27.2 (5.5) 25.9 (5.2) 27.6 (5.6)

 Body mass index 15.9 (2.3) 15.6 (2.1) 16.1 (2.3)

 Total caloric intake (tertiles)

  High 155 (32%) 61 (46%) 94 (27%)

  Moderate 163 (34%) 38 (28%) 125 (36%)

  Low 160 (33%) 34 (25%) 126 (36%)

 Percent calories from fat 34.0 (5.9) 33.4 (6.1) 34.3 (5.8)

 Percent calories from protein 11.6 (1.6) 11.5 (1.6) 11.6 (1.6)

Growth Measurements at Age 11 years (n=426)

 N 426 122 304

 Height (cm) 143.7 (6.8) 141.5 (6.9) 144.5 (6.6)

 Height Z-score 0.06 (1.01) −0.27 (1.01) 0.20 (0.98)

 Body mass index 17.3 (3.1) 16.7 (2.8) 17.6 (3.2)

 BMI Z-score −0.14 (1.36) −0.40 (1.27) −0.03 (1.38)

Birth and Neonatal History

 Birth weight (kg) 3.34 (0.53) 3.25 (0.55) 3.38 (0.51)

 Gestational age (weeks) 39.0 (1.8) 38.9 (2.0) 39.1 (1.6)

 Preterm (gestational age<37 weeks) 37 (8%) 14 (10%) 23 (7%)

 Breastfeeding duration (weeks) 27.7 (34.5) 35.4 (45.1) 24.6 (28.9)

Household Characteristics
a

 Low household income 293 (61%) 99 (74%) 194 (56%)

 Low parental education 38 (8%) 18 (13%) 20 (6%)

 No biological father residing at home 166 (35%) 56 (42%) 110 (32%)

Maternal Characteristics and Exposures During Pregnancy

 Mother’s age at son’s birth 23.9 (5.1) 24.3 (5.2) 23.7 (5.0)

 Mother’s age at menarche 13.3 (1.4) 13.4 (1.3) 13.3 (1.4)

 Maternal alcohol consumption 59 (13%) 24 (18%) 35 (10%)

 Maternal tobacco smoking 36 (8%) 15 (12%) 21 (6%)

 Any smoking in household 228 (48%) 73 (55%) 155 (46%)

Values reported are mean (SD) or N (%). Summary statistics calculated among those with non-missing data; unavailable data included dietary 
information (n=3), birth weight (n=3), gestational age (n=4), breastfeeding duration (n=11), family income level (n=1), parental education level 
(n=1), mother’s age at son’s birth (n=5), maternal alcohol consumption (n=16), maternal tobacco smoking (n=13), maternal age at menarche 
(n=39), and household smoking during pregnancy (n=9).

a
Low household income defined as < US $250/month at study entry. Low parental education classified as secondary school or less.
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Table 2.

Mean shifts in timing of pubertal outcomes (pubertal onset, sexual maturity, and time to progression) for boys 

with higher (≥5 μg/dL) compared to lower blood lead levels

Unadjusted Models Adjusted Models
a

Pubertal Indicator N
Shift in mean age in 

months (95% CI) P-value N
Shift in mean age in 

months (95% CI) P-value

Age at Pubertal Onset

Genitalia (G2) 481 9.01 (4.32,13.79) <0.001 472 8.40 (3.70,13.10) <0.001

Pubic Hair (P2) 481 7.76 (3.14,12.37) 0.001 478 8.12 (3.46,12.78) <0.001

Testicular Volume (TV>3mL) 481 8.05 (3.84,12.26) <0.001 475 7.68 (3.46,11.90) <0.001

Age at Sexual Maturity

Genitalia (G5) 481 3.60 (−0.02,7.23) 0.051 473 4.20 (0.56,7.84) 0.024

Pubic Hair (P5) 481 5.64 (1.10,10.19) 0.015 480 4.23 (−0.31,8.77) 0.068

Testicular Volume (TV≥20mL) 481 7.00 (3.53,10.47) <0.001 475 5.14 (1.70,8.58) 0.003

Duration of Pubertal Progression

Genitalia (G2 to G5) 447 −3.62 (−7.85,0.61) 0.093 443 −3.76 (−7.93,0.42) 0.078

Pubic Hair (P2 to P5) 415 −0.37 (−5.35,4.60) 0.88 411 −1.82 (−6.91,3.28) 0.48

Testicular Volume (TV >3 mL to ≥20 mL) 432 −1.10 (−4.84,2.64) 0.56 428 −1.19 (−4.92,2.54) 0.53

a
Adjusted models include the following additional covariates:

For pubertal onset: birthweight, high caloric intake, low maternal education, and biological father not in home (for G2); high caloric intake and no 
biological father in home (for P2); birthweight, high caloric intake, and no biological father in hone (for TV2).
For sexual maturity: high caloric intake and mother<20 yrs at birth of son (for G5); low income level and no biological father residing in household 
(P5); birthweight, low maternal education level, and no biological father residing in household (TV5).
For pubertal progression, restricted to those with observed pubertal onset during follow-un: birthweight and mother<20 yrs at birth of son (for G2 
to G5); low income level and low maternal education (for P2 to P5); birthweight (for TV > 3mL to ≥20mL).
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Table 3.

Mediation analysis for direct and indirect effects of blood lead levels on age at sexual maturity, accounting for 

growth measures (height and BMI Z-scores) at age 11

Pubertal Indicator Sample Size Effect Type Adjusted mean shift in age
a
 (months), (s.e.) %of Total P-value

Genitalia (G5) 422 Direct 1.46 (1.77) 32.7 0.41

Total Indirect 3.01 (0.71) 67.3 <0.001

---Indirect HTZ 2.37 (0.66) 53.0 <0.001

---Indirect BMIZ 0.64 (0.34) 14.3 0.062

Total 4.42 (1.86) 100.0 0.018

Pubic hair (P5) 425 Direct 1.44 (2.12) 29.1 0.50

Total Indirect 3.52 (0.91) 70.9 <0.001

---Indirect HTZ 2.36 (0.73) 47.5 0.001

---Indirect BMIZ 1.16 (0.59) 23.4 0.048

Total 4.71 (2.32) 100.0 0.042

Testicular Volume (≥20 mL) 422 Direct 3.12 (1.68) 59.8 0.063

Total Indirect 2.10 (0.62) 40.2 <0.001

---Indirect HTZ 1.78 (0.58) 34.2 0.002

---Indirect BMIZ 0.32 (0.26) 6.1 0.22

Total 5.25 (1.76) 100.0 0.003

a
Mediation analyses were adjusted for the same covariates indicated in Table 2, with or without adjustment for height z-score (HTZ) and BMI z-

score (BMIZ) at age 11. Total effects differ slightly from those shown in Table 2 because models were restricted to a subset of 422-425 boys with 
available growth measures at age 11. Also note that direct and indirect effects do not necessarily sum to the total effect, given the use of the 
preferred product approach for calculating indirect effects.
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