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STUDY QUESTION: Is cesarean delivery associated with earlier offspring pubertal development?

SUMMARY ANSWER: We identified that boys born by cesarean delivery developed puberty earlier, evidenced by an earlier age at
peak height velocity and earlier attainment of puberty score > |, than boys born by vaginal delivery.

WHAT IS KNOWN ALREADY: Cesarean delivery is posited to have long-term effects on health outcomes. However, few studies have
examined whether mode of delivery is related to pubertal development.

STUDY DESIGN, SIZE, DURATION: Prospective pre-birth cohort study consisting of 1485 mother—child pairs enrolled during
pregnancy from obstetric practices and followed up until early adolescence (median age 2.9 years). Participant inclusion required data on
mode of delivery and at least one measure of pubertal development.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Participants are children from the Project Viva study. We abstracted
information on delivery mode from electronic medical records from children followed since birth (1999-2002) and examined the following
markers of pubertal development: age at peak height velocity (APHV); age at menarche (girls only); parent-reported pubertal development
score; and child-reported pictograph Tanner pubic hair staging. We used multivariable regression models to examine associations of
delivery mode with these four pubertal indices, adjusting for the following confounders: demographic and socioeconomic factors; maternal
height, pre-pregnancy BMI, total gestational weight gain, pregnancy conditions, parity, and maternal age at menarche; paternal height and
BMI; gestational age at delivery and birthweight-for-gestational-age z-score.

MAIN RESULTS AND THE ROLE OF CHANCE: In this study, 23.2% of children were born by cesarean delivery. Girls had an earlier
APHYV, had a higher pubertal score throughout childhood and in early adolescence, and were more likely to attain puberty score > and
Tanner pubic hair Stage > earlier compared to boys. Mean (SD) age at menarche in girls was 2.4 (1.0) years. Boys born by cesarean
delivery had significantly earlier APHV (B —0.23 years; 95% Cl —0.40, —0.05) and higher risk of earlier attainment of puberty score > |
(hazard ratio 1.09; 95% CI 1.01, 1.19) than boys born by vaginal delivery, after adjusting for confounders. These associations were not
mediated by pre-pubertal BMI and were similar for planned (no labor) and unplanned (labor) cesarean delivery. No associations were
observed between delivery mode and time to attain Tanner pubic hair Stage > | in boys. In girls, mode of delivery was not associated with
any of the measured pubertal development markers.
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LIMITATIONS, REASONS FOR CAUTION: This study used, as secondary outcomes, parent- and child-reported measures of
pubertal development, which may be more prone to error and misclassification than information collected by trained observers or physi-
cians during clinical examinations. The findings may also not be generalizable to populations from different settings, because all participants

lived in one geographic area, were well educated, and had health care.

WIDER IMPLICATIONS OF THE FINDINGS: Our findings provide support for cesarean delivery as a potential indicator of identifying
children who are likely to experience earlier pubertal development; however, more studies are needed to confirm or refute these

observations.

STUDY FUNDING/COMPETING INTEREST(S): The project was funded by grants from the National Institutes of Health. The
authors have no financial relationships or competing interests to disclose.

TRIAL REGISTRATION NUMBER: N/A.
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Introduction

Cesarean delivery is one of the most common surgical procedures in
both developed and developing countries (Betran et al., 2007, 2016).
Globally, more than 8.5 million cesareans are performed each year
(Gibbons et al., 2010), and the rate of cesarean delivery has doubled
in the last 15years to 21% and is increasing annually by 4% (Boerma
et al, 2018). When medically indicated, cesareans reduce the risk of
morbidity to mother and fetus and can be a life-saving intervention
(Gregory et al., 2012). Despite these benefits, concerns have been
raised about possible associations between cesarean delivery and sev-
eral adverse childhood health outcomes. For example, prior studies
have reported that children born by cesarean delivery may have in-
creased rates of respiratory illness in the first year of life and beyond
(Thavagnanam et al., 2008; Geller et al., 2010; Souza et al., 2010), child
overweight and obesity (Huh et al., 2012; Kuhle et al.,, 2015; Martin-
Calvo et al, 2020), and diabetes (Cardwell et al, 2008; Chavarro
et al., 2020). Although the association between cesarean delivery and
child obesity is not entirely consistent (Rifas-Shiman et al., 2018,
2021), recent experimental data in rodents suggests this link is causal
(Martinez et al., 2017). Moreover, the increasing evidence that the ele-
vated risk of obesity may persist through adolescence (Yuan et dl.,
2016; Mueller et al., 2021) raises the possibility that the adverse long-
term offspring health effects of cesarean birth may extend to other
obesity-related conditions, such as an earlier pubertal development
(Chen et dl., 2019; Reinehr and Roth, 2019; Aris et al., 2019a,b; Brix
et al.,, 2020; Deardorff et al., 2021).

Puberty is a time of psychological and biological transition from
childhood to adulthood, which normally starts at ages 9—I4years in
boys and at ages 8—13 years in girls (Sun et al., 2002). While excessive
childhood adiposity is a well-known risk factor for earlier onset of
puberty (Reinehr and Roth, 2019), less attention has been paid to the
role of other risk factors beyond adiposity, such as cesarean delivery.
Clarifying the extent to which cesarean delivery may contribute to
earlier pubertal development in offspring will be of paramount impor-
tance, given the high frequency of cesarean delivery worldwide
(Gibbons et dl., 2010; Boerma et al., 2018) and that an earlier pubertal
onset has been associated with an increased chronic disease risk later
in life, including type 2 diabetes, cardiovascular disease, and cancer
(Widen et al.,, 2012; Berentzen et al., 2017; Cheng et al., 2020).

To address these research gaps, we used data from a pre-birth co-
hort in eastern MA, USA, to examine associations of cesarean delivery

with offspring pubertal developmental markers. We hypothesized that
birth by cesarean delivery would be associated with earlier pubertal
development in both boys and girls.

Materials and methods

Study population

Project Viva is an ongoing study of pre- and perinatal influences on
maternal, fetal and child health (Oken et al, 2015). Briefly, we
approached 4102 women for participation and recruited 2670
pregnant women during their first prenatal appointment between April
1999 and November 2002 from obstetric practices at Atrius Harvard
Vanguard Medical Associates in eastern MA. After recruitment we
found 329 women to be ineligible (i.e. 115 moved out of the study
area, |9 had multiple gestations, and 195 had stillbirths or miscar-
riages), leaving 2341 eligible enrollees, of whom 2128 were still en-
rolled at the time of delivery and had live births. Mothers provided
written informed consent at enroliment and follow-up visits, and chil-
dren provided verbal assent at the mid-childhood and early adolescent
visits. The Institutional Review Board of Harvard Pilgrim Health Care
approved the project in line with ethical standards established by the
Declaration of Helsinki. Of 2128 live singleton births, 2090 (98%)
had data on mode of delivery. We further limited this analysis to
1485 (70%) children with at least one measure of pubertal develop-
ment (Fig. 1).

Exposure: mode of delivery

We obtained information about mode of delivery from electronic hos-
pital records. For each participant who had a cesarean delivery
recorded on electronic birth logs, we reviewed the operative report
to confirm cesarean delivery and to abstract the primary indication for
operative delivery and the timing of cesarean delivery in relation to on-
set of labor. Using this information, we divided cesarean deliveries into
cesarean delivery preceded by spontaneous labor, cesarean delivery
preceded by induced labor, and cesarean deliveries not preceded by
labor. We also defined an unplanned cesarean delivery as a delivery in
which the operative report described a failed induction of labor, pro-
longed latent phase, prolonged active phase, arrest of dilation, ‘failure
to progress’, arrest of descent in the second stage or failed operative
vaginal delivery, ‘non-reassuring fetal heart rate tracing’, non-reassuring
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2,128 live singleton births

v

2,090 with data on

mode of delivery

h 4

38 with missing exposure data

h 4

605 with missing pubertal outcomes,
beginning from the mid-childhood visit

the mid-childhood visit

1,240 with age at peak height velocity
1,407 with pubertal score

1,281 with Tanner pubic hair staging

1,485 with data on =1 pubertal outcome, beginning from

647 with data on menarcheal status (girls only)

h 4

— 870 with age at peak height velocity
958 with pubertal score
934 with Tanner pubic hair staging

958 with data on =1 pubertal outcome and no missing covariates

— 469 with reported data on menarcheal status (girls only)

Figure I. Flowchart of sample in a study of association of mode of delivery with offspring pubertal development.

testing prompting immediate cesarean delivery, cord prolapse or
abruption (Huh et al., 2012). We defined planned cesarean deliveries
as those for which participants did not undergo a trial of labor (elective
repeat cesarean without trial of labor, malpresentation, placenta pre-
via, suspected macrosomia, maternal request, or other indication pre-
cluding trial of labor).

Primary outcome: age at peak height
velocity

At in-person research visits during early childhood (median 3.2 years;
range 2.8-6.0), mid-childhood (7.8 years; 6.6—10.9), and early adoles-
cence (12.9years; [1.9-16.7), trained research assistants measured
standing height to the nearest 0. cm using a wooden stadiometer
(Shorr Productions, Olney, MD, USA). We also obtained additional
data on height from medical records, where pediatricians recorded
height at routine clinic visits (i.e. well-child visits at which healthcare
providers would monitor growth and development and make recom-
mendations to parents for optimal child health (Committee on
Practice and Ambulatory Medicine and Bright Futures Periodicity
Schedule Workgroup, 2015)). Supplementary Fig. S| describes the dis-
tribution of the number of height measurements according to the
method of ascertainment (i.e. research visits (n =281 | measurements)
versus medical records (n= 12 259 measurements)).

Linear growth typically accelerates during puberty due to activation
of the hypothalamic—pituitary axis (Breehl and Caban, 2021) and the
timing of the pubertal growth spurt (i.e. age at peak height velocity

[APHV]) can be used as an objective marker of pubertal timing. We
estimated APHV using longitudinal height data from both research vis-
its and medical records [mean (range) = 12 (3—45) height measure-
ments per child; age range = 2.5-18.3 years]. We fit subject-specific
height growth curves using the SITAR (Superimposition by Translation
And Rotation) growth model (Cole et al., 2010). Briefly, SITAR uses a
shape-invariant natural cubic spline curve and a nonlinear random-
effects model to estimate a population average height growth curve
for the entire sample and each subject’s deviation from the population
average curve as random effects. We identified the optimal model us-
ing the Bayesian information criterion. We estimated APHV for each
child by differentiating the individually predicted height curves and lo-
cating the maximum inflection point during adolescence for each indi-
vidually differentiated curve, where the derivative equals to zero. We
fitted these models with the SITAR package in R v.4.0.2 (R Core
Team, Vienna, Austria).

Secondary outcomes: child- and parent-
reported pubertal development markers

Pubic hair staging

Between the ages 10 and |6years, as well as at the early adolescent
visit (median 12.9years; interquartile range 12.5-13.8), we obtained
self-reported pubic hair staging in boys and girls through questionnaires
using Tanner’s criteria for stage of maturation (Stages [1-5) with
descriptions accompanied by pictographs (Marshall and Tanner, 1969,
1970). Supplementary Fig. S2 provides a spaghetti plot visualization of
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Tanner pubic hair staging across all visits according to mode of deliv-
ery. We considered Tanner Stage > | (i.e. Stage 2 or higher) as puber-
tal onset in accordance with previous studies (Kubo et al., 2018;
Aghaee et dal., 2019).

Puberty score

We evaluated pubertal development via a widely used and validated
written pubertal development scale (PDS) (Petersen et al., 1988) filled
out by parents at the mid-childhood visit (median 7.8 years; range 6.6—
10.9) and the early adolescent visit (median 12.9 years; range |1.9—
16.7), and from questionnaires distributed between ages 8 and
|6 years. Prior studies (Mensah et al., 2013) have utilized the PDS at a
similar early age (~8years), thus validating its use during mid-
childhood in our study. A recent study (Koopman-Verhoeff et al.,
2020) showed moderate to high agreement between self- and parent-
reported PDS (Kendall's Tau 0.67-0.76). Moreover, the PDS has been
moderately correlated with physician breast Tanner staging in girls
(Brooks-Gunn et al., 1987) and pubic hair staging in boys (Schmitz
et al., 2004). PDS questions for boys include four items: voice deepen-
ing, facial and body hair growth, acne, and growth spurt. PDS ques-
tions for girls include five items: breast development, body hair
growth, acne, growth spurt and menarche. The response options for
each item (except for menarche) were: ‘not yet started’ (I point),
‘barely started’ (2 points), ‘definitely started’ (3 points), ‘seems com-
plete’ (4 points) and ‘| don’t know’ (coded as missing). A ‘yes’ answer
on the menarche question receives 4 points, while a ‘no’ answer
receives | point. Supplementary Tables Sl and Sl describe the distribu-
tion of responses for each of these items across study visits. We de-
rived a continuous puberty score ranging from | to 4 for each
participant, by summing the point values and averaging across all items.
Supplementary Fig. S3 provides a spaghetti plot visualization of the pu-
berty score across all visits according to mode of delivery. We then di-
chotomized the variable as pre-pubertal (puberty score= 1) versus
pubertal (puberty score> |) in accordance with a previous study
(Perng et al., 2018).

Age at menarche

We obtained data on age at menarche from a series of parent-
reported questionnaires that were distributed approximately annually
between the ages of 9 and |6years, and at the early adolescent visit
(median 12.9 years; interquartile range 12.5—13.8). Briefly, mothers in-
dicated whether their daughters had attained their first menstrual pe-
riod (yes or no) and the month and year of its occurrence.

Covariates

Mothers reported their age, pre-pregnancy weight, height, race/ethnic-
ity, smoking history, age at first menstrual period, highest education
level, household income, and father’s weight and height via question-
naires and interviews at recruitment in early pregnancy. Trained re-
search assistants asked mothers the question: ‘Which of the following
best describes your race or ethnicity?”. Mothers had a choice of one or
more of the following racial/ethnic groups: Hispanic or Latina; white
or Caucasian; Black or African American; Asian or Pacific Islander;
American Indian or Alaskan Native; and other (please specify). For
participants who chose ‘other’ race/ethnicity, we compared the speci-
fied responses to the US census definition for the other five race and
ethnicities and reclassified them where appropriate. If a participant

chose more than one racial/ethnic group, we classified them in the
‘other’ category. Owing to the small sample size, we combined moth-
ers whose race/ethnicity were Other or more than one race/ethnicity
into a single category. We categorized education as having obtained a
college degree (yes or no), household income as <$70 000/year or
>$70 000/year, and smoking history as never smoked, smoked be-
fore pregnancy, or smoked during pregnancy. We calculated pre-
pregnancy BMI as self-reported pre-pregnancy weight divided by height
squared. We used the last prenatal weight (within 4 weeks of delivery)
recorded in prenatal care records and self-reported pre-pregnancy
weight to calculate total gestational weight gain. We obtained results
of a 2-stage clinical glycemic screening and used them to categorize
women as having gestational diabetes (GDM) based on criteria previ-
ously detailed (Gingras et al., 2018). We also extracted data on parity
(categorized as nulliparous versus multiparous) as well as vital signs,
laboratory results, and diagnoses of hypertensive disorders of preg-
nancy from outpatient and hospital medical records to identify women
as having pre-eclampsia.

We extracted data on infant sex and birthweight from hospital med-
ical records. We calculated length of gestation in days by subtracting
the date of the last menstrual period (LMP) from the date of delivery.
We used the result from the second trimester ultrasound estimate of
gestational duration if it differed from the LMP estimate by more than
|0 days. We calculated birthweight-for-gestational-age z-scores from a
US national reference (Oken et al., 2003). We used weight and height
data from research visits during mid-childhood to calculate offspring
BMI and derived age- and sex-specific BMI z-scores using the World
Health Organization Child Growth Standards (de Onis et al., 2007).

Statistical analysis

We decided a priori to conduct all analyses separately in boys and girls,
given the known sex differences in pubertal development (Fechner,
2002). In our primary analyses, we used mode of delivery as a two-
category variable: cesarean or vaginal delivery. In secondary analyses,
we used data on timing and type of labor in relation to delivery and
on planning of cesarean delivery to define mode of delivery as a three-
category variable (planned cesarean without trial of labor; unplanned
cesarean following spontaneous or induced labor; and vaginal delivery).

We used multivariable linear regression models to estimate mean
differences in APHV by delivery mode. As we had collected Tanner
pubic hair stage, puberty score and menarche data on an annual basis,
we used parametric maximum-likelihood survival models to estimate
associations of delivery mode with time to attain pubic hair Stage >,
puberty score > | and menarche, respectively. However, we do not
know the exact age at which a child attained Stage >1| of pubic hair
development or puberty score > |. Rather, we know what pubic hair
stage or puberty score was reported at the time each questionnaire
was completed, leading to interval censoring (Christensen et al., 2010;
Brix et al., 2019a,b,c). Thus, we used parametric survival analysis for
interval-censored data to estimate associations of delivery mode with
time to attain Tanner pubic hair Stage > and time to attain puberty
score> |. We considered the data left-censored if the event (i.e.
Tanner pubic hair Stage > 1| or puberty score > |) was attained by the
first questionnaire, interval-censored if the event was attained some-
time between two questionnaires and right-censored if the event was
not attained by the early adolescent study visit.
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For all analyses, we applied the following models: Model | adjusted
for gestational age at delivery and birthweight-for-gestational-age z-
score; Model 2 adjusted for the same covariates as Model | as well as
mother’s age at enroliment, educational level, household income, par-
ity, race/ethnicity, smoking history, pregnancy conditions (i.e. GDM
and pre-eclampsia), total gestational weight gain, height, and pre-
pregnancy BMI; Model 3 adjusted for the same covariates as Model 2
as well as maternal age at menarche; Model 4 adjusted for the same
covariates as Model 3 as well as paternal height and BMI. To examine
whether these associations could be explained by differences in pre-
pubertal weight, we further adjusted our analyses for BMI z-score in
mid-childhood. We used chained equation multiple imputation to im-
pute values for missing covariates. We generated 50 imputed datasets
for all 2128 Project Viva children. The imputation model included all
exposures, outcomes, and covariates under study. We combined im-
puted datasets using MI ESTIMATE in Stata after excluding those who
did not satisfy the inclusion criteria for this study, i.e. children without
any pubertal outcomes (n = 605). We conducted a series of sensitivity
analyses to assess the robustness of our study findings by: repeating all
analyses in subjects without missing exposure or covariate data
(n=958; Fig. 1); conducting inverse probability of censoring weighting
analyses to control for selection bias (Hernan et al., 2004) owing to
loss to follow-up, i.e. children without pubertal outcome data begin-
ning from the mid-childhood visit; repeating all analyses in children
without macrosomia as well as children whose mothers did not expe-
rience GDM or pre-eclampsia (n=737). We performed all analyses
using Stata 16.1 software (StataCorp LP, TX, USA).

Results

In this study, 23.2% of children were born by cesarean delivery, similar
to that in MA as a whole (23.8%) and USA (22.9%) for the year 2000
(Osterman and Martin, 2014). Women who delivered by cesarean
section (all cesarean deliveries, planned or unplanned cesarean)
were shorter, had higher pre-pregnancy BMI, and had an earlier
age at menarche. Children bom by cesarean delivery (all cesarean
deliveries, planned or unplanned cesarean) had higher BMI z-score in
mid-childhood than those born by vaginal delivery (Table | and
Supplementary Table SlIl). No other maternal, paternal, or child
characteristics substantially differed by mode of delivery.

As expected, girls had an earlier APHV (I1.2 versus 13.1 years), had
higher pubertal score throughout childhood and in early adolescence,
and were more likely to attain puberty score >| and Tanner pubic
hair Stage > | earlier compared to boys (Supplementary Tables S| and
SIl). Mean (SD) age at menarche was 12.4 (1.0) years among girls who
achieved menarche by their last menarcheal status report (n=>558;
86.2%). As expected, in both boys and girls, APHV showed moderate
negative correlations with puberty score and Tanner pubic hair stage,
while puberty score showed moderate positive correlations with
Tanner pubic hair stage (Supplementary Figs S4 and S5). In girls, age at
menarche was positively correlated with APHV and negatively corre-
lated with puberty score and Tanner pubic hair stage (Supplementary
Fig. S5). At ages |0—16years, parent-reported body hair growth was
moderately and positively correlated with child-reported Tanner pubic
hair stage in boys (I0y: r=0.46; |ly: r=0.55; 12y: r=0.69; 14y:
r=0.40; I5y: r=0.22; 16y: r=0.37, Supplementary Fig. S6). Similar

observations were noted in girls (10y: r=0.61; Ily: r=0.76; |12y:
r=0.74; 14y: r=0.65; 15y: r=0.30; 16y: r=0.34, Supplementary
Fig. S7). In both boys and girls, APHV was negatively correlated with
parent-reported growth spurt (Supplementary Figs S8 and S9).

Associations of delivery mode with
pubertal development in boys

After adjusting for maternal, paternal, and child confounders, boys
born by cesarean delivery had significantly earlier APHV (B
—0.23 years; 95% Cl —0.40, —0.05) and higher risk of earlier attain-
ment of puberty score > | (hazard ratio 1.09; 95% CI 1.01, 1.19) than
boys born by vaginal delivery. Similarly, planned (no labor) cesarean
delivery and unplanned (labor) cesarean delivery were both associated
with earlier APHV and higher risk of earlier attainment of puberty
score > | (Fig. 2, Model 2). These associations remained significant af-
ter additionally adjusting for maternal age at menarche (Fig. 2, Model
3), and paternal height and BMI (Fig. 2, Model 4). The associations of
cesarean delivery with APHV (B —O0.18years; 95% CI —0.35, 0.00)
and time to attain puberty score > | (hazard ratio 1.09; 95% CI 1.00,
|.18) were attenuated slightly after adjusting for BMI z-score in mid-
childhood. No associations were observed between delivery mode
and time to attain Tanner pubic hair Stage >1 (Fig. 2).

Associations of delivery mode with
pubertal development in girls

After adjusting for maternal, paternal and child confounders, we ob-
served no significant association of cesarean versus vaginal delivery
with APHV (B 0.04 years; 95% Cl —0.15, 0.22), time to attain puberty
score> | (hazard ratio 0.94; 95% ClI 0.85, 1.04), time to attain
Tanner pubic hair stage >1| (hazard ratio 0.94; 95% Cl 0.82, 1.08) and
time to menarche (hazard ratio 1.10; 95% Cl 0.82, 1.49). We also ob-
served no associations with pubertal outcomes in those born by
planned (no labor) or unplanned (labor) cesarean delivery (Fig. 3).

Sensitivity analyses

In boys, our covariate complete case analyses, inverse probability of
censoring weighting analyses, as well as analyses excluding those with
macrosomia, GDM, or pre-eclampsia, showed no appreciable changes
from our main analyses for the outcomes of APHV, time to attain pu-
bic hair Stage >1, and time to attain puberty score > |. However, our
covariate complete case analyses and exclusion analyses showed that
girls born by cesarean delivery had a higher risk of earlier menarche
(Supplementary Tables SIV and SV).

Discussion

In this study, we observed sex-specific associations of mode of delivery
with offspring pubertal development. Compared with boys born by
vaginal delivery, those born by cesarean delivery had earlier pubertal
development evidenced by an earlier APHV in early adolescence and
higher risk of earlier attainment of puberty score > |. These associa-
tions, however, were not seen in the main analyses in girls. We also
observed similar associations in boys born by planned (no labor) cesar-
ean delivery or unplanned (labor) cesarean delivery. Although we have
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Table I Characteristics of study sample according to mode of delivery.

Vaginal

n =736 (76.8%)

Cesarean
n =222 (23.2%)

Maternal characteristics
Age at enrollment (years)
Race/ethnicity
White
Black
Hispanic
Asian
Other/More than | race or ethnicity
College graduate
Household income >$70 000/year
Smoking history
Never
Before pregnancy
During pregnancy
Height (m)
Pre-pregnancy BMI (kg/ mz)
Total gestational weight gain (kg)
Nulliparous
Gestational diabetes
Pre-eclampsia
Age at menarche (years)
Paternal characteristics
Height (m)
BMI (kg/m?)
Child characteristics
Male sex
Gestational age at delivery (weeks)
Birthweight-for-gestational-age z-score (SD units)
Mid-childhood BMI z-score (SD units)
Child pubertal development markers
Number of visits/questionnaires from which information on puberty was collected
Age at peak height velocity (years)
No. of serial height measures obtained
Puberty score at the mid-childhood visit (units)
Puberty score at 8 years (units)
Puberty score at 9 years (units)
Puberty score at 10 years (units)
Puberty score at | | years (units)
Puberty score at the early adolescent visit (units)
Puberty score at 14 years (units)
Puberty score at 15 years (units)
Puberty score at |6 years (units)
Pubic hair stage > | at 10years
Pubic hair stage > | at | | years
Pubic hair stage > | at the early adolescent visit
Pubic hair stage > | at |4 years
Pubic hair stage > | at |5years
Pubic hair stage > | at |6 years

Age at menarche—girls only (years)

Mean (SD) or %

32,6 (4.7) 332 (44)
76.1 67.6
10.6 14.4
5.6 7.7
5.0 4.9
2.7 5.4
753 76.6
66.4 60.8
70.5 72.1
20.8 19.4
8.7 8.6

1.66 (0.07) 1.64 (0.07)

24.4 (4.8) 26.0 (6.2)

15.6 (5.1) 158 (5.7)
47.8 527
4.6 5.4
2.7 5.0

12.8 (1.5) 12.6 (1.5)

1.79 (0.08) 1.80 (0.08)

26.3 (3.9) 26.8 (4.0)
49.7 549

39.6 (1.5) 39.6 (1.6)

0.18 (0.91) 0.31(1.0)

0.49 (1.10) 0.79 (1.18)
5(2) 6(2)

12.2 (1.3) 2.1 (1.3)

13.4 (6.2) 13.4(6.9)

I.1(0.4) I.1(0.4)
1.3(0.4) 1.3(0.4)
1.3(0.4) 1.4 (0.4)
1.5(0.5) 1.6 (0.5)
1.7 (0.6) 1.8 (0.7)
2.6 (0.8) 2.6 (0.8)
3.0(0.6) 3.1 (0.6)
3.3(0.5) 3.3(0.5)
3.5(0.4) 3.5(0.4)
44.7 532
74.1 773
96.7 96.4
99.2 98.7
99.7 100.0
100.0 100.0
12.4 (0.9) 12.3 (0.8)

0.69
0.12
0.89

0.002
<0.001
0.51
0.20
0.63
0.10
0.03

0.14
0.07

0.17

0.84

0.08
0.002

0.44
0.20
0.87
0.99
0.41
0.23
0.05
0.02
0.51
0.35
0.59
0.89
0.05
0.46
0.85
0.67
0.60

0.13

2P-value calculated using one-way ANOVA (for continuous variables) and chi-square tests (for categorical variables).
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Figure 2. Multiple imputation analyses for the association of mode of delivery with pubertal outcomes in boys. Model |: adjusted
for gestational age at delivery and birthweight-for-gestational-age z-score. Model 2: Model | + mother’s age at enrollment, educational level, house-
hold income, race/ethnicity, smoking history, parity, gestational diabetes, pre-eclampsia, total gestational weight gain, height, and pre-pregnancy BMI.
Model 3: Model 2 + maternal age at menarche. Model 4: Model 3 + paternal height and BMI.

no clear biological explanation for this observation, the findings are
consistent with our previous report that showed the association of ce-
sarean delivery with offspring BMI z-score persisted regardless of the
type of labor (Mueller et dl., 2021).

Increasing evidence has shown that children born by cesarean may
experience higher rates of adverse health outcomes later in life, includ-
ing type | (Cardwell et al., 2008) and type 2 diabetes (Chavarro et dl.,
2020), allergies and asthma (Thavagnanam et al., 2008; Abrahamsson
et al., 2014), multiple sclerosis (Nielsen et al., 2013), chronic immune
disorders (Sevelsted et al., 2015), and obesity (Huh et al., 2012; Yuan
et al., 2016; Martin-Calvo et al., 2020; Mueller et al., 2021). To date, it
remains unknown whether cesarean delivery is predictive of offspring
pubertal development, an important question given that puberty is a
period of significant maturation of reproductive functions, and that an
earlier pubertal onset is linked with increased chronic disease risk in
adulthood, including type 2 diabetes, cardiovascular disease, and can-
cer (Widen et al.,, 2012; Berentzen et al., 2017; Cheng et al., 2020).
Recent studies have identified other early life risk factors for earlier pu-
bertal development such as maternal pre-pregnancy obesity (Aris
et al, 2019a; Brix et al., 2019a), maternal smoking during pregnancy
(Hakonsen et al., 2013; Brix et al., 2019c), gestational diabetes (Kubo

et al, 2018), hypertensive disorders of pregnancy (Lunddorf et al.,
2020), lower placental weight z-score (Ernst et al.,, 2021), and small-
for-gestational-age (Hvidt et al., 2019). Our study thus makes an im-
portant contribution to the extant literature by providing the first evi-
dence of a prospective relationship between cesarean delivery and
earlier pubertal development, independently of the aforementioned
risk factors. The clinical relevance of an altered APHV or earlier
attainment of puberty score > | should be explored further. Past stud-
ies have shown that a |-year change in APHV is linked to hormonal
changes associated with cancer risk (Sandhu et al, 2006) and
cardiovascular disease mortality in adulthood (Imai et al., 2013). Our
observed differences in APHV of ~0.3 years when born by cesarean
delivery may potentially have similar, albeit smaller, health
consequences.

We have previously shown that cesarean delivery is associated with
higher childhood BMI z-score (Huh et al, 2012; Mueller et al., 2021)
and that excess pre-pubertal child weight is a strong risk factor for ear-
lier pubertal development (Aris et al, 2019b). We further explored
pathways from cesarean delivery to offspring pubertal development in
boys through pre-pubertal BMI, and found evidence of a direct effect

that is not largely mediated by pre-pubertal BMI. This finding is
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Figure 3. Multiple imputation analyses for the association of mode of delivery with pubertal outcomes in girls. Model |: adjusted
for gestational age at delivery and birthweight-for-gestational-age z-score. Model 2: Model | + mother’s age at enrollment, educational level, house-
hold income, race/ethnicity, smoking history, parity, gestational diabetes, pre-eclampsia, total gestational weight gain, height, and pre-pregnancy BMI.
Model 3: Model 2 4 maternal age at menarche. Model 4: Model 3 + paternal height and BMI.

consistent with our previous work showing that maternal pre-
pregnancy obesity—a strong risk factor for cesarean delivery (Chu
et al., 2007)—was associated with earlier pubertal development only
in boys, independently of pre-pubertal BMI (Aris et al, 2019a). We
speculate that the observed adiposity-independent effects of cesarean
delivery on pubertal development in boys might be due to the fact the
relation of adiposity with timing of puberty is stronger and more con-
sistent for girls than for boys (Li et al., 2017; Aris et al., 2019b; Brix
et al., 2020).

Taken together, our findings provide support for cesarean delivery
as a potential indicator of identifying children who are likely to experi-
ence earlier pubertal development in adolescence. We further specu-
late that cesarean delivery may exert ‘programming’ effects on
pubertal development in male offspring, perhaps through exposure to
sex hormone alterations. Pubertal onset is typically driven by an in-
crease in the pulsatile secretion of GnRH which stimulates the release
of FSH and LH and in turn, triggering production of testosterone (in
boys) and estradiol (in girls) (Bordini and Rosenfield, 201 1). It is possi-
ble that testosterone production from the testis in boys is more sensi-
tive to early life exposures, such as cesarean delivery, as compared
with sex steroid production in girls that are adrenal or ovarian in origin

(Buck Louis et al., 2008). It is also possible that cesarean delivery may
exert programming effects on pubertal development through epige-
netic alterations and/or gut microbiota changes. Cesarean delivery has
been shown to be associated with an accelerated epigenetic age
(Khouja et al., 2018), which in turn, has been independently linked
with earlier pubertal development (Suarez et al., 2018). A recent ani-
mal experiment has also shown that cesarean-born mice not only
gained more body mass after weaning, but also lacked the dynamic de-
velopmental gut microbiota changes observed in control mice
(Martinez et al., 2017). Further studies are clearly warranted to eluci-
date these mechanisms. Moreover, since to our knowledge, this is the
first report of an association between cesarean delivery and timing of
puberty, it is also especially important that this relation is examined in
independent study populations.

Strengths of our study include its prospective study design, long-
term follow-up, and wide range of covariates (including mothers’ age
at menarche) obtained by highly trained staff using standardized proto-
cols. Further, most of the existing research on pubertal development
has only focused on age at menarche in girls, leaving important gaps in
the understanding of the determinants of pubertal development in
boys, and on the development and progression of secondary sexual
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characteristics (such as pubic hair development) in both boys and girls.
Our study directly addresses this research gap by utilizing multiple indi-
cators of pubertal development in both boys and girls. Our study also
benefits from the use of repeated height measures from early child-
hood to late adolescence to estimate APHV as a measure of pubertal
timing in boys and girls, which has been shown to be a reliable and ob-
jective indicator of pubertal development (Granados et al., 2015).

Our study has several limitations. First, we used child-reported
measures of pubic hair staging and parent-reported measures of pu-
bertal score, which may be more prone to error and misclassification
than information collected by trained observers or physicians during
clinical examinations. Although clinical assessment of pubertal develop-
ment is considered the gold standard, it is still dependent on observer
training and experience (Chavarro et al., 2017). Further, a recent re-
view of pubertal assessment methods suggested low acceptability of
clinical examination in a research setting (Walker et al., 2020). By using
parent- and child-reported information on pubertal development, we
were able to conduct a larger population-based study examining the
relationship between cesarean delivery and pubertal development, al-
beit at the cost of some measurement error. Moreover, in large
population-based studies, self-assessment of secondary sexual charac-
teristics (including pubic hair development) performs similarly well to
assessments by trained physicians when both are compared against
objective biomarkers of pubertal development (Chavarro et dl., 2017),
suggesting that the cost in terms of measurement error may be minor.
Additionally, our findings were consistent across different pubertal indi-
cators (e.g. APHV and puberty score in boys) further suggesting the
reliability of the reported measures. Second, we had distributed the
first questionnaire for self-reported Tanner pubic hair stage at a rela-
tively late age (~10years), resulting in a moderate proportion of chil-
dren (~43% boys and ~50% girls) who had already attained Tanner
stage >|. Third, it is possible that our findings may be the result of
events leading to cesarean delivery and not cesarean delivery itself (i.e.
confounding by indication). However, we do not think that there is ex-
tensive confounding by indication in our study, as the most common
indications for cesarean delivery in the USA are failure to progress and
non-reassuring fetal heart tracing (Boyle et al., 2013), neither of which
are known risk factors for pubertal development. We also observed
no substantial difference in pubertal development outcomes for chil-
dren born by planned or unplanned cesarean delivery, further support-
ing the argument against confounding by indication. Moreover, our
analyses have adjusted for several maternal characteristics (e.g. GDM,
pre-eclampsia, maternal pre-pregnancy BMI) which are established risk
factors for pregnancy complications that, in turn, are relative indica-
tions for cesarean delivery. Further, our sensitivity analyses excluding
children with these characteristics showed no appreciable changes
from the main findings. Fourth, we excluded 30% of children from the
original cohort without data on mode of delivery or pubertal develop-
ment markers. Differences between those included and lost to follow-
up might have led to some selection bias, but we adjusted for this to a
certain degree by conducting inverse probability of censoring weighting
analyses, which showed no appreciable changes from our main find-
ings. Lastly, our findings may also not be generalizable to populations
from different settings, because all participants lived in Eastern MA,
USA, were well educated, and had health care coverage.

Conclusion

Our findings suggest that cesarean delivery is significantly associated
with earlier pubertal development in boys. More importantly, these
observations provide support for cesarean delivery as a potential indi-
cator of identifying children who are likely to experience earlier puber-
tal development in adolescence. While these findings are intriguing, it
is imperative that this question is addressed in independent studies to
confirm or refute these observations, given the scarcity of data on this
topic and its potential public health impact.
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