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Part 1: Maternal factors & the determinants of menarche:
A review of the literature

Introduction:

Over the past several decades there has been a downward trend in the average age
at menarche among girls in the United States and other developed nations.1-3 Girls are
going through puberty earlier and reaching menarche at younger ages.!-3 Some recent
research has focused on whether a correlation exists between low birth weight, early infant
growth patterns, and the timing of menarche.*¢ Other research has focused on the
relationship between childhood overweight and obesity and menarcheal age.”-10 Few
studies, however, have examined whether a direct association exists between maternal
factors, including maternal BMI and gestational weight gain, and the timing of menarche in
offspring.

In a 2009 paper, Keim and colleagues used data from the Collaborative Perinatal
Project (1959-66) to assess the association between maternal pre-pregnancy body mass
index (BMI) and daughters’ age at menarche. They found that daughters of obese mothers
had an increased risk of experiencing early menarche (less than 12 years) compared to
daughters of normal weight or underweight mothers, after adjusting for several potential
mediating factors.!l No other studies have confirmed this association. Furthermore, there is
evidence that low birth weight and small size at birth are connected to the subsequent
timing of menarche.12-14 These findings provide support to the idea that intrauterine
exposures and growth patterns may lead to fetal programming of future endocrine,
metabolic, and reproductive pathways. However, until this year, there was no study that
examined whether gestational weight gain - a potentially modifiable variable - may have
its own independent relationship with daughters’ age at menarche. In 2011, Boynton-
Jarrett and colleagues published the first study questioning whether this correlation
existed. They found a U-shaped association between gestational weight gain and early
menarche: excessively high (>401lbs) and low (<10lbs) weight gain during pregnancy were
both associated with a higher risk of early menarche in daughters.!> Additional research is
needed to confirm these findings, and to assess whether they differ by race/ethnicity.

The downstream significance of age at menarche has been studied extensively, with
several studies linking early menarcheal age to poor health outcomes, including breast
cancer, cardiovascular disease, glucose intolerance, and obesity.16-20 Early menarche has
also been associated with higher rates of depression and anxiety as well as engagement in
risky behaviors during adolescence.?1-23 Given the current trends in declining age at
menarche, and recent research shedding light on the important role of perinatal factors in
the timing of menarche, further investigation into potentially mediating pathways is
warranted.

The first part of this paper will review secular trends in the timing of menarche,
racial disparities, and the importance of studying menarche as a health outcome, including
some of the methodological challenges. The second part will examine the intricate,



sequential relationship between maternal weight, gestational weight gain, the perinatal
environment, child birth weight, infant growth patterns, and childhood BMI as they relate
to the timing of menarche in girls. More specifically, this paper will posit whether there
may be an independent association between maternal BMI and gestational weight gain and
daughters’ age at menarche. I will also discuss why, in examining this hypothesized
association, it is crucial to explore potentially strong mediators of this relationship,
including birth weight and childhood weight.

Menarche & puberty physiology:

Menarche, defined as the first menstrual bleeding in girls, is a central event in
female pubertal development.24* Menarche is a relatively late marker of puberty. It occurs
on average 2 to 3 years after the onset of puberty, with earlier events of puberty defined by
the development secondary sexual characteristics, including breast tissue and alveolar
development and pubic hair growth. The beginning of puberty is stimulated by a steady
increase in gonadotropic hormone secretion from the pituitary, traditionally beginning
around the 8t year of life, and menarche is an event triggered by continued positive
feedback to the hypothalamic-pituitary-gonadal (HPG) axis.2> Other endocrine hormones,
including growth hormone and insulin, are also known to play a role in the activation of
menarche, though the entirety of the physiologic pathways of menarche is not fully known.
The onset of menarche is also associated with the degree of skeletal maturation in girls.2¢
Since height is frequently used as a marker of bone growth in children, there is evidence
that childhood height is inversely associated with age at menarche.26 27

Since its discovery in 1994, the hormone leptin has also been studied for its role in
the onset and progression of puberty. Leptin is produced primarily from adipocytes, and
serum leptin concentrations are strongly associated with overall body fat.24# Serum leptin
concentrations have also been shown to increase with pubertal development in girls.28 2° [t
is believed that leptin plays a significant role in the maturation of the gonadotropin-
releasing hormone pulsatile secretions that lead to the beginning of menses.2*

Menarche sets a hormonal tone for a woman’s life, and marks an important
transition from childhood to early womanhood. Despite the fact that most women are not
consistently ovulatory in the immediate period following menarche (and many women are
not regularly ovulatory for 2-5 years after menarche),3? it is nonetheless seen as a
milestone marking the beginning of reproductive life, and thus represents a significant
juncture in the female life course.

Early menarche & health outcomes:

Age at menarche has been shown to play a critical role not only during female
adolescence, but also as a marker of health risks in adulthood. Girls who experience
menarche at a younger age have a longer lifetime exposure to estrogens, and are thought to
be at an elevated risk for estrogen-mediated cancers, such as breast and ovarian cancer.1®
17,31-35 [n one study, women with an age at menarche of 11 years or younger had a
significantly higher risk (OR=1.33, 95% CI 1.06-1.67) of developing breast cancer



compared to women with an age at menarche between 12 and 16 years (OR=1.0, 95% CI
0.87-1.15) and nearly twice the risk compared to women with an age at menarche at 17

years or older (OR=0.74, 95% CI 0.54-1.03).33 Other studies have had similar findings.31.32.
34

There also appears to be a connection between pre-menarcheal adiposity,
menarcheal timing, and long-term cardiovascular health. Some studies have found a direct
association between earlier menarche and adverse cardiovascular and metabolic
outcomes,19 20.36,37 while others have found the relationship to be entirely mediated by
either pre-menarcheal and/or adulthood body mass index.18 38 For example, in a
population-based prospective study that included 15,807 women, Lakshman and
colleagues found that women who had experienced early menarche (<12 years) had a
higher risk of hypertension [OR=1.13, 95% CI 1.02-1.24], a higher incidence of
cardiovascular disease [OR=1.17,95% CI 1.07-1.27], coronary heart disease [OR=1.23,95%
CI 1.06-1.43], all-cause mortality [OR=1.22,95% CI 1.07-1.39], cardiovascular disease
mortality [OR=1.28,95% CI 1.02-1.62], and cancer mortality [OR=1.25,95% CI 1.03-1.51],
all after adjusting for age, physical activity, smoking, alcohol, education, occupational social
class, oral contraceptive use, hormone replacement therapy, parity, BMI, and waist
circumference.l® Similarly, Jacobsen et al examined the linear relationship between age at
menarche and mortality outcomes. They found that a one-year delay in menarche was
associated with 4.5% lower total mortality (95% CI 2.3-6.7), 6.0% lower ischemic heart
disease mortality (95% CI 1.2-10.6), and 8.6% lower stroke mortality.20

Additionally, research on the adolescent psychological and psychosocial impact of
pubertal and menarcheal timing has revealed important relationships between early
menarche and a higher prevalence of anxiety, depression, and engagement in risky
behaviors.21-23.39.40 Harlow and colleagues found an increasing rate of depression with
decreasing age of menarche: girls with a menarcheal age < 10 years were 2.4 times more
likely to have depression that girls with an age at menarche between 12 and 13 years. The
likelihood of depression continued to decline with increasing age at menarche.#? Deardorff
et al. examined the association between early puberty, alcohol use, and first pregnancy.
They found that girls who attain menarche at an earlier age are more likely to initiate
alcohol and cigarette use at an earlier age, and to have a younger age at first sexual
intercourse. In turn, both alcohol use and age of sexual initiation played a role in predicting
the timing of first pregnancy.?3

The association between early menarche and diverse poor health outcomes
highlights the importance of age at menarche as a marker of health and development and
substantiates concern for the downward trend in age at menarche observed.

Secular trends & racial disparities in menarcheal timing:
The average age at menarche has been decreasing in girls throughout the world

since the mid-1800s. Declines during the first half of the 20t century were largely
attributed to improved nutritional status of the population. Between 1900 and 1945



Wyshak and Frisch documented a downward trend in age at menarche of about 3 months
per decade in Western nations; a trend that correlated closely with a more rapid gain in
body weight during the same time frame.*! In the 1960s, the average age at menarche
reached somewhat of a plateau. However, over the past few decades, studies have again
documented a slow downward trend in age of menarche among girls in the United States
and other developed nations.1-3 42
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Mean menarcheal age of girls as measured in the National Health Examination
Survey (1963-1970) and the Third National Health and Nutrition Examination Survey
(NHANES III) (1988-1994) dropped from 12.75 years to 12.54 years between the two
surveys.*? Between NHANES IIl and NHANES 1999-2002, the average age at menarche
dropped an additional 2.3 months to 12.34 months.3

There are also well-documented racial differences in the onset of menarche in
girls.26.42-45 Among white girls, the average age of menarche fell from an average of 12.80
years during the National Health Examination Survey (1963-1970) to 12.60 years during
the NHANES III (1988-1994). For black girls between the same period, the average age of
menarche dropped from 12.48 years to 12.14 years.*2 While a higher relative BMI z-score
was associated with an earlier age of menarche in both racial groups, black girls still had a
younger average menarcheal age compared to white girls after controlling for relative
weight. Ten percent of non-Hispanic black girls, Mexican American and non-Hispanic white
girls reached menarche at age 10.52, 10.81 and 11.32 years, respectively. The median age
of menarche was 12.06 for non-Hispanic black girls, compared to 12.25 for Mexican



American girls and 12.55 for non-Hispanic white girls.#* More recently, one study found
that 46% of black girls had attained menarche before age 12, compared to 26% of white
girls.43

Socioeconomic status, environmental exposures, genetic factors, and body
composition have all been considered in explaining these racial disparities. These factors
and their role in menarche will be discussed in the following section. There is also some
evidence that there may be racial differences in leptin levels, which, as mentioned above,
have been shown to play a role in the onset of menarche. In one study, Wong et al. found
that a group of normal-weight African American girls had higher serum leptin compared to
Caucasian girls (11.2ng/mL+6.4 versus 7.4+3.4ng/mL, p<0.02) after adjusting for sexual
maturity and fat mass, among other covariates.2?

The explanation for racial differences in menarche is likely multifactorial, and not
fully known. Nonetheless, consideration of these differences is important when studying
the trends and implications of age at menarche.

What influences age at menarche?

The age at which menarche occurs may be influenced by a complex interplay of
genetic, biological, and environmental factors. Several of these factors have been
considered as possible explanations for the downward trend in menarcheal age, including
socioeconomic factors and changes in the general health of the population, endocrine
system conditions or alterations, environmental exposures to toxins, pesticides, or
exogenous hormones, and, perhaps most significantly, rising rates of overweight and
obesity among all ages of the population. While this paper will focus on the role of maternal
and child weight in menarcheal timing, a brief review of other proposed determinants is
important to illustrate the complex, multifactorial nature of this topic.

Environmental exposures & menarche:

Some recent studies have found a positive association between organochlorine
pollutants exposures during childhood and an earlier age at menarche. In a 2005 study of
Chinese textile workers, aged 20-34 years, Ouyang and colleagues found that exposure to
dichlorodiphenyl trichloroethane (DDT) - a known endocrine disruptor - was associated
with a decreased age at menarche. Compared to women with the lowest quartile of serum
DDT, women with the highest quartile of serum DDT had a mean age at menarche 1.11
years earlier.#¢ In another study, Vasiliu et al. found that in utero exposure to
dichlorophenyldichloroethylene (DDE), a metabolite of DDT with a much longer half-life,
was associated with a reduced age at menarche. An increase in DDE exposure of 15ug was
associated with a 1 year decease in age at menarche.*” Polybrominated biphenyls (PBBs)
have also been connected to earlier menarche.*8

Other studies have not been conclusive or have yielded mixed findings.*% >0 For
example, in a 2006 study Axmon found no significant association between persistent



organochlorine pollutants (POPs), including DDE, and menarcheal timing.>! Nonetheless, an
expert panel that reviewed the existing literature on endocrine-disrupting chemicals and
pubertal timing concluded that existing data does support a possible connection between
the two, and recommended further etiologic research to isolate the chemicals, their
physiologic mechanisms, and the most vulnerable times of exposure as they affect the
timing of puberty.4?

Genetic and hereditary components of menarche:

There is a relatively well-established role for genetic and hereditary determinants of
menarcheal timing. Several studies provide evidence of a direct association between
maternal age at menarche and daughters’ age at menarche; a correlation frequently
ranging between r=0.20-0.3052 53 Other studies have shown concordance of age at
menarche between both monozygotic and dizygotic twins.5% 5>

In one meta-analysis of 32 genome-wide association studies to identify loci for age
at menarche, 32 common variants or single nucleotide polymorphisms associated with age
at menarche were found.>¢ Among these loci, four were also associated with body mass
index, three were in or near genes associated with energy homeostasis, and three were in
or near genes implicated in hormonal regulation. >6

Father absence & other psychosocial factors

Belsky and colleagues developed an evolutionary theory of socialization based on a
developmental pathway aimed at promoting “reproductive success.”>7 Belsky’s model
argues that certain psychosocial stressors and influences - particularly the home and
parental environment - can significantly affect the timing of pubertal onset. For example,
the theory postulates that children lacking a stable home life - such as an absent father -
may reach menarche earlier, thus establishing reproductive viability at a younger age in
preparation for an unstable adult life not conducive to long-term partnering and mating.>”
58 An opposing model to Belsky’s argues that early menarche and its relationship to father
absence is rooted in genetic, rather than psychosocial, variance. Comings et al. suggest that
a variant X-linked androgen receptor, which may predispose fathers to behaviors including
family abandonment, may also be found in their daughters, and may be a cause of early and
precocious puberty.>® Yet another viewpoint argues that menarche is pheromonally-driven.
Matchock and Susman postulate that putative human pheromones can alter the timing of
menarche as an anti-inbreeding strategy. They assert that preventing inbreeding is critical
to the survival and reproduction of healthy genes, and thus reproductive physiology may
be modulated by family composition and the presence or absence of certain figures.®0

Regardless of the pathway by which it occurs, studies have linked early menarche to
both father absence and to disordered paternal behavior in the home.58 61-64 One study, for
example, found that younger sisters from disrupted families who were exposed to serious
paternal dysfunction in early childhood reached menarche on average 11 months earlier
than their older sisters or other comparison group younger sisters from disrupted families
who were not exposed to paternal dysfunction.t? While there are a few studies that failed



to find support for this relationship,®> 66 the majority of research has confirmed the
association between father absence and early menarche, and it remains an active area of
continued research.

Methodological challenges of studying menarche:

Given its long-term clinical and health relevance, menarche has been studied widely,
both as a predictor of various health outcomes, and an outcome of various health
exposures. In puberty research, menarche is a commonly used outcome because it is a
single event that can be assessed directly via recall with relatively good accuracy, as
opposed to other markers of puberty, such as breast and pubic hair development or
hormonal measures, which are best evaluated in a clinical setting by trained professionals.
There are certain methodological challenges to the study of menarche, however, which
warrant discussion.

Documenting menarcheal age typically consists of asking girls in different age
groups and/or their parents whether or not they have had their first menses, and if so, at
what age. Some studies use only year at menarche, while others use year and month at
menarche. When possible, supplemental medical chart reviews or other collected data may
help ensure accuracy of recall. Most studies utilize a retrospective measurement of age at
menarche via recall by study participants. While recall has been shown to be a valid and
relatively reliable method, a longer time between event and recall and various biases -
including socioeconomic or cultural biases — may contribute to a loss of accuracy.67-70 In
one study, 66.1% of participants with a shorter recall interval (mean = 323 days) were able
to recall the exact month and year of their first menses, compared to 44.8% of participants
with a longer recall interval (mean=649 days).6” Cooper et al. studied the validity of age at
menarche recall later in adulthood using data from a prospective cohort study. 43.6% of
women recalled exactly the same age at menarche at age 48 as they did at their medical
examination at age 14-15. However, 20.6% of women recalled their age at menarche to be
one year older, and 21.0% recalled it to be one year younger when asked at middle age.”®
While this indicates that there was no strong bias to younger or older reporting, it still
challenges the validity of using age at menarche from self-reported data in middle aged
women.

An established, standard definition of “early menarche” is lacking in the current
literature. Some studies have used percentile distributions for defining menarcheal age
categories, with early menarche characterized by the lowest 25% of girls within a given
distribution. Other studies have defined a specific age, before which menarche is classified
as early onset. Based on recent trends and national data, the majority of studies examining
age at menarche as a categorical outcome define early menarche as occurring before age
12. Along these lines, it’s important to consider that significant racial differences exist in
the average age of onset, as discussed above.

The lack of a standard classification of early menarche may in part be due to the
downward trend in the average age of onset over several decades. In 1969, Marshall and
Tanner defined variations in the patterns of normal pubertal development in girls.”* The



Tanner staging system remains the standard tool for measuring pubertal development in
research and clinical practice today. While the average age of puberty onset may be
decreasing, it's important to differentiate early puberty and early menarche from
precocious puberty, as signs of precocious puberty indicate that a possible pathologic cause
of puberty development should be explored. In most studies, the attainment of pubertal
milestones is normally distributed within a standard deviation of approximately one
year.’2 Abnormal or precocious puberty is defined as children who enter puberty more
than 2.5 to 3 standard deviations earlier than the median or mean age.”? Based on this
definition, precocious puberty in girls is typically characterized as secondary sexual
development before the age of 8; however, this remains a somewhat contentious topic of
debate, as some recent research suggests that puberty onset before this age is becoming
more normative. In one recent study, Biro et al found that breast maturation at age 7 was at
Tanner stage =2 in 14.9% of Hispanic girls, 23.4% of black girls, and 10.4% of non-Hispanic
white girls.”® The percentage of white girls with Tanner stage =2 breast development at
ages 7 and 8 had increased most significantly compared to data from girls who had been
born 10-30 years earlier.”3 For menarche specifically, based on current research an age at
menarche younger than 8 is likely to be considered abnormal or precocious puberty.
Nonetheless, the results of recent studies such as Biro et al. support the need to continue
re-examining current definitions of precocious versus early puberty.

Determinants of age at menarche: birth weight & early childhood growth

There has been extensive research looking at the factors that contribute to the
timing of menarche in girls, and several of these factors have been discussed above.
Recently, there have been a number of studies examining low birth weight, early childhood
growth patterns, and increased childhood BMI as potentially significant predictors of early
menarche. While there has been some inconsistency in the literature, the majority of
studies have found positive associations between these variables and an earlier onset of
menarche. Given that birth weight and early growth patterns are largely determined in
utero, it's noteworthy to contextualize the evidence on birth weight and menarche with a
discussion of the intrauterine environment and its associations with long-term health
outcomes.

The intrauterine environment:

In the 1980s and 1990s David Barker and his colleagues examined the role of early
life experiences and cardiovascular outcomes in adulthood. The results of their research
led to the development of Barker’s fetal origins hypothesis, which postulates that
environmental insults - including undernutrition - during critical periods of intrauterine
growth and development may have a long-term influence on the risk of adult disease,
particularly cardiovascular health outcomes.>3. 74 According to Barker’s theory - also
known as the thrifty phenotype - in utero metabolic adaptations may occur that “program”
the future structure and function of various organs, tissues, and body systems. The theory
behind this idea was that in the setting of poor nutritional conditions, in utero adaptations
would prepare the developing fetus to survive in a low-resource environment. However,



while protective to the fetus and often helpful in recovering weight in early infancy that
was not obtained in the nutritionally restricted uterine environment, these same
mechanisms lead to increased susceptibility to chronic disease later in life.”>

Barker, Cooper and colleagues conducted one of the first studies that looked for an
association between birth weight and menarcheal age among a cohort of British girls. In a
study published in 1996, they found a positive relationship between birth weight and age
at menarche: girls in the highest fifth of birth weight distribution were 2.2 months older at
menarche than those in the lowest fifth.10 While this association did not quite reach
statistical significance (p=0.07), when examined as a trend along with child weight at age 7,
the youngest age at menarche was observed among girls with low birth weight who
became heavier at 7 years and the oldest age at menarche was among girls with a higher
birth weight who were lighter at 7 years (p<0.001).10 That is, a faster growth trajectory
from weight at birth to weight at age 7 years was predictive of younger age at menarche.

Since Cooper et al.’s study, the correlation between low birth weight, increased early
infant postnatal weight gain, and an earlier age at menarche has been confirmed by several
studies.#6 13,1476 A Jow weight and/or length for a given gestational age are typically
defined as below the third percentile or at least two standard deviations below an
established standard. “Small for gestational age” infants (SGA) fall below the 10t percentile
in birth weight, length, or head circumference for their gestational age. SGA status is often,
but not exclusively, the result of intrauterine growth restriction (IUGR), which will be
discussed further. Approximately 85-90% of newborns with a birth weight or length that
classifies them as SGA will display significant “catch-up growth” within the first 12-18
months of life.”” Periods of more rapid gain in the first year of life have subsequently been
correlated with both increased body mass index during childhood, and an earlier age at
menarche.> * For example, Ong and colleagues found that girls with earlier menarche had
a slightly lower birth weight compared to girls with normal or late menarche, but that this
relationship was mediated by a faster rate of growth between ages 0 and 2 months, and
then again between 2 and 9 months.5 Faster weight gain in infancy was also associated with
increased body fat mass relative to lean mass at age 10 years.

Using data from a birth cohort in the Philippines, Adair examined the relationship
between birth weight, birth length, and gestational age at birth to menarcheal timing. There
was no direct relationship between birth weight and age at menarche, but a significant
relationship did exist when birth length was considered. Girls who were long (>49cm) and
light (<3kg) at birth experienced menarche earlier (mean age 12.8 years) than girls who
were short and light (mean age 13.3 years).”8 The effect of thinness at birth was then
explored within the context of early postnatal growth. Results showed that faster growth
increments in the first year of life were associated with earlier menarche, and this effect
was most exaggerated among girls who were light and lean at birth.”8 Tam and colleagues
had similar findings in a 2006 study.!3

The physiologic pathways that influence early childhood growth are not completely
understood. It’s known that early childhood growth is strongly influenced by insulin and
insulin-like growth factor I (IGF-I), as well as by levels of growth hormone (GH). Rapid



early weight gain in infancy is associated with higher levels of insulin-like growth factor
later in childhood. In one study comparing adiposity and insulin resistance in SGA infants
who had experienced rapid postnatal growth, children born SGA had a similar body
composition but were more insulin resistant at age 2 compared to children born with a
normal birth weight.”? They also had lower serum IGF-I levels and a lower total neutrophil
count. Furthermore, between ages 2 and 4, the SGA children gained more abdominal fat
and adiposity and less lean body mass compared to AGA children.”® It’s believed that the
decreased neutrophil count - and overall decreased leukocyte count - occurs
concomitantly with increasing insulin resistance as well as other markers of chronic
inflammation.”®

Early growth patterns are also strongly regulated by nutrition. Infants born at a low
birth weight may have larger appetites, as some infant feeding studies have shown, and
there are also differences in energy density and growth patterns based on formula (more
energy dense) versus breast-fed babies.* Additionally, as previously discussed, there has
been some attention to the role of leptin in patterns of early growth and pubertal
progression.80 81 In one study, levels of leptin measured in cord blood were inversely
related to early infant weight gain between 0 and 4 months, and accounted for 9.4% of the
variance in infant weight gain.80 It is believed that low levels of leptin reflect decreased
adiposity at birth, and account for or contribute to the subsequent rapid weight gain.

In their 1996 paper, Cooper and colleagues speculate that the pattern of
gonadotropin release, which, as discussed above, acts as a trigger for the onset of
menarche, may be programmed in utero.1 Since pulsatile discharges of gonadotropin
releasing hormone occurs during infancy, then again at the time of puberty, the correlation
between birth weight and menarcheal timing may be mediated by alterations in the
patterns of GnRH secretion as a result of hormonal or nutritional influences on growth
during certain critical periods of intrauterine life.10

Childhood weight & age at menarche

While the physiologic mechanisms of early growth patterns may not be fully
elucidated, there is a clear linkage between growth patterns in early life and later adiposity
in childhood. Similarly, several studies have shown a positive inverse relationship between
increased childhood BMI and an earlier age at menarche.’-10.42 [n 1970, Frisch and Revelle
demonstrated that the age at which menarche occurs in normal girls was correlated with
the attainment of a certain “critical weight” in girls. The Frisch-Revelle hypothesis
postulated that menarche is associated with a decline in metabolic rate and the
achievement of a characteristic body composition of 47.8 kilograms, or approximately 105
pounds. In their study, they found that while mean height at menarche increased with a
later menarcheal age, mean weight at menarche remained stable, leading them to propose
that there was a direct correlation between body weight and menarche.82 83

While a number of studies have challenged the precise stipulations of the Frisch-

Revelle hypothesis,3* 8> several recent studies support the correlation of increased body
mass index during childhood and an earlier onset of menarche.® 26 86 Freedman and

10



colleagues found that the rate of early menarche (defined as <11.0 years) among girls in the
75t percentile for weight was 1.95 times (95% CI 1.6-2.3) that of girls in the 25t
percentile of weight.26 Wang et al. compared the prevalence of overweight and obesity
among early maturers and non-early maturers. After adjusting for energy intake, physical
activity, and SES markers, 34.4% and 15.6% of early maturing girls were overweight and
obese, respectively, compared to 23.2% and 8.1% of non-early maturers.’® While several
studies have looked at child’s weight near the onset of puberty (~ages 6-8), there is also
evidence that earlier weight status can affect the timing of menarche. Lee et al. found a
consistently positive association between higher BMI z-score at 36 months and higher rate
of change of BMI between 36 months and grade 1 and earlier puberty, based on Tanner
staging of breast development and onset of menarche.8”

Given the alarmingly high and increasing rates of overweight and obesity among
children in the United States, the positive relationship between child weight and
menarcheal age creates an obvious cause for concern.

Maternal pre-pregnancy BMI & gestational weight gain:

While a body of research has focused on child growth factors and the timing of
puberty, fewer studies have examined whether there may be intergenerational and in-
utero influences on menarcheal age. There is a well-documented correlation between
maternal age at menarche and daughters’ age at menarche.88-0 There is also evidence that
some early childhood growth patterns may be predicted or influenced by maternal-uterine
factors during pregnancy, including maternal smoking, alcohol use, and parity.% 91,92
Correspondingly, these variables have also been shown to play a role in the timing of
menarche in daughters.?-%4 Maternal weight - both pre-pregnancy BMI and weight gain
during pregnancy - also play a role in child perinatal and postnatal growth, and have been
shown to be predictors of child overweight and obesity.?> Given what is known about these
relationships, it is reasonable to theorize that they could affect the timing of menarche as
well. What is not known with certainty is whether they have direct, independent
relationships with the timing of menarche, or whether an observed effect is fully mediated
by infant and/or child growth patterns and weight.

Maternal pre-pregnancy BMI:

Rates of overweight and obesity among women of child-bearing age have increased
dramatically over the past 2-3 decades.?® NHANES data from 2003-2004 showed that
59.7% of non-pregnant women between ages 20-39 were overweight, obese, or extremely
obese.”” Moreover, significant racial disparities exist. In 2003-2004, 52.0% of non-Hispanic
white women between age 20-39 were overweight, obese, or extremely obese, compared to
89.4% of non-Hispanic black women and 77.9% of Mexican-American women.®’ Lower SES
was also a risk factor for overweight and obesity.?¢ In general, women are beginning
pregnancy at higher BMIs, and some evidence shows that women with a higher pregravid
weight are more likely to gain excessive weight during pregnancy.”®
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Both low (<19.8) and high (>26.1) pregravid BMI have been associated with poor
birth outcomes. Low pre-pregnancy BMI is correlated with a risk of intrauterine growth
retardation and pre-term birth.?8-101 As discussed above, intrauterine growth retardation
(IUGR) is the primary cause of children born small-for-gestational-age (SGA), and the vast
majority of these children will display rapid “catch-up growth” in the first 1-1.5 years of
life.”” Catch-up growth, subsequently, has been linked directly to early menarche. High pre-
gravid BM], on the other hand, has been associated with gestational diabetes and large-for-
gestational-age (LGA) babies, among several other adverse pregnancy outcomes, including
pre-eclampsia, birth defects, and cesarean sections.?®

The 2009 study by Keim and colleagues was the first to explore whether a
connection existed between maternal pre-pregnancy BMI and daughters’ age at menarche.
They found no significantly increased odds of earlier menarche (<12 years or 12-13 years)
among daughters of overweight (BMI=25.0-29.9) mothers compared to daughters of
normal or underweight mothers (BMI<25.0). However, daughters of obese mothers
(BMI=30.0) had an increased odds of early menarche (<12 years; OR=3.3) compared to
daughters of normal or underweight mothers.!! Obesity in motherhood was independently
associated with early menarche; as the relationship was not attenuated after adjusting for
childhood BMI or other potentially mediating covariates, including socioeconomic status,
parity, and maternal age at menarche.11

Gestational weight gain:

Studies have clearly linked excess maternal weight gain during pregnancy with
increased BMI or obesity in offspring,> 102-105 jn some cases independent of maternal
BMI.106 There is evidence that women with a higher pre-pregnancy BMI are more likely to
gain excess weight during pregnancy compared with women with a low or normal pre-
pregnancy BMI.197 Other studies, however, have found that women who were overweight
or obese were more likely to lose weight during pregnancy compared to women with a
normal BMI. While gestational weight loss among obese women is associated with a
decreased risk of large-for-gestational-age infants, it has been shown to slightly increase
the risk of small-for-gestational-age infants, which may partly explain the increased risk of
childhood and adulthood obesity.198 109 Both low and high gestational weight gain have also
been associated with an increased risk of low and high crude birth weights, respectively, as
well as SGA and LGA.110.111 [n examining weight outcomes in the offspring, Stuebe and
colleagues found that, compared to the daughters of women with a gestational weight gain
of 15-19 pounds, daughters of women with a low weight gain of <10lbs had a significantly
increased risk of obesity both at age 18 (OR=1.54, 95% CI 1.02-2.34) and later in adulthood
(OR=1.27,95% CI 1.05-1.53).105 At the same time, excess gestational weight gain >40lbs
was associated with an even greater obesity risk at age 18 (OR=1.81, 95% CI 1.22-2.69) and
later in adulthood (OR=1.74, 95% CI 1.48-2.04).195 The results remained significant after
adjusting for maternal pre-pregnancy BM], child birth weight, and other covariates.

In the setting of the obesity epidemic, and specifically to address findings regarding
the important role of gestational weight gain, in 2009 the Institute of Medicine established
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new guidelines for recommended gestational weight gain, taking into account maternal
pre-pregnancy BMI.

NEW RECOMMENDATIONS FOR TOTAL AND RATE OF WEIGHT GAIN DURING
PREGNANCY, BY PREPREGNANCY BMI

) Rates of Weight Gain*
Prepregnancy | gy (kgm | Totel Weight | 14 and 3rd Trimester
BMI Gain (Ibs)
(Ibs/week)
Underweight 1
<185 28-40 (1-13)
Normal weight 1
18.5-24.9 25-35 (0.8-1)
Overweight 0.6
25.0-29.9 15-25 (05-07)
Obese (includes all 0.5
classes) 230.0 11-20 (0.4-0.6)

Source: Institute of Medicine, Weight Gain During Pregnancy: Re-examining the Guidelines
http://www.iom.edu/Reports/2009 /Weight-Gain-During-Pregnancy-Reexamining-the-Guidelines.aspx.

Accessed June 17, 2011

To date, few if any observational studies have assessed the efficacy of these new
guidelines, but compared to the 1990 guidelines, the new recommendations provide a
more narrow range for weight gain for women who begin their pregnancy with a BMI that
classifies them as obese. The guidelines are aimed at lowering both the short- and long-
term risks to mother and baby that are associated with excessively high (as well as low)
gestational weight gain.

Given the evidence linking gestational weight gain to both child and adult
overweight and obesity, and the research linking childhood weight to age at menarche, its
reasonable to hypothesize that excess gestational weight gain - and perhaps inadequate
gestational weight gain as well - may be associated with the timing of menarche in
daughters. However, its unclear whether this relationship would be fully mediated by child
weight at various stages, or whether there may be other contributing mechanisms - such as
in utero experiences and exposures - that could play a role in the timing of menarche in
offspring. Boynton-Jarrett et al. published the first large-cohort study examining the
relationship between gestational weight gain and daughters’ age at menarche, using data
from 32,218 women in the Nurses’ Health Study II. As mentioned above, they found that
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women whose mothers had gained less than 10 pounds or greater than 40 pounds during
pregnancy were more likely to experience early menarche (<11 years), compared with
women whose mothers had gained between 20-291bs during pregnancy.!> After adjusting
for maternal pre-pregnancy weight, childhood body size at age 5, and other covariates,
odds ratios were 1.31 (95% CI 1.05-1.62) and 1.27 (95% CI 1.06-1.56) for gestational
weight gains of <10lbs and >40lbs, respectively.1>

In contrast, a 2008 study by Terry et al. looking at birth weight, postnatal growth,
and age at menarche reported that gestational weight gain did not alter an observed
association between early childhood growth rates and age at menarche.112 Therefore, there
remains a need to confirm (or refute) the findings in Boynton-Jarrett et al.’s paper.
Furthermore, no studies have examined racial differences in the relationship between
gestational weight gain and daughters’ age at menarche.

Proposed research:

The mechanisms by which gestational weight gain and the intrauterine environment
may act to “program” the future development, structure, and physiology of various systems
remain incompletely understood, but an active and important area of research. In this
realm, menarche should be studied not as a single event, but rather as part of a life course
perspective on women'’s health, and as a critical period that is intertwined with both early
life exposures and later health outcomes.

The literature reviewed in this paper has looked at the well-documented association
between child birth weight, rapid postnatal growth, childhood BMI, and the timing of
menarche. Building off of the work by Keim et al. - who looked at the association between
maternal pre-pregnancy BMI and daughters’ age at menarche - and Boyton-Jarrett et al. -
who examined the relationship between gestational weight gain and daughters’ age at
menarche - the proposed study will question whether maternal factors, specifically
maternal pre-pregnancy BMI and gestational weight gain, are directly correlated with the
timing of menarche in daughters. While Boynton-Jarrett et al. used raw gestational weight
gain as their predictor, this study will categorize gestational weight gain into inadequate,
recommended, and excessive, based on the 2009 IOM guidelines that consider maternal
pre-pregnancy BMI. Any racial disparities in outcomes will also be discussed. I hypothesize
that 1) maternal pre-pregnancy overweight and obesity will be associated with earlier
menarche in daughters, and 2) excessive (and possibly inadequate) gestational weight gain
will be associated with earlier menarche in daughters as well.

The objective of this research is to contribute to an understanding of factors
associated with early menarcheal age and its existing racial disparity. As girls undergo
puberty at younger ages, they experience hormonal and emotional changes that may
surpass the level of their cognitive development. Along with becoming fertile at a younger
age, they are also at a higher risk for poor health outcomes later in life, stressing the need
to understand the causes of early menarche.
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Ultimately, by helping to elucidate causal pathways that determine menarcheal age,
the proposed project can contribute to a growing and pertinent field of research that has
significant implications for women'’s health. Moreover, because maternal pre-pregnancy
weight and gestational weight gain are potentially modifiable, an opportunity may exist to
alter pathways that contribute to early menarche. Current and future findings may inform
policy recommendations, and interventions may be designed - such as individualized
counseling on gestational weight gain - that could have an effect on outcomes.
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Part 2: Maternal Pre-pregnancy BMI, Gestational Weight Gain,
and Age at Menarche in Daughters

Abstract:

Objectives: Low birth weight, rapid postnatal growth, and high childhood BMI are
associated with earlier menarche in girls. Associations between maternal pregnancy
experience and daughters’ age at menarche are less understood. In this study, we examine
whether maternal pre-pregnancy BMI and gestational weight gain are related to the timing
of menarche in daughters.

Methods: The sample includes 2,181 mother-daughter pairs from the 1979 National
Longitudinal Survey of Youth, a prospective cohort study. Survival analysis with Cox
proportional hazards was used to estimate whether maternal pre-pregnancy overweight
and obesity (BMI=25.0 kg/m?) and gestational weight gain adequacy (categorized as
inadequate, recommended, and excessive based on 2009 Institute of Medicine guidelines)
were associated with risk of earlier menarche among girls, controlling for important
covariates.

Results: Maternal pre-pregnancy overweight and obesity were associated with daughters’
earlier menarche (HR=1.20, 95% CI 1.05, 1.38). Excess gestational weight gain was not
associated with daughters’ age at menarche (HR=1.10, 95% CI 0.97, 1.25) in the adjusted
model, nor was inadequate gestational weight gain (HR=1.05, 95% CI 0.92, 1.19).
Consistent with past literature, earlier maternal age at menarche, Hispanic and black race,
and lower parental education were all associated with an increased risk of earlier
menarche in daughters.

Conclusions: Maternal pre-pregnancy overweight and obesity is associated with an earlier
menarcheal age in offspring. Further research is warranted to elucidate the pathways
through which this relationship may operate. Gestational weight gain adequacy was not
associated with menarcheal timing in this study after controlling for key covariates.
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Introduction:

Over the past several decades there has been a downward trend in the average age
at menarche among girls in the United States and other developed nations.1-* Girls enter
puberty earlier and reach menarche at younger ages than in the past.> Moreover, significant
racial disparities exist, with black girls tending to reach menarche significantly earlier than
non-Hispanic white girls.# ¢-2 Downstream health effects of early menarche have been
studied extensively and show that early menarcheal age is associated with a risk for a
number of deleterious outcomes across the life course, including breast cancer,
cardiovascular disease, glucose intolerance and obesity in adulthood, as well as higher
rates of depression and anxiety, and engagement in risky behaviors during adolescence.10-
19

Studies of the determinants of menarcheal timing reveal that a number of hereditary
and environmental factors likely influence the timing of puberty and first menstruation,
and emerging evidence suggests that early life factors may be particularly important.
Recent research has revealed a correlation between low birth weight, early infant growth
patterns, and the timing of menarche, while other studies have established a relationship
between childhood overweight and obesity and earlier menarcheal age.2%-25 Few studies,
however, have examined whether a direct association exists between maternal factors,
including maternal BMI and gestational weight gain, and the timing of menarche in
offspring.

In a 2009 paper using data from the Collaborative Perinatal Project (1959-1965),
Keim and colleagues found that daughters of obese mothers had an increased risk of
experiencing early menarche (less than 12 years) compared to daughters of normal weight
or underweight mothers.2¢ In 2011, Boynton-Jarrett and colleagues published the first
study examining the relationship between maternal gestational weight gain and daughters’
age at menarche using data from the Nurses’ Health Study.?” Results suggested a U-shaped
association between gestational weight gain (GWG) and early menarche, such that
excessively high (>401lbs) and low (<10lbs) weight gain during pregnancy were each
associated with a higher risk of early menarche in daughters.?” One potential biological
explanation for these findings is that intrauterine exposures and growth patterns may lead
to fetal programming of future endocrine, metabolic, and reproductive pathways. Given the
ethnic homogeneity in the Nurses’ Health Study, it remains unknown whether this
association differs across race/ethnicity. To address these gaps in the existent literature,
we used data from the 1979 National Longitudinal Survey of Youth to examine whether
maternal pre-pregnancy BMI and gestational weight gain are independently associated
with an earlier age at menarche in daughters.

Methods:
Participants
The National Longitudinal Survey of Youth 1979 (NLSY79) is an ongoing

prospective cohort study of a nationally representative sample of 12,686 men and women
born between 1957 and 1964.28 Participants were interviewed annually between 1979 and
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1994, and biennially thereafter. Offspring born to women in the original cohort have also
been surveyed biennially from 1986 to present as part of the NLSY Children and Young
Adult survey. The NLSY79 includes a diverse array of topics, ranging from workforce and
socioeconomic data to physical, mental, and reproductive health data. Since the data is de-
identified and publicly accessible, the UC Berkeley Committee for Protection of Human
Subjects waived the requirement for a formal review of this research.

We selected mother-daughter pairs and followed the daughters until 2008. We
excluded girls with an age of menarche before the age of 9 (n=23) and after the age of 16
(n=12), as menarche before and after these ages are more likely to be the result of
precocious puberty and delayed menarche due to an underlying pathology, respectively.?®
Race/ethnicity is categorized by the NLSY at baseline as black, Hispanic (includes all
Hispanics, regardless of race), and white and others, including all non-Hispanic, non-black
Asian, Pacific Islander, Native American, and other participants. White participants
comprise close to 90% of this subgroup. This study did not have sufficient numbers of non-
white individuals in this category to create separate categories of race/ethnicity beyond
black and Hispanic. Children’s race/ethnicity was based on mothers’ racial/ethnic category
at baseline.

Measures

The primary predictor variables in this study were maternal pre-pregnancy BMI and
gestational weight gain (GWG) adequacy. Maternal pre-pregnancy BMI (weight [kg] /height
[m?2]) was calculated based on self-reported pre-pregnancy weight for each gestation and
height reported in 1985. Women were categorized as underweight (BMI <18.5), normal
weight (BMI <18.5-24.9), and overweight and obese (BMI = 25.0).3% Descriptive analyses
showed that there was not sufficient sample size to examine overweight and obesity
separately, and sensitivity analyses (not shown) demonstrate that these two categories did
not substantially differ. Gestational weight gain in kilograms was calculated as women'’s
self-reported weight at delivery minus weight before delivery. We used an algorithm to
convert raw GWG to “gestational weight gain adequacy,” as described previously,3! to
reflect the 2009 Institute of Medicine (IOM) recommendations for maternal weight gain
based on pre-pregnancy BMI and week of gestation at delivery for inadequate,
recommended, and excessive GWG.32

The outcome of interest was daughter’s age at menarche. Age at menarche in
months was calculated using date of birth and reported year and month of first
menstruation, reported by mothers for girls under age 14 and self-reported beginning in
1994 for girls age 14 and older. Because this was a prospective cohort study, less than two
years of recall were required due to the study design of biennial surveys. Previous research
indicates that retrospective report of age at menarche is reliable, particularly when the
length of recall is short.33, 34

Based on the existing literature, we selected potential confounders to adjust for in
our multivariate analysis, including socioeconomic status (SES), daughter’s ethnicity,
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parity, maternal smoking during pregnancy (yes/no to smoking during 12 months before
birth of child), maternal age at menarche, and breastfeeding (yes/no). For SES, we included
the log parental income (reported at child’s birth) and maternal education level (at age 25).

Daughters’ birth weight was calculated based on plausible values for gestational age
between 22 and 44 weeks, as defined by Alexander et al.3> Daughters’ BMI at age 7 was
used to provide a measure of pre-pubertal weight status, given national averages for girls’
pubertal onset. BMI at age 6 or 8 was used if girls did not have weight and height
measurements at age 7, and BMI was converted to BMI age- and sex-specific percentiles
based on CDC definitions for children.3¢ Birth weight and pre-pubertal BMI have well-
documented associations with age at menarche 21-23 and might operate on the causal
pathway (mediators) between our exposure of interest and age at menarche.

Analysis

All analyses were performed using Stata version 10.0. Survey weights were used to
account for non-response bias and oversampling of black and Hispanic and low SES
populations.?8.37 We conducted preliminary bivariate analyses using the survey equivalent
of ANOVA with Stata survey mean commands and Adjusted Wald F test for continuous
variables to test for differences in maternal and daughter characteristics by age at
menarche category.3” We used survival analysis with Cox-proportional hazards to estimate
the association of maternal pre-pregnancy BMI and GWG on daughters’ age at menarche.
The first model adjusted for race/ethnicity, SES, maternal age at menarche, maternal
smoking during pregnancy, and whether the daughter was breastfeed. The second model
included these variables plus birth weight and daughter’s pre-pubertal BMI. Survival
analysis allowed us to examine time to daughters’ age at menarche, and to account for
censored data for girls between ages 9 and 16 who had yet to achieve menarche at the time
of their last interview. Hazard ratios can be interpreted similarly to a relative risk
estimate.3” For categorical exposures, the hazard ratio can be interpreted as the
instantaneous probability of menarche for girls with and without each exposure, adjusting
for covariates. The proportional hazards model assumes that this ratio of probabilities is
the same for any age, given that menarche has not yet occurred. For our primary exposures
- maternal pre-pregnancy BMI and GWG - “normal pre-pregnancy BMI” and
“recommended GWG” served as reference baselines in the model, respectively. To assess
for a different relationship between GWG and age at menarche by pre-pregnancy size or
race/ethnicity, we created interaction terms for pre-pregnancy BMI category and
continuous GWG, as well as for race categories and continuous GWG.

Results:

Our sample included 2,694 girls between the ages of 9 and 16 with menarche data
between the years 1988 and 2008. Of these, 2,328 girls had a documented age at menarche
and 366 girls had not yet attained menarche. Data were missing for one or more of the key
covariates for 513 girls, yielding a final sample that included 2,181 girls (1,919 with
menarche, 262 without menarche) with complete data for maternal pre-pregnancy BM],
gestational weight gain, and all covariates.

24



Table 1 displays mean characteristics of our analytic sample compared to the 513
girls who were excluded due to one or more missing covariates. There were statistically
significant differences for our two categorical predictor variables. Those excluded had
higher rates of pre-pregnancy underweight (16.6% vs. 7.4%) and lower rates of excess
gestational weight gain (33.7% vs. 43.4%), though there was no statistical difference
between the groups for average pre-pregnancy BMI and gestational weight gain in total
pounds. The difference in parity was also statistically significant: 3.0 average children
among those excluded compared to 2.9 for those in our sample.

Table 2 shows the distribution and bivariate tests of association of select variables
by four categories of daughters’ age at menarche (9-11, 12, 13, 14-17). Black and Hispanic
girls were significantly more likely to experience earlier menarche (<12 years) compared
to white girls: About 50% of black and Hispanic girls had at age of menarche between 9 and
11 years, compared to 38% of white girls. For all races, girls with earlier menarche were
more likely to have had a lower birth weight, a mom with younger age at menarche, a mom
with higher maternal pre-pregnancy BM], and a higher childhood pre-puberty BMI. Almost
half of women with an excessive GWG had a daughter with early menarche, compared to
about one third of women who gained within the recommended range. Approximately 60%
of women with a high pre-pregnancy BMI (>25) gained excess gestational weight,
compared to less than 40% of woman with a pre-pregnancy BMI<25 (data not shown).

Table 3 shows the results of our multivariate survival analysis. After controlling for
potential confounders, maternal pre-pregnancy overweight/obesity was associated with an
earlier age at menarche (HR=1.20, 95% CI 1.05, 1.38) but underweight pre-pregnancy BMI
was not associated (HR=0.94, 95% CI 0.80, 1.11). In unadjusted analyses (full model not
shown), excess GWG was significantly associated with lower age at menarche (HR=1.19,
95% CI 1.01, 1.25), which remained significant after adding in maternal age at menarche;
this association was no longer significant after including maternal pre-pregnancy BMI, and
remained non-significant in the fully adjusted model (HR=1.10,95% CI1 0.97, 1.25).
Inadequate gestational weight gain was not significant in the unadjusted model and
remained so in the adjusted model (HR=1.05,95% CI1 0.92, 1.19).

Of the covariates in the model, earlier maternal age at menarche, Hispanic ethnicity
and black race, and lower maternal education were all positively associated with an
increased risk of earlier menarche in daughters. Cross products between maternal pre-
pregnancy BMI and GWG and race and GWG did not detect any evidence of effect
modification.

To compare our findings to Boynton-Jarrett et al, we also tested the association of
continuous GWG, as well as 2 categories (GWG<10lb and GWG>40lb), but found no
significant results. Finally, we added daughters’ birth weight and pre-puberty BMI to our
model, which we had hypothesized as potential mediators. Hazard ratios for maternal pre-
pregnancy BMI (HR=1.20, 95% CI 1.04, 1.37) and excess gestational weight gain (HR=1.09,
95% CI 0.96, 1.23) were unchanged, suggesting no evidence that birth weight and pre-
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puberty BMI operated in the causal pathway between maternal weight and daughters’ age
at menarche.

Discussion:

In this racially diverse, nationally representative sample of women and children,
after adjusting for potential confounders, high maternal pre-pregnancy BMI was associated
with earlier age at menarche in daughters. In contrast, while unadjusted analyses
suggested that excessive GWG was associated with early menarche, the association was no
longer significant after adjusting for pre-pregnancy BMI and other covariates. Consistent
with prior work, we also found that earlier maternal age at menarche, black race and
Hispanic ethnicity, and lower maternal education were associated with earlier menarche in
daughters, but there was no evidence that associations between GWG and menarche were
different by BMI nor were associations different by BMI and race/ethnicity.

Using normal weight women as a reference, Keim et al. reported an association
between maternal pre-pregnancy obesity (BMI=30) and a risk of early menarche (<12)
(OR=3.3,95% CI=1.1, 10.0) after adjusting for socioeconomic index, maternal parity,
maternal age at menarche, and daughter’s race; however, they did not find an increased
odds of early menarche for daughters of overweight mothers (OR=1.10, 95% CI = 0.6,
2.1).26 In our study, we combined overweight and obese mothers to increase power. We
controlled for Keim et al.’s covariates, as well as smoking during pregnancy and
breastfeeding status, both of which have been shown to potentially influence menarcheal
timing and/or childhood growth patterns and pre-puberty weight status.38-40 We also had a
larger sample size (2,181 versus 597 for Keim). As in our study, Keim found that lower
birth weight (characterized by small-for-gestational age (SGA) status at birth) and higher
pre-puberty BMI (characterized by BMI-for-age z score at age 7) did not significantly
mediate the association between maternal pre-pregnancy BMI and daughter’s age at
menarche.

Mechanisms to explain the relationship between high pre-pregnancy BMI and
daughter’s early age at menarche are not understood. One possibility is that the
relationship operates through fetal size, whereby large-for-gestational age (LGA) infants
are more likely to become overweight girls, who in turn have an increased risk of earlier
menarche. Higher pre-pregnancy BMI has been associated with LGA babies;*! however, the
evidence from this study and Keim’s suggests that fetal size did not alter the relationship
between high pre-pregnancy and daughters’ age at menarche. In-utero may be important,
but are not yet understood. For example, since its discovery in 1994, the hormone leptin
has also been studied for its role in the onset and progression of puberty. Leptin is
produced primarily from adipocytes, and serum leptin concentrations are strongly
associated with overall body fat. Serum leptin concentrations have also been shown to
increase with pubertal development in girls, presumably through its role in the maturation
of the gonadotropin-releasing hormone pulsatile secretions that lead to the beginning of
menses.*2 43 Higher exposures to leptin in-utero could play a role in determining these
pathways, as well as exposure to other endocrine hormones, including insulin, insulin-like
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growth factor I (IGF-I), and growth hormone, which have been shown to influence early
childhood growth patterns.20. 44

Boynton-Jarrett et al, analyzed associations between maternal GWG and age at
menarche in 32,218 mother-daughter pairs the Nurses’ Health Study II, an ongoing
prospective cohort study started in 1989, and the Nurses’ Mothers’ Cohort Study, a survey
launched in 2001 of the study participants’ mothers. In contrast to our finding that GWG
was not associated with early menarche, they reported an increased odds of early
menarche for daughters of women whose GWG was <10lb (OR=1.31, 95% CI 1.05, 1.62),
and >401b (1.27,95% CI 1.06, 1.56).27 Our results may differ for several reasons. Their
sample was comprised of nurses and their mothers, who were primarily white, while our
sample is much more heterogeneous in terms of race/ethnicity. With more than 30,000
participants, their study had the statistical power to detect significant differences at the
extremes of GWG; while we attempted to examine those extremes, our sample size lacked
power. Nonetheless, our point estimates are much lower than theirs, suggesting that the
lack of association between GWG and age at menarche in our study is not simply due to low
power. Future studies in diverse populations with large samples and well-measured data
are needed to confirm the role of GWG and age of menarche. In this realm, menarche
should be studied not as a single event, but rather as part of a life course perspective on
women'’s health, and as a critical period that is intertwined with both early life exposures
and later health outcomes.

Our study had several limitations. The NLSY79 depends on self-reported data: age at
menarche for moms and daughters as well as all weight and height data were based on
recall. Self-reported data are subject to error,*> however, all girls or their mothers reported
age at menarche within 2 years of its onset, and self-report of menarche has been found to
be relatively good up to 30 years later.3* Missing data were also a potential concern; there
were few substantial differences in the characteristics of our sample compared to the girls
who were excluded from the analysis however our results may be limited to a population
with the characteristics to those analyzed. Our study also had notable strengths. The NLSY
is a diverse, large, nationally representative prospective sample that allowed us to consider
many relevant confounders, and our use of a ‘time to event’ model of survival analysis
provided the most appropriate methodological approach given that there were censored
observations in our sample, i.e. some girls had not yet undergone menarche. These
methods allowed us to avoid substantial sample selection bias by including girls who had
yet to reach menarche at the time of their last interview. Given the diversity of our sample,
we were also able to investigate whether the relationship between BMI and age at
menarche differed by race, and it did not.

In summary, high maternal BMI but not GWG was associated with earlier menarche
in this US sample. The downstream effects of early menarche are substantial; by helping to
elucidate pathways to menarcheal age, this study contributes findings with important
implications for women'’s health. Moreover, high maternal pre-pregnancy weight and
gestational weight gain, unlike genetics or maternal age at menarche, are potentially
modifiable,32 and thus opportunities may exist to alter pathways that contribute to early
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menarche. Our data suggest that a focus on normalizing maternal weight prior to
pregnancy may have an effect on the outcome of menarcheal timing in girls.
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Table 1: Participant characteristics of included sample vs. excluded for missing data

Sample Missing P-value
(n=2,181)
Race/ethnicity -- -- 0.06
Black 8.3% 10.7%
Hispanic 18.7% 20.6%
White + other 72.9% 68.6%
Average age at 12.3 12.5 0.08
menarche (years)
Average maternal age at 12.9 12.9 0.52
menarche
Average maternal pre- 23.2 22.7 0.21
pregnancy BMI
Maternal pre-pregnancy
BMI category
Underweight 7.4% 16.6% 0.00
(BMI<18.5)
Normal weight (BMI 68.5% 60.1%
=>18.5
& <25.0)
Overweight & obese 24.2% 23.3%
(BMI
=25.0)
Average birth weight 3288.6 3361.8 0.06
(grams)
Average pre-puberty 16.2 16.1 0.55
BMI among daughters
Gestational weight gain 31.3 30.2 0.30
- Total pounds
Gestational weight gain
category
Inadequate GWG 25.9% 36.3% 0.01
Recommended GWG 30.6% 30.0%
Excessive GWG 43.4% 33.7%
Log parental income 10.6 10.6 0.75
Maternal education 12.6 12.4 0.20
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(years)

Maternal smoking 34.0% 32.1% 0.55
during pregnancy!

Daughter breastfed? 52.2% 53.1% 0.76
Parity 2.9 3.0 0.02

Table 2: Participant characteristics by daughters’ age at menarche

9-11 12 13 14-17 P-
value
Race/ethnicity 41.2% 32.2% 18.8% 7.8% 0.00
Black 49.8% 28.9% 14.0% 7.3%
Hispanic 49.4% 31.9% 14.7% 4.0%
White + other 38.1% 33.1% 20.5% 8.3%
Average maternal age 12.7 13.0 13.3 13.5 0.00
at menarche (months)
Average maternal 239 23.2 221 22.0 0.00
pre-pregnancy BMI
Maternal pre-pregnancy
BMI category
Underweight 35.6% 30.5% 25.6% 8.3%
(BMI<18.5)
Normal weight (BMI 38.5% 32.2% 20.3% 9.0%
=>18.5 & <25.0)
Overweight (BMI 49.2% 32.4% 15.0% 3.4%
=25.0 & <30)
Obese (BMI =30.0) 53.6% 33.5% 7.2% 5.7%
Average birth weight 3238.8 3301.9 3383.1 3268.9 0.00
(grams)
Average pre-puberty 16.6 16.1 15.9 15.1 0.00
BMI among daughters
Gestational weight 31.3 31.0 31.5 321 0.85
gain - Total pounds
Gestational weight gain
category
Inadequate GWG 40.7% 31.4% 20.6% 7.3% 0.01
Recommended GWG 34.6% 36.9% 19.5% 9.0%
Excessive GWG 46.2% 29.4% 17.2% 7.2%
Parity 2.8 2.9 2.9 2.8 0.73

1 Number indicates percent of women who responded ‘yes’ to smoking within 12 months of delivering their

child

2 Number represents percent of women who indicated ‘yes’ when asked if their child was breastfed
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Table 3: Hazard ratios for menarche from survival analysis with Cox proportional

hazards

Hazard ratio p-value 95% confidence

interval

Maternal pre-pregnancy 0.94 0.490 (0.80,1.11)
BMI <18.5
(Underweight)
Maternal pre-pregnancy 1.20 0.008 (1.05, 1.38)
BMI >25.0 (Overweight
& obese)
Excessive gestational 1.10 0.129 (0.97, 1.25)
weight gain
Inadequate gestational 1.05 0.470 (0.92,1.19)
weight gain
Maternal age at 0.99 0.000 (0.98, 0.99)
menarche (months)
Hispanic 1.36 0.000 (1.19, 1.56)
Black 1.23 0.002 (1.07,1.40)
Log parental income 1.01 0.730 (0.94, 1.09)
Maternal education 0.97 0.040 (0.94, 0.99)
(years)
Maternal smoking 1.12 0.057 (1.00, 1.25)
during pregnancy
Daughter breastfed 0.93 0.157 (0.83,1.03)
(ves/no)
Parity 0.99 0.452 (0.95,1.03)
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