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Abstract

Irregular menstrual cycles due to anovulation are well-described in the first few years after
menarche, but the normal developmental trajectory from anovulatory to mature ovulatory cycles
during adolescence remains undefined. This paper presents our very limited understanding of this
final stage of female reproductive axis development and why additional research in this area is
critical to the health of women.

Long and irregular menstrual cycles are common in the first 1-2 years after menarche, but
the majority of girls settle into a regular pattern of cycles (24-38-day interval) by late
adolescence 1. The achievement of the mature ovulatory cycle of a fertile woman is arguably
one of the most critical milestones of adolescence, yet the physiological mechanisms
underlying this developmental transition are not well understood. This knowledge gap has
hampered our ability to distinguish abnormal (e.g. polycystic ovarian syndrome [PCOS])
from normal developmental trajectories. The observation that most adult women with
oligomenorrhea of unknown etiology report symptoms dating back to early adolescence 2:3
suggests further that the early post-menarchal period may represent a critical window when
preventative measures must be instituted to safeguard reproductive health in adulthood. The
purpose of this article is to review what little we do know about reproductive physiology in
the early post-menarchal years and to highlight major knowledge gaps to inform future
research into adolescent menstruation.

The early post-menarchal years: when do girls first achieve ovulatory
cycles?

There is a general consensus that in the first 1-2 gynecologic years, the majority of
menstrual cycles are anovulatory. The gynecologic age at which ovulatory cycles are first
achieved, however, is less clear. There is a small, and relatively old, body of literature on this
topic, and the estimates encompass a broad range of gynecologic ages (Fig 1) 4-16. This
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inconsistency stems from differences in the number of cycles monitored per individual and
potentially to differences in subject ethnicity, socio-economic status, body composition, and
average age at menarche 17. There are also significant differences in the sensitivity of the
methods used to identify ovulatory cycles:

(1) Cyclelength

Cycle lengths of 25-35 days strongly predict ovulation in adult women 18, but cycle length
is a poor marker of ovulation in adolescents 13.19.20,

(2) Basal body temperature (BBT) charting

BBT charting is an ovulation detection method that relies on the subtle increase in basal
(resting) body temperature that occurs in the presence of progesterone (P4). While simple
and non-invasive, it is an unreliable method to detect or confirm ovulation and is
recommended only in an adjunctive capacity (reviewed in 21). Bauman 22 reported that BBT
charting was only 22% accurate compared with serum hormone profiles, and this figure
dropped to <5% for ovulatory cycles with short luteal phase lengths. At least one early study
relied entirely on BBT to classify adolescent menstrual cycles 7.

(3) Progesterone (P4) measurements

Salivary P4 can be measured easily, but salivary hormone assays are known to suffer from
greater variability than serum or urine assays 1123, Our research group recently
demonstrated, for example, that in adolescent girls, salivary P4 does not correlate well with
serum P4 (at least by immunoassay), particularly at low levels (0-2 ng/mL)24. Measurement
of serum P4 or its primary urinary metabolite, pregnanediol (Pd), is one of the most sensitive
ovulation detection methods but timing is critical. In some studies, measurements were made
only during the first and third weeks of a menstrual cycle (as opposed to weekly), potentially
leading to mis-classification of long ovulatory cycles as anovulatory 25. In addition, previous
studies relied on biochemical criteria for ovulation from the adult literature 6111226 (¢ g
serum P4 > 3.7 ng/mL26), whereas we recently demonstrated that in adolescents, the
threshold P4 value indicative of ovulation is much lower, at 1.65 ng/mL 24, Thus, many
adolescent cycles previously classified as anovulatory may have instead been ovulatory with
luteal insufficiency. For an in-depth review of the first gynecologic year, please see the
recent paper by Gunn et al.2 in the December 2018 issue of JRAG.

One could argue that even those studies which employed the best methodology are no longer
relevant to today’s adolescent girl: the vast majority of studies were performed in Euro-
Caucasian girls with low or normal body weight and at a time (~ 30 years ago) when breast
development, and to a lesser extent, menarche, occurred at a significantly older age 28. Our
current understanding of the early post-menarchal period in contemporary adolescent girls
rests entirely on two observational studies that, while limited by relatively small sample
sizes, have the advantage of intensive monitoring. Zhang et al. 2 studied 7 healthy girls in
the New York City area with daily urine tests for LH, FSH, and estrogen and progesterone
metabolites (E1C and Pd-3-glucuronide [PdG], respectively) for up to 2 years after
menarche. Approximately 35% of cycles met biochemical criteria for ovulation, which the
group defined as a =3-SD rise in each hormone above a 5-day moving average as well as a
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PdG rise 1.0 ug/mg Cr based on similar algorithms validated in adult women. In these early
cycles, the luteal phase was short and/or PG output was significantly lower than in adult
women with ovulatory cycles (average PdG rise 5.1 pg/mg Cr)2%. We recently conducted a
cross-sectional study in 23 healthy girls (aged 12.8-17.6 years; average of 1.8 years post-
menarche) from the Boston metropolitan area 24. Subjects were racially diverse (15 White, 5
Black, 3 Asian; 25% Hispanic) and 56% were overweight or obese. Subjects underwent
serial reproductive hormone measurements (nearly every other day via blood or urine) and
pelvic ultrasounds during 2 consecutive menstrual cycles. Data were compared with 65 adult
historic controls with ovulatory cycles. Nearly 80% of girls demonstrated at least one
ovulatory cycle, although as observed by Zhang et al., many cycles were characterized by
luteal insufficiency. Thus, it is possible that girls are achieving ovulatory competence more
rapidly than in the past, but it is difficult to make such comparisons given major differences
in study methodology.

What is the normal maturational sequence of events from early post-

menarchal anovulation to regular ovulatory cycles?

Cross-sectional studies in early post-menarchal girls have consistently demonstrated a
progressive increase in P4 6:1215.30.31 and/or days with an increased BBT 7 with advancing
gynecologic age. While the rise in P4 suggests there may be a natural progression from 1)
anovulatory cycles to 2) immature ovulatory cycles with inadequate luteal function to 3)
mature ovulatory cycles, this possibility has not been systematically investigated. Instead, in
previous studies, girls with intermediate levels of P4 (0.5-2 ng/mL), which we now know to
be compatible with ovulation 24, were considered unclassifiable and excluded from analyses.
An increase in P4 and/or estimated luteal phase length approaching normal adult parameters
was also observed in two longitudinal case series based on urinary hormone measurements
and cervical mucous changes 2932, As these studies did not include sonographic data, it is
unclear whether the increase in P4 reflects immature ovulatory cycles with a short luteal
phase or a luteinized unruptured follicle, as these two types of immaturity may have
overlapping P4 levels 24 yet different underlying pathophysiologies.

In our recent cross-sectional studies in 23 early post-menarchal girls, we similarly observed
different cycle patterns which reflect a continuum of P4 secretion: anovulatory cycles
without follicle luteinization (8.7%), anovulatory cycles with luteinization (defined as P4 > 1
ng/mL or a 3-fold rise in urine Pd above the mean follicular phase level; 21.7%), ovulatory
cycles with a short (5-9 day) luteal phase length (21.7%), and ovulatory cycles with a
normal (10-14 day) luteal phase length (47.8%) (Fig 2). Girls with anovulatory cycles
demonstrated heterogeneous hormone profiles and follicle development that ranged from
minimal follicle growth to development of a dominant follicle, a pre-ovulatory estradiol (E2)
surge, and a mid-cycle LH surge but no follicle rupture; instead, the dominant follicle(s)
continued to secrete E2 and a small amount of P4 before menses occurred, consistent with
the presence of luteinized unruptured follicles. While girls with ovulatory cycles (with
normal or short luteal phase lengths) demonstrated the same overall patterning of LH, FSH,
E2, and P4 secretion across the menstrual cycle as seen in mature ovulatory cycles in adults,
they had lower gonadotropin levels than adults as well as signs of luteal insufficiency (low
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luteal P4 and E2). Girls with ovulatory cycles also had lower E2 and inhibin B levels (a
granulosa cell marker) than adults, even after adjusting for both lower FSH levels and
smaller follicle size, suggesting intrinsic ovarian immaturity in girls. Thus, there does not
appear to be a single limiting factor in the development of normal, ovulatory cycles; rather,
reproductive maturity requires the coordinated development of the hypothalamic, pituitary,
and ovarian components of the reproductive axis.

While all 23 study participants were monitored during two consecutive menstrual cycles
(cycle 1 and cycle 2), 7 participants (and one additional girl who did not enroll in the full
protocol) completed a pilot study before cycle 1, and 2 participants underwent additional
monitoring after cycle 2 to determine eligibility for a second research study (N. Shaw,
unpublished data). Two key observations emerge from these semi-longitudinal data on
reproductive axis maturation in the early post-menarchal period: 1) the path to regular,
ovulatory cycles is not smooth and stepwise; rather, it is not uncommon for a normal
ovulatory cycle to be followed by regression to an anovulatory cycle. This suggests that the
identification of a single ovulatory cycle in an adolescent girl, as reported by many older
studies, may not be as clinically meaningful as assumed and certainly does not signify
reproductive maturity, and 2) there is significant variability, even among healthy,
normoandrogenemic, urban adolescent girls, in the time needed to achieve normal ovulatory
cycles. The cause(s) of this variability is unknown but may include differences in race,
ethnicity, body weight, physical activity level, stress, and/or genetic background.

Can girls with true hormonal aberrations (e.g., early PCOS), be

distinguished from girls with prolonged physiological anovulation of

adolescence?

PCOS is typically diagnosed in adult women presenting with hirsutism, irregular periods,
and/or infertility, but it is believed to first manifest peri-pubertally 33. Making the diagnosis
during adolescence, however, when it might (one day) be possible to institute preventative
measures, is very difficult because the cardinal features of PCOS in adult women, including
hyperandrogenism, insulin resistance, anovulation/irregular menstrual cycles, and polycystic
ovarian morphology (PCOM), are also normal, albeit transient, parts of female reproductive
axis maturation 34. Current guidelines define androgen excess in adolescents as moderate to
severe hirsutism, moderate to severe comedonal acne, or testosterone levels persistently
greater than adult female normative values and define irregular menses as oligo-anovulation
two or more years after menarche 3. They argue against the use of obesity, insulin
resistance, PCOM, or AMH levels in making the diagnosis during adolescence 3°.
Longitudinal studies in adolescent girls have demonstrated that girls with irregular cycles
36-38 hyperandrogenemia 37:39, high LH levels or a fast LH pulse profile 40, enlarged
ovaries 41, and/or obesity 36 are at increased risk for but are not destinedto develop PCOS as
young adults. Another biochemical hallmark of adult PCOS is 17-hydroxy-progesterone
(170HP) hyper-responsiveness to GnRH or hCG stimulation testing 42, consistent with the
aberrant regulation of ovarian cytochrome P450c17 alpha that has been demonstrated /n
vitroin theca cells from polycystic human ovaries 43. Peri-menarchal girls with multiple
PCOS risk factors (e.g., irregular cycles and hirsutism, acanthosis nigricans, obesity, severe
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acne, and/or enlarged ovaries) have higher basal 170HP levels than age-matched, regularly
cycling girls 44, and 75% have a 170HP hyper-response to GnRH or hCG stimulation that
persists into adulthood 4246, It is unknown, however, whether increased 170HP is also seen
in girls with physiological anovulatory cycles due to reproductive axis immaturity or if
170HP may represent an early and specific biomarker of impending PCOS.

this stage of development deserve greater attention?

Irregular menstruation affects > 2.5 million reproductive-aged women in the US each year
47 and like many adult diseases, it often has its roots in childhood. Until we understand
normal hormone dynamics during the transition to mature ovulatory cycles, we will remain
unable to precisely differentiate, and potentially treat, girls with anovulatory cycles who are
at high-risk for long term irregular cycles and infertility from those who will eventually
establish regular cycles. The interval from menarche to regular ovulatory cycles also
represents a time of unopposed estrogen exposure (i.e. E2 without P4), which is an
established risk factor for endometrial cancer. The incidence of endometrial cancer is
increasing worldwide, potentially due to the obesity epidemic as well as reproductive factors
such as a trend for fewer pregnancies*®. While endometrial cancer is primarily a disease of
postmenopausal women, the incidence rate has increased by approximately 2% per year over
the past 10 years in the US in both pre-menopausal and postmenopausal women“8, and cases
have been reported in women with PCOS as young as 8.5 gynecologic years?®. Increased
exposure to unopposed estrogens through obesity, earlier menarche, and anovulatory cycles
would be expected to increase the risk of endometrial cancer among today’s youth, but this
has not been systematically investigated.

Mapping a research agenda for adolescent menstrual cycles.

There is a critical need to investigate and understand the normal developmental trajectory
from menarche to regular ovulatory cycles in a contemporary adolescent cohort. We should
not expect that one pattern will fit all; as such, studies must include subjects of diverse
ethnicities and with a spectrum of body weights. It is also important to consider
environmental factors that may be unique to the adolescent microcosm such as sleep
restriction, drug and alcohol use, and energy balance. As we gain a fundamental
understanding of this important developmental period, we must also begin to think carefully
and creatively about potential interventions, beyond lifestyle modification or birth control
pills, to divert the subset of adolescents who may otherwise be destined for irregular cycles
and infertility as adults. Finally, we should consider how best to manage girls at high risk for
endometrial hyperplasia and cancer and, particularly, whether the current practice of
prescribing hormonal therapy for anovulatory cycles is sufficient.

Fortunately, there appears to be growing support for research on adolescent reproductive
health. In 2016, six years after launching the Global Strategy for Women’s and Children’s
Health, the United Nations recognized the special health needs of adolescents to be a critical
priority and changed the title to the Global Strategy for Women’s, Children’s, and
Adolescents’ Health%0. In 2017, NICHD/NIH released an RFA devoted to characterization of
the adolescent reproductive transition, and the current Trans-NIH Strategic Plan for

J Pediatr Adolesc Gynecol. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Carlson and Shaw

Page 6

Women’s Health Research includes research into reproductive function in girls and women,
including normal and dysfunctional menstruation, among its major goals.

In summary, the early post-menarchal years represent an important yet understudied stage of
reproductive development. Future studies are necessary to delineate the precise maturational
changes that occur at each level of the reproductive axis as a girl begins to establish
ovulatory cycles as well as the genetic and/or environmental factors that modulate this
process. Only after establishing what “normal” is can we begin to identify and treat girls
who are poised to develop PCOS and other menstrual conditions as adults.
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Figure 1.
Box and whisker plots demonstrating variability among 14 studies in the reported percentage

of girls with ovulatory cycles according to gynecologic age (years since menarche). In these
studies, ovulatory status had been determined using either urine 611, serum 21016 or saliva
hormone tests 12.14.15 cycle length 48913 or a shift in basal body temperature 7. References
used to calculate summary statistics for each gynecologic year are listed at the bottom of the
figure.
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Figure 2.
Serum LH, FSH, estradiol (E2), and progesterone (P4) levels during two consecutive

menstrual cycles in 3 representative adolescent subjects (A, B, C). Hormone data for
subjects A, B, and C are shown in the left, middle, and right columns, respectively. Each
subject’s data are plotted against a backdrop of normative data from 65 historic adult
controls with regular, ovulatory cycles. Days are centered to the midcycle LH peak in cycle
1 (day 0). Adult data are presented as mean (dashed line) £ 1 SD (shaded area). A) 13 %2 -
year-old (gynecologic age of 9 mo) subject with a 33-day ovulatory cycle with a normal
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luteal phase length of 12 days. B) 15 ¥-year-old (gynecologic age 2.8 years) subject with a
24-day ovulatory cycle with short luteal phase length of 5 days. C) 13-year-old (gynecologic
age 7 mo) subject with a 42-day anovulatory cycle due to a luteinized unruptured follicle.
Initial cycle dynamics were relatively normal with growth of a dominant follicle (to a 30-
mm diameter), an increase in E2, and an LH surge of 24.2 IU/L, but ovulation did not occur.
The unruptured follicle continued to produce E2 and luteinized (maximum P4 3.9 ng/mL)
until menses occurred 12 days later. To convert serum E2 to SI units (pmol/L), multiply by
3.67; for serum P4 (nmol/L), multiply by 3.18.
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