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ABSTRACT

BACKGROUND: Rett syndrome is a unique neurodevelopmental disorder, affecting approximately one in 10,000 live
female births, most experiencing reduced growth. We characterized pubertal trajectories in females with Rett
syndrome. We hypothesized that pubertal trajectory deviates from the general female population with early pubertal
onset and delayed menarche. METHODS: Participants were individuals enrolled in the Rett Syndrome Natural History
Study with clinical diagnosis of Rett syndrome or mutations in MECP2. Intervals to thelarche, adrenarche, and
menarche were assessed by survival analysis; body mass index, mutation type, clinical severity, and pubertal
milestone relationships were assessed by log-likelihood test; pathway synchrony (relationship between thelarche,
adrenarche, and menarche) was assessed by chi-squared analysis. RESULTS: Compared with the general female
population, more than 25% initiated puberty early, yet entered menarche later (median age 13.0 years). A total of 19%
experienced delayed menarche. Median length of puberty, from thelarche to menarche, was 3.9 years. Higher body
mass index correlated with earlier thelarche and adrenarche but not menarche; milder mutations correlated with
earlier menarche; and milder clinical presentation correlated with earlier thelarche and menarche. Fifty-two percent
entered puberty in synchrony, but different from the general population, 15% led with thelarche and 32% with
adrenarche. CONCLUSIONS: Pubertal trajectories in Rett syndrome differ from general population, entering puberty
early and reaching menarche later. Body mass index affects pubertal timing, but the relationship between specific
mutations, clinical presentation, and underlying neuroendocrine pathology is less clear.
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Introduction

Rett syndrome (RTT) is a neurodevelopmental disorder
that affects approximately one in 10,000 live female births.

Funding provided by National Institutes of Health/National Institute of Child
Health and Human Development: U54HD061222
The authors report no conflicts.
Clinical Trial #: NCT00296764.
Article History:
Received May 31, 2014; Accepted in final form August 23, 2014
* Communications should be addressed to: Dr. Percy; 1720 2nd
Avenue South; CIRC 320E; Birmingham, AL 35294.
E-mail address: apercy@uab.edu

0887-8994/$ - see front matter © 2014 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.pediatrneurol.2014.08.013

Mutations in the Methyl-CpG-binding protein 2 gene
(MECP2) have been implicated in >95% of classic RTT. The
main diagnostic criteria for classic RTT are as follows: loss of
hand sKills, loss of acquired spoken language, %ait abnor-
malities, and stereotypic hand movements. Multiple
developmental issues are present in RTT, particularly
growth retardation and orthopedic problems including
scoliosis, bone undermineralization, and joint contrac-
tures.” Studies of gonadal and adrenal steroids suggest
normal sex hormones,’ yet one study showed precocious
pubertal onset with normal age of pubertal completion in a
population of 494 girls with RTT,° and another supported
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these findings with endocrinological data in one case.’

Neither pubertal trajectories nor factors associated with
deviation in pubertal onset in RTT have been definitively
characterized. Current research has not achieved consensus
on the ages of pubertal milestones or the underlying
mechanisms driving puberty in RTT individuals, particularly
in view of their generally small stature. In conjunction with
these milestones, underlying developmental biologic issues
are believed to prevent the traditional pubertal growth
spurt.*®

Using Tanner staging criteria, adrenarche is classified as
stage 2 in pubic hair development, and thelarche is classi-
fied as stage 2 in breast development.® US population-based
data demonstrate that the mean age of stage 2 breast
development (B2) is 9.8 years and stage 2 pubic hair
development (PH2) is 10.2 years, and that B2 occurs, on
average, 5 months before PH2.° In a large longitudinal
study, the median a%e of onset of B2 was 9.7 years for white
non-Hispanic girls.' Other studies focusing specifically on
white girls have found similar results: B2 at 10.0 years, PH2
at 10.5 years, and menarche at 12.6 years.'"'? In general,
menarche should follow thelarche within 3 years; early
breast develoiament typically predicts a longer interval to
menarche.'>’

Breast or pubic hair development earlier than age 8 is
classified as premature.®'> Menarche is premature before
11.2 years."” Breast development is defined as delayed after
13.3 years,”” and menarche is delayed after age 16 or if it
does not occur within 5 years of the initiation of puberty.'®

Many factors could influence pubertal trajectories,
including general health, genetics, and environment. Both
race and ethnicity can influence the timing of puberty in
typical individuals,'” as can growth, especially malnutrition
or obesity as defined by body mass in index (BMI). In RTT,
bone age and BMI hold particular clinical significance and
may be related to pubertal timing. In the general popula-
tion, pubertal trajectories correlate more strongly with
bone age than with chronologic age;'® higher BMI is
correlated with earlier maturation in girls."”

Pubertal development research in RTT is limited. One
study (n = 494) found B2 at an average age of 7.1 + 2.5 (SD)
years, with an average age of menstruation at 12.7 +
2.4 years.® A second study (n = 213) found that half of girls
achieved adrenarche by 11 years, half reached thelarche by
11.5 years, and half reached menarche by 14 years.’’ The
present study using the US Natural History Study database
reexamines not only the age at thelarche, adrenarche, and
menarche but also correlates these with BMI, specific
MECP2 mutations, and clinical presentation. We hypothe-
sized that pubertal trajectories in RTT deviate from the
general female population, with earlier onset of puberty
and later menarche in RTT.

Methods
Participants

Through the multicenter RTT Natural History study (RNHS), in-
dividuals with classic RTT were recruited from 2006 to 2013 and eval-
uated as described previously.’! An RNHS neurologist or geneticist
(D.G.G.,]J.L.N,, AKP,S.AS., and W.E.K.) confirmed the diagnosis of classic
RTT based on diagnostic criteria."”? Two scales were used to assess

overall severity, the clinical severity scale and motor behavioral analysis
(MBA), as previously reported.* All participants had MECP2 testing by a
qualified laboratory, >95% of classic RTT having a mutation. Pubertal
development was assessed by the clinicians at each study visit, which
was semiannually until age 6 years and annually thereafter. Only female
participants were included. Institutional review board approval was
obtained for each participating institution. Participants’ families granted
informed assent. The RNHS is registered as clinical trial NCT00296764.

Data coding

Data were coded to provide specific ages for Tanner stages B2, PH2,
and menarche. If a participant was staged at B1 at age 10.0 and B2 at age
11.0, she was scored as transitioning to B2 at the midpoint of those ages;
that is, at 10.5. If a participant was staged at B1 at age 10.0 and B3 at age
11.0, she was scored as transitioning to B2 at age 10.33 (a third of the time
elapsed between the two ages). If a participant was judged to regress in
the Tanner staging, the earlier evaluations were disregarded. For
example, if a participant was scored at B1 at age 8.0, at B2 at age 9.0, at B1
at age 10.0, and B2 at age 11.0, the first transition was disregarded, and
the participant was scored as reaching B2 at age 10.5 (the midpoint of
10.0 and 11.0). A study that used self-reported data from children, par-
ents, or guardians chose to exclude data when a lower stage was re-
ported;?> however, we believe that because of the use of Tanner staging
by trained professionals, our approach is warranted. This same article
also chose to use the first age at menarche reported if multiple ages were
reported for a given participant. We followed this approach, using the
first reported menarchal age. Any different ages reported in subsequent
visits were disregarded, assuming the initial parent report was more
accurate. BMI z-scores were obtained using Centers for Disease Control
and Prevention growth charts for BMI and the lambda-mu-sigma tech-
nique.”*%> Although BMI at age 8 years has been used in other studies,’®
because of the possibility of an earlier pubertal onset, we chose to use
BMI at age 7 &+ 1 year (6.00 to 8.00 years of age). Classification of pre-
cocious or delayed puberty compared with typical individuals was as
follows: precocious B2 and PH2 occurred before 8.0 years and menarche
before 11.2 years; and delayed B2 occurred after 13.3 years, PH2 after
12.6 years, and menarche after 15.6 years."”

If B2 and PH2 occurred within 5 months of each other, the pathway
was classified as synchronous. If B2 and PH2 occurred at greater than
5 months apart, the pathway was classified as asynchronous. If neither
milestone was reached, the participant was excluded from synchrony
calculation. And if the participant had reached both B2 and PH2 before
the initial observation, the participant was also excluded from the syn-
chrony calculations.

Statistical analysis

Descriptive statistics were calculated. Percentiles for age of adre-
narche, thelarche, and menarche were generated using the Kaplan-Meier
estimator. Because the participants in the RNHS were different ages and
were observed for different time periods, not all participants were
observed for all three pubertal milestones (Table). The Kaplan-Meier
estimator allows inclusion of observed milestones and censors or ex-
cludes participants that enter the study after achieving these pubertal
milestones or leave the study before achieving certain pubertal
milestones.

To examine the effects of BMI, mutation type, race, ethnicity, MBA,
and clinical severity scale on pubertal trajectories, these variables were
categorized based on clinical significance, and survival curves were
compared using the log-rank test. Categorization of BMI was based on
published recommendations, specific to RTT, regarding overweight and
obesity (85th and 98th percentiles, respectively), and under-nutrition
(25th percentile).?’?® Categorization of MECP2 mutation based on
phenotypic similarities?*>? was as follows: mild mutations included
R133C, R294X, R306C, and 3’ truncations; moderate included T158 M
and other mutations; and severe included R106W, R168X, R255X, R270X,
early truncations, and large deletions. Mutation-negative participants
were excluded from mutation analysis. The association between pre-
dictor variables and synchrony was analyzed using the chi-squared test.
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TABLE.
Demographics of Studied Population

771

Overall Percent B2 Observations PH2 Observations Menarche Observations

American Indian 6 0.7 3 3 5

Asian 35 44 10 10 9

Native Hawaiian 2 03 2 2 1

Black 34 42 9 7 14

White 697 86.9 150 138 282

Mixed black and white 13 1.6 2 2 4

Missing demographic data 15 1.9 3 4 3
Abbreviations:
B2 = Stage 2 breast development
PH2 = Stage 2 pubic hair development
Demographic data were not reported for 15 of 802 participants.
All analyses were completed in SPSS version 21,>! and a P value of < .05 For these 112, 50% reached menarche by 13.0 years (stan-
was considered significant. dard error [SE] = 0.25 years). Of the 318, 206 reached

menarche before their enrollment in the RNHS. For these

Result 206, 50% reached menarche by 13.0 years (SE = 0.17 years).

esults Of the 802 participants, BMI data at age 7 4 1 year were
Description of population available for 299 participants.

After excluding male participants (n = 47) and those  porcentifes for milestones and precocious and delayed puberty

who did not meet criteria for classic RTT (n = 147), 802
participants were analyzed. Each participant was observed B2
for an average of 4.1 visits with a range of one to eight The proportions of the population who achieved B2 were
visits. Each participant was observed for an average of  as follows: 10% by 7.2 years (SE = 0.22 years), 50% by
3.4 years with a range of O years (indicating a single 93 years (SE = 0.19 years), and 90% by 113 years
baseline visit) to 7 years. Dates of birth ranged from 1943 (SE = 0.37 years). Compared with typical individuals, 25% of
to 2010. A total of 34 (4.2%) participants died during the  gijrls reached thelarche prematurely, whereas 4% experi-
study and 188 (23.4%) missed one or more appointments. enced delayed thelarche (Fig 1A).
For the age ranges analyzed, visits were conducted annu-
ally. Regarding B2, 314 were too old to be observed at this PH2
transition, 309 did not reach B2 during the study and were The proportions for those who achieved PH2 were as
censored or excluded from further analysis, and 179 follows: 10% by 6.8 years (SE = 0.23 years), 50% by 9.0 years
reached B2. Regarding PH2, 329 were too old to be (SE = 0.15 years), and 90% by 11.9 years (SE = 0.47 years).
observed at this transition, 307 did not reach PH2 during Compared with typical individuals, 28% of girls reached
the study and were censored or excluded from further  adrenarche prematurely, whereas 5% experienced delayed
analysis, and 166 reached PH2. Regarding menarche, 483 adrenarche (Fig 1B).
did not reach menarche and were censored or excluded
from further analysis, one participant had a hysterectomy Menarche

and was not included and 318 reached menarche. Of these
318 participants, 112 reached menarche during the RNHS.
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A. Proportion achieving B2 by BMI category

J.T. Killian et al. / Pediatric Neurology 51 (2014) 769—775

B. Proportion achieving PH2 by BMI category

C. Proportion achieving menarche by BMI category
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13.0 years (SE 0.09 years), and 90% by 16.0 years
(SE = 0.26 years). Compared with typical individuals, 13% of
girls reached menarche prematurely, whereas 19% experi-
enced delayed menarche (Fig 1C).

Duration of puberty

The median interval from B2 to menarche was 3.9 years
(SE = 0.40 years), and from PH2 to menarche was 4.5 years
(SE = 0.27 years).

Predictor variables

BMI

B2 and PH2 occurred earlier in those categorized as
overweight or obese compared with normal or under-
weight individuals (P < .001, Fig 2A,B). Onset of menarche
was similar among these three categories (Fig 2C).

Mutation type

Menarche occurred earlier in those with a milder mu-
tation type compared with those with moderate and severe
mutations (P = .032, Fig 2F). Onset of B2 or PH2 was similar
among mutation types (Fig 2D and Fig 2E). B2 did trend
earlier with severe mutations; however, this relationship
was not significant (P = .095).

Disease severity

Those with a milder clinical presentation experienced B2
(P = .001, Fig 2G) and menarche (P = .026, Fig 2I) earlier
than those with a moderate or severe phenotype. However,
age of PH2 was similar among severity categories (Fig 2H).

Synchrony

Compared with expected percentages of 46% synchro-
nous, 42% thelarche pathway, 11% pubic hair pathway in
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typical individuals,”®> a higher proportion of RTT partici-
pants led with adrenarche (32%), whereas only 15% led with
thelarche (P < 0.001). The majority of RTT participants
entered in synchrony (52%).

The majority of participants (Table) were white, and no
differences were found among the three largest group-
s—whites (88%), Asians (4.5%), and blacks (4.5%) for age at
B2, PH2, or menarche. Fifteen percent of all participants
were Hispanic. Although the average age of transition to B2
and PH2 was similar between the two groups, Hispanic
participants experienced earlier menarche (median
12.4 years, 95% confidence interval 11.8-13.0) compared to
non-Hispanic participants (median 13.3 years, 95% confi-
dence interval 13.0-13.6; P = .020, Fig 3).

Discussion

Using survival analysis, we calculated median entry
times for B2, PH2, and menarche as well as intervals be-
tween B2 and menarche. The 50th percentile for B2 in this
study, 9.3 years, is considerably earlier than that reported in
previous work, 11 years, and the 50th percentile for
menarche in RTT in this studg/ differs by a full year from that
reported in previous work.”

A significant percentage of participants would be clas-
sified as entering puberty prematurely, with 25% and 28% of
girls reaching B2 and PH2, respectively, before 8 years.
These high percentages have not been reported in previous
work.?’ One possible explanation for these differences in B2
and PH2 is that when participants had experienced B2 or
PH2 before data collection, one study estimated B2 and PH2
as 1 year before return of the participant’s questionnaire; in
fact, B2 and PH2 may have occurred at any point before the
study and could have altered these results accordingly.?’
Because such a high proportion of participants experi-
enced premature B2 and PH2, and based on the 10th per-
centiles of B2 and PH2 in RTT, 7.2 years and 6.8 years,
respectively, population-based norms may not be an accu-
rate clinical measure of precocity in RTT. Although a smaller
percentage of participants experienced precocious
menarche, 19% experienced delayed menarche. Considering
that pubertal trajectories seem to be shifted earlier in RTT,
the mechanisms driving delayed menarche in almost one-
fifth of the population remain unclear.

A. Proportion achieving B2 by ethnicity

B. Proportion achieving PH2 by ethnicity

Our findings on the interval from B2 to menarche, typi-
cally 3 years for the general population, also differ from the
previously reported value for RTT of 2.5 years.”>?" The
median length of time from B2 to menarche in this study
was 3.9 years. Although early onset of puberty tends to
lengthen the interval until menarche, the mechanism in
RTT is unclear, as menarche is also delayed relative to
typical individuals. However, we did not find menarche to
be as delayed as reported previously for RTT.?

BMI plays an important role in pubertal trajectory. BMI at
age 7 was associated with age of onset of B2 and PH2, but
not menarche. The interval from B2 to menarche may buffer
the effects of BMI on puberty.

From a genetic perspective, eight common mutations in
the MECP2 gene (R106W, R133C, T158 M, R168X, R225X,
R270X, R294X, and R306C) account for about 60% of typical
RTT and insertions and deletions another 20%. These mu-
tations have been shown to have significantly different
levels of clinical severity, particularly for gait, language, and
hand use. R133C and R306C are associated with milder
phenotypes and R168X and large deletions with worse
phenotypes.””>° R133 C, R294X, and C-terminal deletions
produced milder phenotypes than R255X and R270X.>%*3
The association between mutation and pubertal mile-
stones varies among studies. In a smaller study, MECP2
mutations did not affect age of pubertal onset.* However, in
a larger study, R168X was associated with later adrenarche,
thelarche, and menarche, R255X was associated with later
menarche, and C-terminal mutations and early truncating
mutations were associated with earlier thelarche and
menarche.?’

Regarding genetic effects, mutation type was signifi-
cantly associated with menarche, with the most severe
mutation types predicting later menarche. This finding
agrees with earlier work that found severe mutations
(R168X and 255X) predicted later menarche. Contrary to
BMI, mutation influenced menarche but had no significant
effect on either B2 or PH2; these findings differed from
previous research that found that all three pubertal stages
were associated with mutation type.”’ Again, their results
with respect to BMI may have been biased by their method
of estimating B2 and PH2.

The underlying mechanism by which a MECP2 mutation
could impact pubertal pathways remains unclear.

C. Proportion achieving menarche by ethnicity
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MECP2-null mouse models, modeling RTT, have shown
modified gene expression in the hypothalamus.*? In
another mouse model with a truncating deletion, MECP2
dysfunction altered estrogen receptor expression.>> These
effects could provide a biological link through the
hypothalamic-pituitary-gonadal axis, which, through its
production of estrogen is believed to stimulate breast
development.®'®3% However, B2 was not correlated with
mutation type, and research suggests that the mechanisms
determining menarche are more complex than estrogen-
driven breast budding.*® At this point, we cannot explain
the possible genetic mechanisms contributing to the
different pubertal milestones in RTT.

Notably, greater clinical severity (MBA), as with more
severe mutation type, predicted later menarche. However, a
more severe MBA score also predicted later B2, an effect
that was not seen with mutation type.

Previous research has examined the synchrony of B2 and
PH2, finding that 46% of girls traditionally undergo a syn-
chronous transition, whereas an asynchronous pattern is
noted in which 42% lead with thelarche and 11% lead with
adrenarche.”> However, our data suggest a reversal of the
normal pattern of asynchrony, namely, 32% leading with
adrenarche and 11% with thelarche. The mechanism for this
possible change is not clear. Interestingly, in addition to
possible hypothalamic-pituitary-gonadal axis effects, the
hypothalamic-pituitary-adrenal axis has been shown to be
hyperactive in a RTT mouse model.>’” An increase in
corticotropin-releasing hormone and the increased syn-
thesis of adrenal hormones could possibly promote earlier
adrenarche.

One of the weaknesses of our study is the lack of hor-
monal measurements. Although only a single case docu-
ments precocious puberty using hormonal stimulation
testing,” evidence from a mouse model of RTT suggests that
regulation of gonadotropin releasing hormone by MECP2
could influence the onset of puberty.” In addition, although
pubertal assessment was made by direct observation,
menarche was retrospective as it was based on parent
report and could have been subject to error.

These findings raise additional questions regarding pu-
bertal trajectory in RTT. The neuroendocrine control of pu-
berty, particularly through MECP2 regulation, warrants
further examination. The effects of BMI and MECP2 muta-
tions on pubertal trajectories have important clinical con-
sequences for RTT beyond the timing of these pubertal
milestones—impacting bone development, growth, and the
psychosocial issues surrounding puberty. Additional
research will help provide a better understanding of the
predictors of pubertal milestones in RTT beyond the effects
of BMI and MECP2 mutation type.
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