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Context: The optimal approach to estrogen replacement in girls with Turner syndrome has not
been determined.

Objective: The aim of the study was to assess the effects of an individualized regimen of low-dose
ethinyl estradiol (EE2) during childhood from as early as age 5, followed by a pubertal induction
regimen starting after age 12 and escalating to full replacement over 4 years.

Design: This study was a prospective, randomized, double-blind, placebo-controlled clinical trial.

Setting: The study was conducted at two US pediatric endocrine centers.

Subjects: Girls with Turner syndrome (n � 149), aged 5.0–12.5 years, were enrolled; data from 123
girls were analyzable for pubertal onset.

Intervention(s): Interventions comprised placebo or recombinant GH injections three times a week,
with daily oral placebo or oral EE2 during childhood (25 ng/kg/d, ages 5–8 y; 50 ng/kg/d, ages �8–12
y); after age 12, all patients received escalating EE2 starting at a nominal dosage of 100 ng/kg/d.
Placebo/EE2 dosages were reduced by 50% for breast development before age 12 years, vaginal
bleeding before age 14 years, or undue advance in bone age.

Main Outcome Measures: The main outcome measures for this report were median ages at Tanner
breast stage �2, median age at menarche, and tempo of puberty (Tanner 2 to menarche). Patterns
of gonadotropin secretion and impact of childhood EE2 on gonadotropins also were assessed.

Results: Compared with recipients of oral placebo (n � 62), girls who received childhood low-dose
EE2 (n � 61) had significantly earlier thelarche (median, 11.6 vs 12.6 y, P � 0.001) and slower tempo
of puberty (median, 3.3 vs 2.2 y, P � 0.003); both groups had delayed menarche (median, 15.0 y).
Among childhood placebo recipients, girls who had spontaneous breast development before es-
trogen exposure had significantly lower median FSH values than girls who did not.

Conclusions: In addition to previously reported effects on cognitive measures and GH-mediated
height gain, childhood estrogen replacement significantly normalized the onset and tempo of
puberty. Childhood low-dose estrogen replacement should be considered for girls with Turner
syndrome. (J Clin Endocrinol Metab 99: E1754–E1764, 2014)
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Turner syndrome (TS), which results from partial or
complete X-chromosome monosomy, occurs in ap-

proximately 1/2000 live female births (1). Ovarian dys-
genesis, reported in approximately 90% of affected indi-
viduals (2, 3), results in estrogen deficiency that begins in
infancy (4–7). Healthy prepubertal ovaries secrete low but
measurable amounts of estradiol (8–10), and estrogens
have wide-ranging physiological effects on numerous tis-
sues (11–16). Thus, prolonged estrogen deficiency in girls
with TS throughout the critical phases of childhood
growth and development may have detrimental effects
across many body systems.

Based on different dose-response characteristics for
growth vs vaginal maturation in our early studies (17, 18),
we postulated that ultralow-dose, physiological estrogen
replacement during childhood might have potential ben-
efits in TS, such as optimizing growth response to supple-
mental GH, normalizing pubertal timing, and improving
cognition and behavior. We therefore conducted a ran-
domized, double-blind, placebo-controlled clinical trial of
GH and low-dose ethinyl estradiol (EE2) initiated during
childhood (CLDE) in a large cohort of girls with TS. The
effects of this regimen on the primary endpoint of adult
height have been published (19). In the present report we
describe the effects of individualized childhood estrogen
replacement starting as early as 5 years of age, followed by
an escalating EE2 pubertal induction regimen, on the tim-
ing and tempo of puberty and gonadotropin secretion in
girls with TS. Because of its unique placebo-controlled
childhood phase, this study provides data for two distinct
estrogen regimens, one that had a childhood replacement
component, and one that began pubertal induction after
age 12, without childhood replacement. We also deter-
mined the prevalence of spontaneous breast development
before age 12 in the childhood-placebo recipients in this
cohort.

Sex steroid replacement for girls with TS remains an
area of active investigation (20–24), and there is no con-
sensus regarding optimal approaches in terms of dosage,
type, and route of administration (oral, im, transdermal),
or age of initiation. Our data provide novel insights into
important aspects of childhood estrogen deficiency and
replacement in TS.

Patients and Methods

Patients
Study entry criteria included karyotype diagnosis of TS (with-

out Y-chromosome material), chronological age 5–12 years,

bone age �12 years, height �10th percentile (25), Tanner breast
stage 1–2 (B1–B2), adequate thyroid hormone replacement for
�3 months in patients with hypothyroidism, absence of clini-
cally relevant systemic illness, no recent or concurrent treatment
that might influence growth, and written informed consent from
parent(s)/guardian(s).

Methods
The study design has been reported in detail (19). Methods

relevant to the current analyses are provided here.

Study treatments and procedures
All patients received a daily oral liquid (either placebo or

EE2)1,2 and sc injected placebo or GH (Humatrope; Eli Lilly and
Company), 0.1 mg/kg/injection, three times per week (0.3 mg/
kg/wk). Thus, the four treatment groups in this 2 � 2 factorial
design were: 1) placebo injection with childhood oral placebo
(P/P); 2) placebo injection with childhood oral low-dose EE2
(P/E); 3) GH injection with childhood oral placebo (GH/P); and
4) GH injection with childhood oral low-dose EE2 (GH/E).

Protocol-specified dosages of EE2 (or its placebo equivalent,
ages 5–12) were: 5–8 years, 25 ng/kg/d; �8–12 years, 50 ng/
kg/d; �12–14 years, 100 ng/kg/d; �14–15 years, 200 ng/kg/d;
�15–16 years, 400 ng/kg/d; and �16 years, 800 ng/kg/d. The 25-
and 50-ng/kg/d doses represented the childhood phase of the
study and were not intended to induce pubertal development.
The escalating estrogen regimen for pubertal induction began at
the first visit after the 12th birthday (all groups).

To individualize EE2 dosages for appropriate clinical rea-
sons, the oral medication could be reduced (without unblinding
the treatment group) by 50% at 6-month intervals for breast
development �B2 before age 12, vaginal bleeding before age 14,
bone age advancement of 2 years/chronological year, or bone age
greater than chronological age before age 14. Reduced dosages
were doubled at each subsequent transition; thus, dose reduc-
tions carried forward until attainment of menarche. Cyclic ther-
apy with EE2 and progestin (medroxyprogesterone acetate for
10 d/mo or an oral contraceptive containing 30 �g of EE2) was
introduced after menarche.

Evaluation at each 6-month study visit included pubertal as-
sessment (26), bone age x-ray, and single measurements of LH
and FSH between 8 AM and noon.

Analysis populations and treatment groups
Baseline demographic and postbaseline safety data were an-

alyzed for all 149 girls randomized in the study (Randomized
Population; Supplemental Figure 1). The prospectively defined
population to assess pubertal effects of childhood estrogen ex-
posure comprised girls who were �12 years of age and prepu-
bertal at study entry and had at least one postbaseline breast
stage assessment (Pubertal Analysis Population).

In background analyses to assess the potential effect of GH on
pubertal development using Cox proportional hazards models
with baseline age as covariate, we found no significant effect of
GH treatment vs placebo on age at Tanner breast stage �2 (P �
.87). Similarly, in a comparison among the four randomized

1 Davenport has proposed the following estrogen equivalence relationship: 20�g oral EE2 � 2 mg oral 17-�-estradiol � 1.2 mg conjgated equine estrogen � 100 �g transdermal 17-�
estradiol (20).

2 The procedure for formulation of EE2 liquid was provided as a supplement to Ross et al (19).
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treatment groups using Cox models with effects for GH treat-
ment, estrogen treatment, and the interaction between GH and
estrogen, statistical significance was found only for the effect of
estrogen (P � .05). Therefore, to assess effects of CLDE vs child-
hood oral placebo (COP), the two groups randomized to CLDE
were pooled (combining patients who received placebo and GH
injections [P/E�GH/E]) and compared with the pooled group of
patients who received COP (combining patients who received
placebo and GH injections [P/P�GH/P]).

Analysis variables and time points
The main developmental variables analyzed were ages at the-

larche (defined as breast development �B2), each subsequent
breast stage (B3–B5) and menarche, and tempo of puberty (B2 to
menarche). Because some girls had early breast development that
regressed after study drug dose reduction, age of thelarche was
analyzed in two ways—first, as the earliest recorded observation
of �B2, irrespective of subsequent regression to B1; and, second,
for the girls in whom transient early breast development had
regressed, as the age of sustained development �B2.

Bone age was determined according to the standards of Greu-
lich and Pyle (27) by a central reader blinded to patient treat-
ment. Serum LH and FSH concentrations were measured by RIA
(Hazelton/Covance Laboratories). Values �15 IU/L for LH and
�20 IU/L for FSH (�2 SD above normative means) were des-
ignated as (28).

Gonadotropin data were analyzed at three time points:
1) baseline (pretreatment; all patients pooled), reflecting the nat-
ural history of gonadotropin secretion in TS at ages 5–12;
2) postbaseline during the childhood phase (COP vs CLDE),
reflecting effects of CLDE at ages 5–12; and 3) during pubertal
development after age 12, when all participants received the pu-
bertal induction regimen.

Statistical methods
Data are reported as median (range) for continuous variables

and as frequency [number (percentage)] for categorical vari-
ables. Age-related EE2 dosages are reported as mean � SD, and
EE2 dosage reductions are reported as frequency [number (per-
centage)] at each dosage level. Because all continuous outcome
variables were normally distributed, P values are based on com-
parisons between pooled groups (COP vs CLDE) using ANOVA

for baseline variables and analysis of covariance for postbaseline
variables, with baseline age as covariate. Differences between
median gonadotropin values were analyzed using Wilcoxon
rank-sum tests. Between-group frequency differences were
assessed by �2 tests. Time-to-thelarche and tempo of puberty
(thelarche-to-menarche) were estimated using Kaplan-Meier
analyses adjusted for baseline age; between-group differences for
time-to-event variables were assessed using Cox regression mod-
els with baseline age as covariate. Two-sided statistical tests were
conducted with significance set at 0.05. Analyses were per-
formed using SAS version 8.2 (SAS Institute, Inc).

Results

Baseline characteristics
Of 149 girls randomized, 123 fulfilled criteria for analysis

of puberty (COP, n � 62; CLDE, n � 61). The 26 random-
izedpatientsexcludedfromthePubertalAnalysisPopulation
comprised 10 girls who were �B1 at baseline; 11 girls who,
although prepubertal, were �12 years old and therefore by-
passed the childhood phase of the study; and five girls who
discontinued without a postbaseline visit.

In the Pubertal Analysis Population, the CLDE group
was somewhat older at baseline than the COP group
(�0.7 y chronological age [P � .035]; �0.8 y bone age
[P � .077]; Table 1). There were no other significant base-
line differences between treatment groups.

Pubertal development
Of 123 girls in the Pubertal Analysis Population, 101

(82%) attained �B2 during the study (COP, n � 49;
CLDE, n � 52). Of 49 girls in the COP group for whom
�B2 was documented, thelarche was observed before age
12 (before exogenous estrogen exposure) in 14 (29%);
four of the 14 had chromosomal mosaicism (45,X/
46,XX). Median (range) serum FSH values over the course
of the study were significantly lower for girls who had

Table 1. Baseline Clinical Characteristics of Patients in the Randomized Population and the Pubertal Analysis
Population

Pooled Treatment Group

Randomized Population, n � 149 Pubertal Analysis Population, n � 123

Childhood Oral
Placebo (n � 74)

Childhood Low-Dose
Estrogen (n � 75)

P
Valuea

Childhood Oral
Placebo (n � 62)

Childhood Low-Dose
Estrogen (n � 61)

P
Valuea

Variable
Chronological age, y 7.5 (5.0 to 12.5) 8.5 (5.0 to 12.5) .013 7.2 (5.0 to 11.9) 7.9 (5.0 to 11.9) .035
Bone age, y 6.8 (2.0 to 13.0) 7.8 (2.5 to 12.0) .076 6.0 (2.0 to 10.0) 6.8 (2.5 to 11.5) .077
Bone age delay, y 	1.2 (	4.3 to 1.6) 	1.4 (	4.1 to 1.5) .639 	1.3 (	3.7 to 1.6) 	1.3 (	4.1 to 1.5) .957
Height SDS 	2.6 (	5.2 to 	1.0) 	2.8 (	5.1 to 	1.3) .153 	2.5 (	5.2 to 	1.0) 	2.7 (	4.6 to 	1.4) .426
Weight SDS 	1.4 (	5.0 to 2.9) 	1.6 (	4.2 to 2.1) .270 	1.4 (	5.0 to 2.9) 	1.5 (	4.2 to 2.1) .395
Body mass index SDS 0.6 (	4.0 to 3.3) 0.3 (	1.2 to 2.7) .531 0.5 (	4.0 to 3.3) 0.3 (	1.2 to 2.7) .640
45,X karyotype, % 76 71 .547 82 77 .663

Values shown are median (minimum to maximum). Childhood oral placebo group � oral placebo/placebo injection group � oral placebo/GH
injection group; childhood low-dose estrogen group � childhood low-dose estrogen/placebo injection group � childhood low-dose estrogen/GH
injection group; bone age delay � bone age minus chronological age; SDS � SD score.
a P values are based on ANOVA models for continuous variables, and �2 test for percentage 45,X karyotype.
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spontaneous breast development than for those who did
not (39 [1–454] vs 58 [1–420] IU/L, respectively; P �

.003). However, median LH values were not significantly
different (10 [1–103] vs 13 [0–160]; P � .09). Transient
development �B2 between 6.0 and 11.4 years of age, fol-
lowed by regression to B1 after dosage reduction, was
documented for 18 girls (COP, 4 of 49; CLDE, 14 of 52).
The first pubertal breast stage recorded was �B3 for 22 of
101 girls (22%).

In general, CLDE-treated girls attained thelarche ear-
lier than those who received COP. In the analysis that
included girls who had initial transient breast develop-
ment, median ages at �B2 were 12.6 and 11.1 years for the
COP vs CLDE groups, respectively (P � .001; Table 2).
Median ages at sustained �B2 were 12.6 and 11.6 years,
respectively (P � .001, Table 2 and Figure 1A), with cor-
responding median bone ages 12.0 and 10.0 years (P �

.003; Table 2). Of girls in the CLDE group, 14 of 52 (27%)
achieved sustained �B2 by 10.4 years of age (median age
of B2 in US non-Hispanic white girls [Ref. 29]), compared
with two of 49 (4%) of the COP group.

By Kaplan-Meier analysis of age at thelarche, there was
no divergence between groups before 8.5 years of age (Fig-
ure 1A), indicating minimal breast effect of the lowest EE2
dosage of 25 ng/kg/d (childhood phase; mean daily EE2
dose, �0.4 �g; Figure 2). However, from ages 8–12 years,
when only the CLDE group received EE2 (nominally 50
ng/kg/d; mean daily EE2 dose, �0.7 �g), the patterns di-

verged, with the CLDE curve shifted to the left, closer to that
of the reference population, indicating earlier thelarche. The
curves converged again after age 13, when all girls received
escalating EE2 for pubertal induction (Figure 1A).

Although the CLDE group had earlier thelarche, the
median age at menarche, ascertained for 81 (COP, n � 40;
CLDE, n � 41) of 101 girls (80%) for whom age at the-
larche was available, was 15 years for both groups (Ta-
ble 2 and Figure 1B) at EE2 dosages of 8.3 � 9.1 �g/d
and 7.3 � 6.3 �g/d for the pooled COP and CLDE
groups, respectively (Figure 2). Earliest ages at menarche
were 11.0 years in the COP group and 10.4 years in the
CLDE group. Because B2 was earlier for the CLDE group,
but age at menarche was the same for both groups, the du-
ration of puberty was longer (ie, tempo of puberty was
slower) for the CLDE group: 3.3 vs 2.2 years (P � .003
[Cox]; Table 2).

Median ages at �B3, �B4, and B5 were not signifi-
cantly different between groups (Table 2 and Supplemen-
tal Figure 2).

Oral study drug dosage reductions
Overall, 69 of 123 girls (56%) underwent one or more

oral study drug dosage reductions (COP, 31 of 62 [50%];
CLDE, 38 of 61 [62%]; P � .21). Because the intent of
estrogen therapy was different for the childhood and pu-
bertal study phases, the dose individualization data are
described separately for each phase.

Table 2. Onset and Progression of Puberty for Patients in Pubertal Analysis Population

Pooled Treatment Group

Childhood
Oral Placebo
(n � 62)a

Childhood Low-Dose
Estrogen (n � 61)a P Valueb

Variable, y
Chronological age at study entry 7.22 (5.00–11.89) 7.93 (5.02–11.91) .035
Bone age at study entry 6.00 (2.00–10.00) 6.83 (2.50–11.50) .077
Age at transient Tanner breast stage �2 12.56 (5.95–14.36) 11.07 (6.14–15.39) �.001
Age at sustained Tanner breast stage �2 12.62 (9.69–14.44) 11.64 (6.73–15.39) �.001
Bone age at Tanner breast stage �2 12.00 (8.83–14.50) 10.00 (6.83–14.00) .003
Age at Tanner breast stage �3 13.29 (10.44–15.69) 13.15 (8.70–15.90) .086
Age at Tanner breast stage �4 14.00 (11.69–15.91) 14.27 (8.70–17.06) .463
Age at Tanner breast stage 5 14.96 (11.69–16.62) 15.20 (11.63–17.05) .997
Age at menarche 15.00 (11.00–16.00) 15.00 (10.40–17.00) .986
Time from baseline to Tanner breast stage �2 5.08 (0.51–8.50) 1.95 (0.44–8.55) .040
Time from baseline to menarche 7.20 (3.11–10.00) 5.58 (2.16–10.02) .222
Time from Tanner breast stage �2 to menarche 2.16 (0.25–5.61) 3.33 (0.92–6.42) .003
Time from Tanner breast stage �2 to Tanner breast stage 5 2.54 (0.49–4.03) 3.01 (1.51–6.59) .104

Values are expressed as median (minimum-maximum) in years. Age at Tanner breast stage �2 reflects the fact that the precise timing of Tanner 2
was not observed for some girls, as the first recorded post-baseline stage was �B3; the analyses were performed in the same fashion for Tanner
breast stages 3 and 4.
a Numbers shown for pooled treatment groups are the maximum numbers; numbers of patients with data available at each specific stage are
provided in the patient flow diagram (Supplemental Figure 1).
b P values for baseline variables were obtained from ANOVA; P values for comparison of ages at specific stages were obtained from analysis of
covariance with baseline age as covariate; P values for time to event variables were obtained from Cox regression models with baseline age as
covariate.
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Childhood phase
During the placebo-controlled childhood phase (ages

5–12; nominally EE2 25 or 50 ng/kg/d [less after dose
individualization]), more girls in the CLDE group (33 of
61 [54%]) than in the COP group (21 of 62 [34%]; P �
.030) underwent dosage reductions for protocol-specified
reasons, primarily premature breast development at the
50-ng/kg/d EE2 dosage (21 of 46 [46%] CLDE vs 6 of 55
[11%] COP; P � .001; Table 3). One girl in the CLDE
group underwent dosage reduction for premature vaginal
bleeding (5- to 8-y age group, EE2 25 ng/kg/d; Table 3).
Five girls in each group underwent EE2 reductions for
non-protocol-specified reasons such as headache, emo-
tional/behavior change, or other reason. Notably, eight of

62 (13%) girls in the COP group (seven of whom had 45,X
karyotype) underwent reduction of their placebo dosage
for early breast development before they had received ex-
ogenous estrogen treatment.

Pubertal phase
During the pubertal phase (escalating EE2 dosages for

all patients), the pattern of dosage reductions was the con-
verse of that seen in the childhood phase, with most re-
ductions in the COP group, who had transitioned from
oral placebo to EE2 after age 12.

Most dosage reductions in this group were made for ac-
celerated bone maturation during the nominal 100 ng/kg/d
EE2period (COP,7of29 [24%]vsCLDE,0of17 [0%];P�
.036). Dosage reductions for vaginal bleeding before age 14
were implemented for four of 17 (24%) girls in the CLDE
group vs one of 29 (3%) girls in the COP group (P � .055).

Bone age progression
Baseline bone age was delayed compared with chrono-

logical age by a median of 1.3 years in both groups. Median
bone age remained commensurate with chronological age,
althoughslightlydelayed, inboth treatmentgroups through-
out, with minor divergence between the CLDE and COP
groups from ages 6 to 10 and nearly identical median values
from ages 11 to 16 (Supplemental Figure 3).

Gonadotropins3

Effects of childhood estrogen replacement on
gonadotropins

During the childhood phase, there were few elevated
LH values in either group before age 10 (Figure 3). At ages
10–12, LH values were elevated for 30–82% of girls, with
trends toward greater proportions of elevated values in the
COP group (Figure 3B). The pattern was more striking for
FSH, with significantly greater proportions of elevated
values for COP vs CLDE from ages 8–11. Overall, go-
nadotropins were elevated in most girls in both treatment
groups from age 10 (FSH) or 11 (LH).

Effects of pubertal estrogen replacement on
gonadotropins

During pubertal induction, mean EE2 dosages were
somewhat lower at ages 13–15 for girls who had received
CLDE because dose reductions during the childhood
phase carried into the pubertal phase (Figure 2). Conse-
quently, in the older teenage years, median (interquartile
range) values for LH and FSH trended higher for the
CLDE group than for the former placebo recipients (Fig-
ure 3B, Supplemental Figure 5). Although LH and FSH

3 Gonadotropin values at baseline before estrogen exposure for all patients are provided in Supplemental Figure 4. Because 80% of patients had 45,X karyotype, no separate analyses
were performed for patients with chromosomal mosaicism.
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Figure 1. Kaplan-Meier analysis of ages at Tanner stage �2 breast
development and menarche. A, Kaplan-Meier plot of age at
attainment of Tanner stage �2 breast development. Starting at
approximately 8.5 years of age, the curve for girls who received
childhood low-dose estrogen is shifted to the left, indicating
significantly earlier thelarche (P � .001), compared with that for girls
who received oral placebo during childhood with initiation of pubertal
estrogen replacement at the first study visit after age 12. All girls
received escalating dosages of EE2 for pubertal induction from the first
visit after the 12th birthday (arrow). The dotted line represents the
curve for general population standards for attainment of Tanner breast
stage 2, based on data from the US National Health and Nutrition
Examination Survey III (29). B, Kaplan-Meier analysis of age at
attainment of menarche; the curves for the two groups are not
significantly different (P � .986). All girls received escalating dosages
of EE2 for pubertal induction from the first visit after the 12th birthday
(arrow). Median age at menarche for girls in the US general population
(12.6 years [Ref. 51]) is shown by the cross.

E1758 Quigley et al Effects of Childhood Low-Dose Estrogen in TS J Clin Endocrinol Metab, September 2014, 99(9):E1754–E1764

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/99/9/E1754/2537597 by guest on 17 April 2024



values declined by ages 16–17, when nearly all girls had
transitioned to cyclic estrogen-progestin treatment after
menarche, median values for both gonadotropins re-
mained elevated in both groups (Supplemental Figure 5).

Discussion

Ovarian failure is a cardinal feature of TS (2, 20), and
whereas the primary clinical manifestation of ovarian dys-
genesis is absent or incomplete secondary sexual develop-
ment, the estrogen deficiency in TS begins in infancy (4–7)
and likely has significant consequences for health and
well-being during childhood. Estrogen replacement to in-
duce pubertal development has been the standard of care
for TS since the 1960s (30, 31). However, because of long-
held concerns regarding the role of estrogen in advance-
ment of skeletal maturation and cessation of linear
growth, estrogen was often delayed until the mid-teen
years (3, 32, 33). Furthermore, although it has been
known since the mid-1990s that healthy prepubertal ova-
ries secrete measurable amounts of estradiol (8), the con-
cept of childhood estrogen replacement has been largely
unexplored. The current report provides novel informa-
tion on the pubertal development of girls with TS who
received a unique low-dose, individualized estrogen regi-
men beginning as early as age 5. Compared to girls who
began estrogen after age 12, those who received childhood
estrogen had significantly earlier thelarche (median age,
11.6 vs 12.6 y) and a correspondingly slower tempo of
puberty (3.3 vs 2.2 y). However, there were no significant
between-group differences for median ages at later breast
stages, menarche, or for bone age progression overall.

Although childhood EE2 treat-
ment was not intended to induce
feminization, the 50-ng/kg/d EE2
dosage in fact did stimulate breast
development because approximately
half of the girls in the CLDE group
attained thelarche before the puber-
tal induction phase of the protocol
after age 12. While this finding might
be interpreted as rationale for main-
taining the 25 ng/kg/d dosage until
age 12, we propose that the general
principle of increasing the estrogen
dosage at around age 8 remains
physiologically appropriate, as long
as breast and bone maturation are
carefully monitored and such in-
creases are carefully individualized.
Furthermore, lacking data on out-
comes of a persistent 25-ng/kg/d dos-

age until initiation of pubertal replacement, we have no
evidence on which to base alternative recommendations.
The median 1.2-year delay in thelarche vs median age of
10.4 years for typical US non-Hispanic white girls (29)
reflects our intent to minimize breast development before
age 12, as evidenced by dosage reductions in 46% of girls
for breast development between ages 8 and 12. However,
when analysis of thelarche included the earliest observa-
tions of B2 (transient B2 for 14 CLDE girls before dosage
reduction), the median age of 11.1 years was closer to that
of the general population. In addition, because the girls
were examined only twice per year, and because the initial
pubertal stage observed was �B3 for 22% of girls, actual
ages at thelarche were likely somewhat earlier than our
estimates. In the only prior study of childhood estrogen
replacement as early as age 5 in TS, mean ages at B2 in girls
who received approximately 50 to 75 ng/kg/d EE2 from
age 5, with or without GH, were 11.3 and 11.7 years,
respectively, compared to mean 12.5 years for GH-treated
girls whose EE2 initiation was delayed until after age 12
(34).

Despite the somewhat delayed median age of thelarche,
27% of childhood estrogen recipients attained this mile-
stone by the median age for typical US girls (29). The
near-normalization of thelarche timing for many girls re-
sulting from childhood estrogen treatment may have psy-
chosocial benefits, given the reported associations be-
tween breast development and positive body image/social
adjustment in typical girls (35) and in girls with TS (2, 20,
36, 37). Girls with TS are at increased risk for low self-
esteem and social isolation (36, 38–43), and a large
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Figure 2. Oral study drug dosages in micrograms per day (mean � SD) by integer age for
patients receiving oral placebo during childhood or low-dose EE2 during childhood, and
escalating dosages of EE2 during pubertal induction. During the childhood phase of the study
(left), patients in the oral placebo group (open symbols) received no active oral medication,
whereas those in the low-dose estrogen group (closed symbols) received EE2 at the mean daily
dosages indicated on the vertical axis. The protocol-specified dosages in ng/kg/d were 5–8 years,
25 ng/kg/d; �8–12 years, 50 ng/kg/d. During the pubertal induction phase (right) all girls
received escalating dosages of EE2 based on age and weight: protocol-specified dosages in ng/
kg/d were �12–14 years, 100 ng/kg/d; �14–15 years, 200 ng/kg/d; �15–16 years, 400 ng/kg/d;
�16 years, 800 ng/kg/d. Note that the scale on the vertical axis differs for the childhood and
pubertal phases of the study.
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French study found that delayed puberty negatively influ-
enced subsequent sexual function (36). Although our
study did not evaluate the psychosocial effects of estrogen
replacement during childhood, we previously demon-
strated improved self-image and psychological well-being
in 12- to 16-year-old girls during 3 years of EE2 treatment
in the pubertal induction phase (44). In addition, prospec-
tively planned interim analyses from this study demon-
strated improved verbal and nonverbal memory in 7- to
9-year-old CLDE recipients (45) and improved nonverbal
processing speed and motor performance in 10- to 12-
year-olds (46). Taken together, previous observations of
the negative impact of delayed feminization, our earlier
findings of childhood estrogen-induced cognitive im-

provements (45, 46), modest (2.1 cm) enhancement of
adult height (19), and near-normalization of age of the-
larche in the current analysis, all support the potential
benefit of childhood estrogen replacement therapy in girls
with TS.

In addition to elucidating the effects of childhood es-
trogen replacement, the placebo-controlled study design
allowed prospective evaluation of the prevalence of spon-
taneous breast development before age 12. Among child-
hood placebo recipients for whom �B2 was observed,
29% attained thelarche before exposure to exogenous es-
trogen, indicating a substantial prevalence of residual
ovarian function, consistent with previous observations
(36, 47–49).

Table 3. Summary of Reasons for Oral Study Drug Dosage Reductions: Number (Percentage) of Patients With
Dosage Reductions by Treatment Group in Pubertal Analysis Population

Reason for Dosage Reduction
Childhood Oral
Placebo (n � 62)a

Childhod Low-Dose
Estrogen (n � 61)a

P
Value

Premature breast developmentb 10 (16) 26 (43) .001
5–8 y (25 ng/kg/d) 2/40 (5) 5/31 (16) .227
�8–12 y (50 ng/kg/d) 6/55 (11) 21/46 (46) �.001
�12–14 y (100 ng/kg/d) 2/29 (7) 0/17 (0) .253
�14–15 y (200 ng/kg/d) 0/12 (0) 0/11 (0) 1.000

Premature vaginal bleedingb 1 (2) 6 (10) .062
5–8 y (25 ng/kg/d) 0/40 (0) 1/31 (3) .437
�8–12 y (50 ng/kg/d) 0/55 (0) 0/46 (0) 1.000
�12–14 y (100 ng/kg/d) 1/29 (3) 4/17 (24) .055
�14–15 y (200 ng/kg/d) 0/12 (0) 1/11 (9) .478

Bone age advanceb 20 (32) 6 (10) .004
5–8 y (25 ng/kg/d) 2/40 (5) 2/31 (7) 1.000
�8–12 y (50 ng/kg/d) 11/55 (20) 4/46 (9) .161
�12–14 y (100 ng/kg/d) 7/29 (24) 0/17 (0) .036
�14–15 y (200 ng/kg/d) 0/12 (0) 0/11 (0) 1.000

Non-protocol-specified reasonsc

Headache 3 (5) 4 (7) .717
Emotion/mood/behavior change 1 (2) 3 (5) .365
Other 5 (8) 2 (3) .439

Overall patients who had dose reduced for protocol-specified
reasons, by age/dosage group

5–8 y (25 ng/kg/d) 4/40 (10) 8/31 (26) .112
�8–12 y (50 ng/kg/d) 17/55 (31) 25/46 (54) .025
�12–14 y (100 ng/kg/d) 10/29 (35) 4/17 (24) .520
�14–15 y (200 ng/kg/d) 0/12 (0) 1/11 (9) .478

Total 31/62 (50) 38/61 (62) .205

Values are expressed as number (percentage) or number/number in age group (percentage). Childhood oral placebo � P/P � GH/P groups;
childhood low-dose estrogen � P/E � GH/E groups. The following were prespecified in the protocol as reasons for oral study drug dosage
reduction: breast development � Tanner stage 2 before age 12 years; vaginal bleeding before age 14 years; bone age advancement of 2 years per
chronological year up to age 14 years. Other events that led to dosage reductions (not prespecified) included headache and emotion, mood, or
behavior changes. The reasons for dose reduction presented in this analysis were the primary reasons noted by the investigators on the case report
forms; however, in some cases, additional reasons were reported in the comments. Only the first event leading to dosage reduction is reported so
that each patient is counted only once. Patients who underwent a dosage reduction at any time typically continued to receive lower than protocol-
specified dosages thereafter. P values are derived from Fisher exact tests; data are not shown for patients in age groups older than 15 years
because there were no significant differences between treatment groups for any of the events of interest.
a Numbers represent maximum for each pooled treatment group.
b Denominators (number in age group) represent number of patients who received the specified dose without prior dosage reduction, so the total
across age groups is greater than total patient number within the pooled treatment group.
c Total number of patients in each group with reductions for non-protocol-specified reasons was five because some patients had multiple reasons
reported.
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The placebo-controlled childhood phase of the study was
followed by a carefully designed pubertal induction regimen
(with prespecified clinical parameters for dosage reduction)

starting after age 12 at 100 ng/kg/d of
EE2 (the dose previously shown to
maximize growth stimulation [Ref.
17]), followed by successive dosage
doublings from ages 14–16. This reg-
imen stimulated breast development
at somewhat later ages than typical
girls (29, 50), and age at menarche,
which was 15 years in both groups,
was substantially delayed compared
with median age of 12.6 years for US
non-Hispanicwhitegirls (51).Thisde-
lay reflects, at least in part, our in-
tent to restrain menarche until after
age 14 to optimize estrogen dosage
for growth (19).

Despite near-normalization of
thelarche in CLDE-treated girls,
bone age remained somewhat de-
layed relative to chronological age
throughout childhood. In contrast,
exposure to estrogen starting at 100
ng/kg/d after age 12 in the COP
group was accompanied by advances
in bone maturation and resultant
dosage reductions for almost one-
fourth of girls (vs no girls in the
CLDE group). This difference may
be partially explained by the fact that
many CLDE recipients had earlier
dosage reductions and by age 12 may
have been individualized to a dosage
that would avoid later bone age ac-
celeration. Alternatively, low-dose
estrogen during childhood may have
conditioned the growth plate to ma-
ture at a more normal rate in re-
sponse to the escalating estrogen
dosages at puberty.

In addition to elucidating the ef-
fects of childhood estrogen on phys-
ical maturation, this study provides
unique longitudinal data, beginning
as early as age 5, regarding exoge-
nous estrogen effects on gonadotro-
pins in a large cohort of girls with TS.
There was little effect of CLDE on
LH secretion, as evidenced by the
similar proportions of supranormal
LH values in both treatment groups

and the failure of CLDE to suppress the progressive rise in
LH after age 10. In contrast, the proportion of girls with
elevated FSH values was significantly greater for the pla-
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Figure 3. Effect of low-dose estrogen on gonadotropins. A, Scatter plots of LH values (left,
circles) and FSH values (right, diamonds) by age during the childhood phase of the study
(multiple study visits and values per patient). Upper panels (open symbols) display values for girls
who received oral placebo during childhood; lower panels (closed symbols) display values for girls
who received childhood low-dose estrogen. All girls received escalating dosages of EE2 for pubertal
induction from the first visit after the 12th birthday. Solid lines represent lines of best fit for the data.
To avoid compressing the vertical axis, FSH values above 200 IU/L are not shown. Dashed lines
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B, Proportions of values by treatment group above upper limit of normal at each integer age for LH
(15 IU/L, upper graph) and FSH (20 IU/L, lower graph); P values �.1 for differences between pooled
treatment groups are provided. At ages 8–11 years (childhood phase), a significantly greater
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pubertal induction phase there was a nonsignificant trend toward greater proportions of supranormal
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reductions during childhood. Because 80% of patients had 45,X karyotype, no separate analysis was
performed for patients with chromosomal mosaicism.
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cebo group than the CLDE group from ages 8–11 years,
likely reflecting partial negative feedback of estrogen on
FSH secretion. After age 12, when both treatment groups
received escalating EE2 dosages (slightly lower in the
CLDE group due to prior dose individualization), LH and
FSH concentrations remained persistently elevated in both
groups (albeit declining by about 50% at the highest EE2
dosages), suggesting inadequate negative feedback by in-
hibin, estrogen, or both.

This study has certain limitations. First, although
CLDE was beneficial for the timing of thelarche, memory
(45), motor performance (46), and adult height (19), the
doubling of the dosage to 50 ng/kg/d at age 8, whereas
consistent with evidence for a similar estrogen rise in typ-
ical prepubertal girls (10), resulted in dose reductions for
almost half the girls. These childhood dose reductions,
when carried over into the pubertal phase, unintentionally
caused somewhat lower mean estrogen dosages after age
12 for the CLDE group compared to the COP group. Con-
sequently, it is not possible to clearly distinguish the degree
to which differences observed after age 12 resulted from
estrogen exposure during childhood vs somewhat lower
estrogen dosages during the pubertal age range in the
CLDE group. Second, the EE2 tailoring regimen was re-
active, rather than proactive, because changes were made
on the basis of clinical signs of estrogen effect, rather than
measured estrogen concentrations (not feasible when this
study was conducted and unlikely to have been useful,
given a lack of clinical correlation for serum EE2 concentra-
tions). Third, the estrogen-mediated benefits for memory,
nonverbal processing speed, and motor performance de-
scribed in interim reports from this study were not re-exam-
ined during the pubertal phase, and the study contained no
provision for longer-term assessment of cognitive function,
quality-of-life or behavioral measures. Thus, whether the
cognitive benefits observed during childhood estrogen
treatment translated into long-term advantages is un-
known. Fourth, some investigators have proposed that
transdermal estrogen administration is more physiologi-
cal than oral administration (20, 52–54). However, stud-
ies in children comparing outcomes of oral vs transdermal
estrogens have yielded inconsistent results, likely due to
differences in study design, formulations, dosages, treat-
ment duration, and clinical endpoints (53, 55–57). A pilot
study in 12 girls with TS demonstrated improved bone
mineralization and uterine growth after 1 year in girls
treated with transdermal 17-�-estradiol (the principal
estrogen receptor ligand), compared with those who
received conjugated equine estrogen (56). In contrast, a
randomized study that titrated oral and transdermal 17-
�-estradiol dosages to targeted serum estradiol concen-

trations in 40 girls found no differences in metabolic or
clinical measures between oral and transdermal treatment
(57). To date, this is the only study to have compared
outcomes using the same form of estrogen after achieving
equivalent serum concentrations with each route of
administration.

Although the outcomes of the present study may pro-
vide sufficient reason to consider childhood estrogen re-
placement in TS, the full impact of childhood estrogen
deficiency and its correction has only begun to be ex-
plored. Other areas for which estrogens may have poten-
tial physiological roles during childhood include glucose
homeostasis (14), lipid metabolism (58), hypothalamic-
pituitary function (13, 59–61), liver function (62), car-
diovascular function (15), skeletal development and min-
eralization (12, 63–65), hearing (66), cognition (16, 67),
social interactions (68, 69), and sexuality (36, 70, 71). Be-
cause of the broad range of estrogen-mediated physiological
effects in adults and the demonstrated effects of childhood
estrogen replacement on the endpoints studied thus far, fu-
ture research will likely define additional areas in which es-
trogen has important actions during childhood.

In conclusion, our study demonstrates that low-dose
estrogen replacement beginning in childhood has several
advantages over a regimen designed to begin pubertal in-
duction in the teen years, including more physiological
onset of pubertal development, optimization of GH-stim-
ulated height gain (19), and benefits for cognitive devel-
opment and memory (45, 46). Our data provide novel
insights into the effects of two specific EE2 regimens, one
of which was begun as early as age 5, for the treatment of
childhood hypoestrogenism in TS and may help inform the
development of improved hormone replacement regimens
for girls with hypogonadism. As others have suggested,
transdermal estradiol may provide more of a physiological
mechanism for estrogen replacement than oral adminis-
tration by delivering estrogen into the systemic circulation
and avoiding exposure of the liver to supraphysiological
estrogen concentrations (20, 22, 52, 57). Individualiza-
tion of estradiol dosing could be accomplished with the
help of high-sensitivity gas chromatography/tandem mass
spectrometry estradiol assays, which would allow dose
titration to attain estradiol concentrations within the ap-
propriate prepubertal, and subsequently pubertal, range
for age. However, as with oral EE2, transdermal estradiol
replacement, particularly at the very low dosages required
in childhood, is currently hindered by a lack of commer-
cially available childhood dosage forms. To support fu-
ture research on childhood estrogen replacement, includ-
ing a broader range of long-term outcomes, and to
facilitate clinical translation of research findings, the de-
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velopment of commercial childhood dosage forms is
needed.
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