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Context: Peripubertal obesity (body mass index-for-age � 95%) in girls is associated with hyperan-
drogenemia. LH likely contributes to this relationship, but overnight LH secretion in obese girls is
poorly characterized.

Objective: The aim of the study was to evaluate LH pulse characteristics in obese girls throughout
pubertal maturation.

Design: We conducted a cross-sectional analysis.

Setting: The study was performed in a general clinical research center.

Participants: Eight nonobese and five obese Tanner 1–2 girls participated, as well as 32 nonobese
and 12 obese Tanner 3–5 girls.

Intervention: Blood samples were collected every 10 min overnight (from 1900 to 0700 h).

Main Outcome Measures: LH pulse frequency, amplitude, and mean LH were measured in three
4-h time blocks (block 1, 1900–2300 h; block 2, 2300–0300 h; and block 3, 0300–0700 h).

Results: Tanner stage 1–2 nonobese girls demonstrated nocturnal increases of LH frequency (P �

0.01, block 1 vs. 2) and mean LH (P � 0.05, block 1 vs. 2 and 3). Obese Tanner 1–2 girls had lower
12-h LH frequency and LH amplitude (P � 0.05 for both), with no overnight changes of LH pulse
parameters. Compared to normal, LH frequency was elevated in Tanner 3–5 obese girls (P � 0.01
in all blocks), whereas LH amplitude was low (P � 0.05 in all blocks). Overnight increases of LH
amplitude were observed in nonobese Tanner 3–5 girls (P � 0.0001), but not in obese Tanner
3–5 girls.

Conclusions: Obesity in prepubertal and early pubertal girls is associated with reduced LH secretion
and reduced nocturnal changes of LH. In later pubertal girls, obesity is linked with reduced LH
amplitude, but elevated LH frequency; the latter may reflect effects of hyperandrogenemia. (J Clin
Endocrinol Metab 94: 56–66, 2009)

Orderly pulsatile secretion of GnRH is essential for pubertal
development and normal reproductive function. Early pu-

berty is marked by nocturnal (sleep-associated) increases of LH
amplitude and LH (GnRH) pulse frequency, with reduction during

the following day (1–5). Such diurnal variation of GnRH frequency
may be important for normal pubertal secretion of LH and FSH
because high and low GnRH pulse frequencies favor pituitary syn-
thesis of LH and FSH, respectively (6). The mechanisms underlying
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diurnal changes of GnRH frequency remain unclear, but we have
hypothesized that sex steroid feedback plays a key role (7).

Polycystic ovary syndrome (PCOS) and adolescent hyperan-
drogenemia (HA) are associated with elevated GnRH pulse fre-
quency (8–12), which contributes to HA and oligoanovulation
via LH excess and relative FSH deficiency (7). In adult PCOS (13,
14) and in some adolescents with HA (15), rapid GnRH pulses
are partly related to relative GnRH pulse generator resistance to
negative feedback (i.e. reduced ability of progesterone (P) to sup-
press GnRH pulse frequency). This defect can be reversed in
adult PCOS by androgen receptor blockade (16), suggesting that
it is a result of HA itself.

Clinical manifestations of PCOS often begin during or shortly
after puberty, and HA during adolescence can represent a pre-
cursor of adult PCOS (17, 18). We have suggested that early
pubertal HA interferes with diurnal GnRH frequency changes,
leading to gonadotropin abnormalities that support a progres-
sion toward a classical PCOS phenotype (7). Study of this pu-
tative relationship in early puberty is difficult because HA gen-
erally does not manifest clinically (e.g. as hirsutism) until later
puberty. However, we and others have recently described an
association between HA and obesity in early pubertal girls (19–
21). Although early data suggest that LH may play an important
role in obesity-associated HA (20, 21), these data originated from
early morning blood samples. Thus, LH secretory dynamics in
obese peripubertal girls remain unclear. We hypothesized that
obeseperipubertal girls—whoarehyperandrogenemic ingeneral—
demonstrate elevated LH pulse frequency during daytime and
nighttime. Such a relationship could reflect the effects of abnormal
LH drive on androgen production, effects of HA on LH pulsatility,
or both. Herein we describe overnight LH and sex steroid secretory
dynamics in obese girls throughout pubertal development.

Subjects and Methods

Volunteers were recruited through advertisements and from Pediatric
Clinics at the University of Virginia Health System (UVAHS). Subjects
included 40 nonobese girls and 17 obese girls, ranging from pubertal
stage 1 (prepubertal) to stage 5 and from ages 7 to 17 yr. Exact body mass
index (BMI)-for-age percentiles were calculated using a SAS program
that incorporates normative data from the National Health Examination
and National Health and Nutrition Examination Surveys (22) (available
at http://www.cdc.gov/nccdphp/dnpa/growthcharts/resources/sas.htm).
Subjects were classified as obese if their gender-specific BMI-for-age was
95th percentile or greater (23, 24). Those with a BMI-for-age below the
95th percentile were classified as nonobese. Subject characteristics are
shown in Table 1. Early morning data from some of these subjects were
included in previous reports (20, 21). None of the girls was anorectic or
overly athletic. Only one girl could be considered underweight (BMI-
for-age percentile 4.4), but this Tanner 2 girl had no evidence of hypo-
thalamic-pituitary-ovarian disturbance (e.g. 7 LH pulses over 12 h with
a normal pattern; average LH amplitude, 5.3 IU/liter; mean LH, 5.3
IU/liter; mean FSH, 4.8 IU/liter; and average estradiol (E2), 46 pg/ml).
None of the girls was sexually precocious, and none had premature
adrenarche. Seven girls (all Tanner 5 and obese) had abnormal menses
(i.e. average intermenstrual length �45 d in girls at least 2 yr postmen-
arche) and hyperandrogenism [i.e. hirsutism and/or Tanner stage-spe-
cific HA (20)], and therefore met criteria for PCOS (25).

Study procedures
Study procedures were approved by the Institutional Review Board

at UVAHS. Informed assent and consent were obtained from study par-
ticipants and parents, respectively. Participants were taking no medica-
tions known to affect the reproductive axis, and none had used hormonal
medications for 90 d before study.

Each volunteer underwent a detailed history and physical exam, in-
cluding assessment of pubertal breast stage [using the Tanner scale (26)]
via inspection and palpation. All subjects were screened for hormonal
and health-related abnormalities with determinations of LH, FSH, P, E2,
total testosterone (T), SHBG, 17-hydroxyprogesterone, dehydroepi-
androsterone sulfate (DHEAS), �-human chorionic gonadotropin, TSH,
prolactin, complete blood count, chemistry and liver panels. With the
exception of androgens and insulin, all laboratory values were within
normal limits. Twenty-six of 57 subjects had a bone age determination
using standard techniques.

Subjects underwent an overnight sampling study in the General Clin-
ical Research Center (GCRC), with evening sampling (i.e. before sleep)
serving as a surrogate for daytime due to blood volume limitations.
Premenarcheal girls were studied on a random day; regularly cycling
subjects between cycle days 8 and 10; and oligomenorrheic subjects at
least 60 d after menses. Subjects were admitted to the GCRC at 1700 h.
A hematocrit and �-human chorionic gonadotropin were obtained to
exclude anemia and pregnancy, respectively. A standard dinner was
served at 1730 h. Beginning at 1900 h, blood for later hormone mea-
surement was obtained through an indwelling iv heparin lock catheter
over 12 h as follows: LH every 10 min; FSH, P, E2, T, and cortisol every
2 h. Subjects began fasting no later than 2200 h. Lights were extinguished
at 2300 h to facilitate sleep, which was recorded every 10 min by trained
observers. At 0700 h, blood was drawn for fasting insulin, SHBG, and
DHEAS. Thereafter, breakfast was served, and volunteers were dis-
charged on oral iron supplementation to help replenish iron stores.

Hormonal measurements
Blood was withdrawn into serum separator tubes and allowed to clot

at room temperature before centrifugation. Serum was removed and
stored at �20 C before analysis, which occurred within several days.
Assays were performed by the Ligand Core Laboratory of the Center for
Research in Reproduction at UVAHS. All samples from an individual
subject were analyzed in duplicate in the same assay for each hormone.
The pulse analysis program used both LH values for each time point;
otherwise, the mean of the duplicates was used for data analysis. Samples
with measured values below assay sensitivity were assigned the value of
the assay’s sensitivity.

LH and FSH were measured by chemiluminescence [Diagnostic Prod-
ucts Corporation (DPC), Los Angeles, CA; sensitivities, 0.1 and 0.05
IU/liter; intraassay coefficients of variation (CVs), 1.9–3.2%; interassay
CVs 4.8–6.6%]. Total T, E2, P, and cortisol were measured by RIA
(DPC; sensitivities, 10 ng/dl, 10 pg/ml, 0.1 ng/ml, and 1 �g/dl, respec-
tively; intraassay CVs, 3.5–6.8%; interassay CVs, 5.8–15.8%). Given
minor cross-reaction of cortisol in the P assay, we employed a cortisol
concentration-P measurement nomogram as previously described (20).
This allowed adjustment of measured P concentrations for a small con-
tribution of cortisol. SHBG and DHEAS were measured by chemilumi-
nescence (DPC; sensitivities, 0.2 nmol/liter and 7 �g/dl; intraassay CVs,
2.0–6.2%; interassay CVs, 3.8–7.8%, respectively). Insulin was mea-
sured by chemiluminescence (DPC; sensitivity, 2.6 �IU/ml; intraassay
CV, 3.0–4.0%; interassay CV, 8.3–8.8%) or RIA (Diagnostics Systems
Laboratories, Inc., Webster, TX; sensitivity, 1.3 �IU/ml; intraassay CV,
7.5–8.5%; interassay CV, 9.5–21%).

Free T was calculated from total T and SHBG using the following
equation: FT � ([T � (N)(FT)]/[(KT)(SHBG) � (KT)(T) � (N)(KT)(FT)])/
3.467. In this equation, FT � free T (pg/ml); KT � association constant
of SHBG for T (1.0 � 109); T � total T concentration (ng/dl); SHBG �
SHBG concentration (nmol/liter); and N � (KA)(CA) � 1, where KA �
association constant of albumin for T (3.6 � 104), and CA � concen-
tration of albumin (assumed to be 4.3 g/dl) (27).
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TABLE 1. Baseline characteristics

Nonobese Obese P value

Tanner 1 (n � 4) (n � 2)
BMI (kg/m2) 15.9 � 0.6 (16.1, 14.6–17.0) 27.4 � 0.4 (27.4, 26.9–27.8)
BMI-for-age

percentile
45.1 � 9.4 (44.9, 25.4–65.4) 98.8 � 0.6 (98.8, 98.2–99.4)

Age (yr) 8.5 � 0.4 (8.6, 7.4–9.5) 9.3 � 1.2 (9.3, 8.1–10.4)
Bone age (yr) 7.3 � 1.5 (7.3, 5.8–8.8) (n � 2) 9.9 � 1.1 (9.9, 8.8–11.0)
Postmenarcheal 0 of 4 (0%) 0 of 2 (0%)
Hirsutism 0 of 4 (0%) 0 of 2 (0%)

Tanner 2 (n � 4) (n � 3)
BMI (kg/m2) 17.3 � 1.6 (16.1, 15.1–21.8) 30.2 � 3.3 (30.5, 24.4–35.7)
BMI-for-age

percentile
36.2 � 19.5 (23.5, 5.1–92.8) 99.1 � 0.5 (99.3, 98.2–99.8)

Age (yr) 11.3 � 0.8 (11.2, 9.9–13.1) 9.1 � 0.5 (8.7, 8.6–10.0)
Bone age (yr) 11.1 � 0.3 (11.0, 10.5–12.0) 11.0 � 1.0 (11.0, 10.0–12.0) (n � 2)
Postmenarcheal 0 of 4 (0%) 0 of 3 (0%)
Hirsutism 0 of 4 (0%) 0 of 3 (0%)

Tanner 1–2 (n � 8) (n � 5)
Tanner stage 1.5 � 0.2 (1.5, 1–2) 1.6 � 0.2 (2.0, 1–2) �0.1
BMI (kg/m2) 16.6 � 0.8 (16.1, 14.6–21.8) 29.1 � 1.9 (27.8, 24.4–35.7) 0.0016
BMI-for-age

percentile
40.7 � 10.2 (31.1, 5.1–92.8) 99.0 � 0.3 (99.3, 98.2–99.8) 0.0016

Age (yr) 9.9 � 0.7 (9.7, 7.4–13.1) 9.2 � 0.5 (8.7, 8.1–10.4) �0.1
Bone age (yr) 9.9 � 0.9 (10.8, 5.8–12.0) (n � 6) 10.5 � 0.7 (10.5, 8.8–12.0) (n � 4) �0.1
Postmenarcheal 0 of 8 (0%) 0 of 5 (0%) NA
Hirsutism 0 of 8 (0%) 0 of 5 (0%) NA
Race, ethnicity 7 W, 1 NR; 1 of 8 Hispanic 4 W, 1 B; 1 of 5 Hispanic

Tanner 3 (n � 5) (n � 1)
BMI (kg/m2) 20.3 � 1.0 (21.5, 17.2–23.1) 32.5
BMI-for-age

percentile
66.9 � 11.8 (83.3, 28.6–88.1) 99.1

Age (yr) 12.4 � 0.5 (12.8, 10.8–13.5) 11.8
Bone age (yr) 12.6 � 0.6 (12.5, 11.5–14.0) (n � 4) 15.0
Postmenarcheal 2 of 5 (40%) no
Gynecological age

(yr)*
1.0 � 0.0 (1, 1–1) (n � 2)

Irregular menses* 1 of 2 (50%)
Hirsutism 0 of 5 (0%) yes

Tanner 4 (n � 10) (n � 2)
BMI (kg/m2) 20.5 � 1.0 (20.8, 16.0–25.1) 32.3 � 0.7 (32.3, 31.6–32.9)
BMI-for-age

percentile
59.6 � 9.1 (67.2, 4.2–90.7) 98.2 � 0.5 (98.2, 97.6–98.7)

Age (yr) 13.8 � 0.5 (13.9, 12.0–16.9) 14.3 � 0.8 (14.3, 13.6–15.1)
Bone age (yr) 14.5 � 1.0 (15.0, 12.0–16.0) (n � 4)
Postmenarcheal 8 of 10 (80%) 2 of 2 (100%)
Gynecological age

(yr)*
2.1 � 0.6 (2, 0–4) (n � 8) �1 yr

Irregular menses* 1 of 8 (13%) 0 of 2
Hirsutism 0 of 10 (0%) 1 of 2 (50%)

Tanner 5 (n � 17) (n � 9)
BMI (kg/m2) 23.0 � 0.8 (24.0, 18.1–28.1) 37.3 � 2.4 (34.4, 28.2–49.2)
BMI-for-age

percentile
71.0 � 5.8 (80.8, 16.6–94.7) 98.2 � 0.4 (98.2, 96.3–99.8)

Age (yr) 15.1 � 0.3 (15.3, 13.1–17.3) 15.9 � 0.5 (16.1, 13.4–17.7)
Bone age (yr) 17.3 � 0.7 (18.0, 16.0–18.0) (n � 3) 17.3 � 0.5 (17.5, 16.0–18.0) (n � 4)
Postmenarcheal 15 of 17 (88%) 8 of 9 (89%)
Gynecological age

(yr)*
2.7 � 0.3 (3, 0–5) (n � 15) 3.0 � 0.6 (2.5, 1–6)

Irregular menses* 3 of 15 (20%) 7 of 8 (88%)
Hirsutism 3 of 17 (18%) 9 of 9 (100%)

(Continued)
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Formulas for converting conventional units to SI units are: free T
(pg/ml) � 3.467 (pmol/liter); P � 3.18 (pmol/liter); E2 � 3.671 (pmol/
liter); DHEAS � 0.002714 (�mol/liter); and insulin � 7.175 (pmol/liter).

Data analysis
LH pulses were identified using the computer algorithm Cluster 7

(28). Analysis parameters were a test nadir and peak size of 2 � 2 with
a t-statistic of 2.45 for both upstroke and downstroke. Missing values
represented less than 0.1% of the total and were ignored. If the amplitude
of a detected LH pulse (by Cluster 7) was less than the range of intraassay
variability for the LH chemiluminescence method, it was not considered
a pulse in subsequent analysis, as previously described (29). Specifically,
pulses with the following characteristics were excluded: peak less than
0.5 and amplitude less than 0.1; peak from 0.5 to 1 and amplitude less
than 0.25; peak from 1 to 5 and amplitude less than 0.5; peak greater than
5 and amplitude less than 1.0 (all in units IU/liter).

Statistical methods
Data are presented as mean � SEM. We employed nonparametric

statistical tests, which are based on ranks of observations and require no
assumptions about the underlying distribution of data. All hypothesis
tests were two-sided and conducted at the 0.05 level of significance.

The primary outcome of this study was LH pulse count (a measure of
LH pulse frequency) over 12 h and across three 4-h time blocks: 1900–
2300 h (i.e. before “lights out”; block 1); 2300–0300 h (block 2); and
0300–0700 h (block 3). Secondary outcomes included mean LH, LH
amplitude, FSH, P, T, and E2 across the same time blocks and over 12 h.
For formal statistical analysis, we combined Tanner 1 and 2 girls because
nonobese Tanner 1 and 2 girls demonstrated nocturnal increases in LH
frequency, and because obese girls in these stages had lower than normal
LH frequency (Fig. 1). Likewise, we combined the Tanner 3, 4, and 5 girls
because these girls demonstrated daytime LH frequency at least as high
as that observed at nighttime, and because obese Tanner 3–5 girls gen-
erally had higher LH frequency compared with nonobese girls.

To compare baseline characteristics between groups (i.e. obese vs.
nonobese), Wilcoxon rank sum tests and Fisher’s exact tests were used
for continuous and categorical variables, respectively. Wilcoxon rank
sum tests were used to compare 12-h and 4-h values between obese and
nonobese groups. When comparison involved at least 10 observations
from each of the two samples, the method of normal approximation was
employed; otherwise, exact tests were performed. Wilcoxon sign rank
tests were used to test for day-night differences, with values during block
1 (a surrogate for daytime values) serving as the baseline.

Results

LH pulse frequency
LH pulse frequency increased overnight (i.e. block 1 vs.

block 2) in nonobese Tanner 1 and 2 girls (Fig. 1). By block 3,
LH frequency had decreased in nonobese Tanner 1 girls but
remained elevated in nonobese Tanner 2 girls. In nonobese
Tanner 3 girls, LH frequency was similar in all time blocks;
and daytime LH frequency was higher than nighttime fre-
quency in nonobese Tanner 4 and 5 girls. Thus, daytime fre-
quency preferentially increased across normal puberty,
whereas nighttime frequency (block 2) remained approxi-
mately constant (�0.5 pulses per hour). In Tanner 1 and 2
obese girls, LH frequency was generally lower than that in
nonobese Tanner 1 and 2 girls. Nighttime frequency did not
increase in Tanner 1 obese girls, although there was a sug-
gestion of such in Tanner 2 obese girls. Mean LH frequency in
Tanner 3–5 obese girls was as high as or higher than that of
corresponding nonobese girls.

In Tanner 1–2 nonobese girls, LH pulse frequency increased
approximately 5.9-fold from blocks 1 to 2 (P � 0.0078; Fig. 2).
LH frequency decreased by block 3 such that it was no longer
statistically different from block 1 (P � 0.0625). In contrast,
LH frequency did not clearly increase overnight in obese Tan-
ner 1–2 girls (P � 0.5; Fig. 2). In Tanner 3–5 nonobese girls,
LH pulse frequency decreased by 23% from block 1 to 2 and
33% from block 1 to 3 (P � 0.0001 for both). In obese Tanner
3–5 girls, mean LH frequency decreased by 24% from block
1 to 3, but this did not reach statistical significance (P �

0.0596).
LH frequency over 12 h was 65% lower in obese Tanner 1–2

girls compared with nonobese Tanner 1–2 girls (P � 0.0241) (see
Tables 2 and 3). Compared with nonobese Tanner 3–5 girls, LH
frequency was higher in obese girls during all time blocks: 31%
higher in block 1 (P � 0.0045), 45% higher in block 2 (P �

0.0088), and 49% higher in block 3 (P � 0.0026) (Fig. 2)

TABLE 1. Continued

Nonobese Obese
P

value

Tanner 3–5 (n � 32) (n � 12)
Tanner stage 4.4 � 0.1 (5, 3–5) 4.7 � 0.2 (5, 3–5) �0.1
BMI (kg/m2) 21.8 � 0.6 (21.7, 16.0–28.1) 36.1 � 1.9 (33.1, 28.2–49.2) �0.0001
BMI-for-age

percentile
66.8 � 4.5 (76.5, 4.2–94.7) 98.3 � 0.3 (98.4, 96.3–99.8) �0.0001

Age (yr) 14.3 � 0.3 (14.0, 10.8–17.3) 15.3 � 0.5 (15.9, 11.8–17.7) 0.0968
Bone age (yr) 14.6 � 0.7 (14.0, 11.5–18.0) (n � 11) 16.8 � 0.6 (17.0, 15.0–18.0) (n � 5) 0.0949
Postmenarcheal 25 of 32 (78%) 10 of 12 (83%) �0.1
Gynecological age

(yr)*
2.4 � 0.3 (2, 0–5) (n � 25) 2.4 � 0.6 (2, 0–6) (n � 10) �0.1

Irregular menses* 5 of 25 (20%) 7 of 10 (70%) 0.0146
Hirsutism 3 of 32 (9%) 11 of 12 (92%) �0.0001
Race, ethnicity 25 W, 6 B, 1 NR; 1 of 32 Hispanic 10 W, 2 B; 0 of 12 Hispanic

Continuous data are presented as mean � SEM (median, minimum–maximum). Asterisks denote data for postmenarcheal girls only. NA, Not applicable (i.e. all subjects
in one category); W, white; B, black; NR, not reported. Of the 25 postmenarcheal nonobese girls, gynecological age was no greater than 2 yr in 13, and at least 4 yr in
six. Of the 10 postmenarcheal obese girls, gynecological age was no greater than 2 yr in 8, and at least 4 yr in two. Gynecological age � number of full years (as a
whole number) since menarche.
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LH pulse amplitude
Overnight LH amplitudes appeared to be higher than day-

time amplitudes in nonobese girls of all Tanner stages (Fig. 1),
but were reduced and with dampened nocturnal increases in
obese girls. Overnight increases of LH amplitude were statis-
tically significant in nonobese Tanner 3–5 girls (P � 0.0001,
block 1 vs. blocks 2 and 3), but changes did not reach statis-
tical significance in nonobese Tanner 1–2 girls (block 1 vs. 2,
P � 0.0781; block 1 vs. 3, P � 0.0625) (Fig. 2). There was no
significant overnight increase of LH amplitude in obese Tan-
ner 1–2 girls or obese Tanner 3–5 girls. Mean LH amplitude
over 12 h was 75% lower in Tanner 1–2 obese girls compared
with normal (P � 0.0435) (Table 3). Similarly, LH amplitude
was reduced in Tanner 3–5 obese girls at all time blocks (block
1, P � 0.0165; block 2, P � 0.0046; block 3, P � 0.0005)
(Fig. 2).

Mean LH
Mean LH appeared to be lower in obese

peripubertal girls, with the exception of the
most mature (Tanner 5) (Fig. 1). Mean LH
increased overnight in nonobese Tanner 1–2
girls (P � 0.0156 and 0.0078, block 1 vs. 2
and 3, respectively) and nonobese Tanner
3–5 girls (P � 0.0189 and 0.0098, block 1
vs. 2 and 3, respectively) (Fig. 2). In obese
Tanner 1–2 girls, mean LH did not change
overnight and was reduced in block 3 (P �

0.0334) compared with nonobese girls.
Mean LH fell from block 1 to 2 in the obese
Tanner 3–5 group (P � 0.0210). There were
no differences in mean LH (obese vs. nono-
bese) at any time period in the Tanner 3–5
group.

Mean FSH
Mean FSH increased from block 1 to 3 in

nonobese Tanner 1–2 girls (P � 0.0078)
(Fig. 2). In nonobese Tanner 3–5 girls, mean
FSH increased from blocks 1 to 3 (P �

0.0374). No overnight changes were ob-
served in obese Tanner 1–2, but FSH de-
creased from blocks 1 to 2 in obese Tanner
3–5 girls (P � 0.0117). Although FSH ap-
peared to be lower in obese compared with
nonobese Tanner 1–2 girls, these differences
were not statistically significant.

Sex steroids
Mean overnight free T was 39% higher

in obese than in nonobese Tanner 1–2 girls,
but this difference was not statistically signif-
icant (Tables 2 and 3). In Tanner 3–5 girls,
meanovernight freeTwas2.5-foldelevated in
obese girls. Mean overnight P and E2 were
similar between the obese and nonobese Tan-
ner1–2girls and theobeseandnonobeseTan-
ner 3–5 girls. Mean E2 concentration was

greater than 20 pg/ml in all but one Tanner 1 subject.
Free T increased from block 1 to 3 in nonobese Tanner 1–2

girls (P � 0.0313) and nonobese Tanner 3–5 girls (P � 0.0001);
but free T did not clearly change overnight in either group of
obese girls (P � 0.0640 block 1 vs. 3 in Tanner 3–5 obese girls)
(Fig. 3). P increased from blocks 1 to 3 in nonobese Tanner 1–2
girls (P � 0.0391). In nonobese Tanner 3–5 girls, P decreased
from blocks 1 to 2 (P � 0.0011) but increased from blocks 1 to
3 (P � 0.0025). P decreased from blocks 1 to 2 in obese Tanner
3–5 girls (P � 0.0342). E2 concentrations decreased from block
1 to 2 in nonobese Tanner 3–5 girls (P � 0.0394), and from block
1 to 3 in obese Tanner 3–5 girls (P � 0.0068).

Obese Tanner 5 girls with and without PCOS
As observed in Fig. 1, LH pulse frequency in obese Tanner 5

girls appeared to be similar whether or not they met criteria for

FIG. 1. Late evening and overnight LH characteristics in obese (solid circles) and nonobese (open squares)
peripubertal girls stratified by Tanner breast stage. Data are presented as mean � SEM. The numbers of
subjects in each group are shown below the Tanner stage labels. NO, Nonobese; OB, obese. For reference,
data for obese Tanner 5 girls with PCOS (solid triangles) and without PCOS (open triangles) are shown
separately in the last column.
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PCOS, and both groups appeared to have a
higher LH frequency than nonobese Tanner
5 girls. Obese non-PCOS Tanner 5 girls ap-
peared to have lower LH pulse amplitude
compared with girls with PCOS, but both
groups appeared to have lower LH pulse
amplitude compared with nonobese Tanner
5 girls. Mean LH appeared lower in obese
non-PCOS Tanner 5 girls compared with
girls with PCOS.

Discussion

In the girls studied via overnight sampling at
our institution, obesity was associated with
reduced LH pulse frequency during prepu-
berty and early puberty but increased fre-
quency during later puberty. Obese girls
also demonstrated reduced LH pulse ampli-
tude throughout puberty. These data add to
earlier findings of relatively low morning
LH values in prepubertal and early pubertal
obese girls (20). Low LH amplitude in obese
girls may be analogous to an inverse rela-
tionship between BMI and both mean LH
and LH amplitude in PCOS (30–32), which
in part reflects reduced gonadotrope re-
sponsiveness to GnRH (30, 33) and in-
creased LH clearance (34).

Our data also suggest that day-night
changes of gonadotropin secretion during
puberty are dampened in obese girls. For ex-
ample, whereas nonobese Tanner 1–2 girls
demonstrated significant overnight in-
creases of LH frequency and mean LH, no
substantial changes were observed in obese
Tanner 1–2 girls. Similarly, whereas LH am-
plitude increased 1.9-fold overnight in
nonobese Tanner 3–5 girls, LH amplitude
did not clearly increase in obese Tanner 3–5
girls, rendering LH amplitude in blocks 2
and 3 that were less than 50% of those in
nonobese Tanner 3–5 girls. Mean FSH also
increased overnight in nonobese Tanner 1–2
girls, but FSH tended to be lower in obese
girls with no clear overnight increase.

In nonobese girls, nighttime LH frequency
remained essentially constant throughout pu-
berty, whereas evening (a surrogate for day-
time) frequency increased markedly across
puberty. Thus, by later puberty, LH fre-
quency fell overnight, as observed previ-
ously (4). In contrast to this developmental
sequence, our data suggest that LH pulses
change abruptly in obese girls from a rela-
tively low frequency to a relatively high fre-

FIG. 2. Late evening and overnight gonadotropin characteristics in obese (solid circles) and nonobese
(open squares) peripubertal girls stratified by Tanner breast stage grouping. Data are presented as mean �
SEM. The numbers of subjects in each group are shown below the Tanner stage labels. NO, Nonobese; OB,
obese. a, P � 0.05 vs. baseline (1900–2300 h); b, P � 0.01 vs. baseline (1900–2300 h); *, P � 0.05 vs.
nonobese in the same time block; **, P � 0.01 vs. nonobese in the same time block. For reference, data
for obese Tanner 5 girls with PCOS (solid triangles) and without PCOS (open triangles) are shown
separately in the last column.
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TABLE 2. Mean hormonal values over 12 h of sampling (1900–0700 h) stratified by Tanner breast stage

Nonobese Obese

Tanner 1 (n � 4) (n � 2)
LH pulses per 12 h 3.0 � 0.4 (3, 2–4) 1.0 � 1.0 (1, 0–2)
LH amplitude (IU/liter) 0.4 � 0.2 (0.3, 0.1–1.1) 0.3 � 0.3 (0.3, 0.0–0.6)
LH (IU/liter) 0.2 � 0.1 (0.1, 0.1–0.6) 0.1 � 0.06 (0.1, 0.1–0.2)
FSH (IU/liter) 1.2 � 0.3 (1.2, 0.5–1.8) 0.9 � 0.6 (0.9, 0.3–1.5)
Free T (pg/ml) 0.58 � 0.13 (0.53, 0.36–0.88) 0.86 � 0.12 (0.86, 0.74–0.98)
P (ng/ml) 0.2 � 0.04 (0.2, 0.1–0.3) 0.2 � 0.4 (0.2, 0.1–0.2)
E2 (pg/ml) 29.7 � 8.1 (29.5, 12.4–47.5) 21.6 � 0.1 (21.6, 21.5–21.7)
SHBG (nmol/liter)* 58.8 � 8.2 (60.9, 38.8–74.7) 23.2 � 0.7 (23.2, 22.5–23.8)
DHEAS (�g/dl)* 26 � 14 (21, 7–61) 26 � 17 (26, 9–43)
Fasting insulin

(�IU/ml)*
6.5 � 2.6 (5.4, 1.7–13.7) 34.9 � 9.3 (34.9, 25.6–44.2)

Tanner 2 (n � 4) (n � 3)
LH pulses per 12 h 5.0 � 1.2 (5.5, 2–7) 1.7 � 1.2 (1.0, 0–4)
LH amplitude (IU/liter) 1.9 � 0.3 (1.8, 1.3–2.7) 0.3 � 0.3 (0.1, 0.0–0.9)
LH (IU/liter) 1.4 � 0.6 (1.2, 0.4–2.8) 0.2 � 0.1 (0.1, 0.1–0.5)
FSH (IU/liter) 1.9 � 0.6 (1.5, 1.1–3.5) 0.7 � 0.6 (0.3, 0.1–1.8)
Free T (pg/ml) 0.85 � 0.23 (0.76, 0.40–1.47) 1.12 � 0.35 (1.10, 0.52–1.75)
P (ng/ml) 0.3 � 0.03 (0.3, 0.2–0.3) 0.3 � 0.1 (0.2, 0.2–0.5)
E2 (pg/ml) 38.2 � 6.7 (36.9, 23.7–55.4) 34.1 � 5.4 (39.2, 23.3–39.7)
SHBG (nmol/liter)* 58.1 � 9.6 (50.9, 44.1–86.4) 27.4 � 9.4 (28.4, 10.7–43.2)
DHEAS (�g/dl)* 45 � 5 (46, 31–56) 68 � 16 (62, 45–98)
Fasting insulin

(�IU/ml)*
10.9 � 2.8 (10.9, 5.5–16.4) 11.7 � 2.8 (12.4, 6.6–16.2)

Tanner 3 (n � 5) (n � 1)
LH pulses per 12 h 6.2 � 0.9 (6, 4–9) 9
LH amplitude (IU/liter) 4.5 � 1.0 (3.4, 2.2–7.3) 1.5
LH (IU/liter) 3.9 � 0.5 (4.5, 2.5–4.9) 2.6
FSH (IU/liter) 4.5 � 0.6 (4.4, 3.0–6.6) 2.5
Free T (pg/ml) 1.72 � 0.51 (2.02, 0.37–3.23) 11.1
P (ng/ml) 0.3 � 0.04 (0.3, 0.2–0.4) 0.5
E2 (pg/ml) 45.2 � 6.3 (40.1, 32.1–66.6) 61.7
SHBG (nmol/liter)* 51.9 � 9.2 (48.5, 27.4–84.5) 17.0
DHEAS (�g/dl)* 76 � 23 (91, 13–143) 67
Fasting insulin

(�IU/ml)*
13.5 � 3.3 (10.8, 5.7–23.3) 58.8

Tanner 4 (n � 10) (n � 2)
LH pulses per 12 h 7.6 � 0.5 (7, 6–10) 9.0 � 1.0 (9, 8–10)
LH amplitude (IU/liter) 4.2 � 0.5 (3.8, 2.6–7.3) 1.6 � 0.2 (1.6, 1.5–1.8)
LH (IU/liter) 5.5 � 0.7 (5.1, 2.9–10.8) 2.7 � 0.3 (2.7, 2.4–3.0)
FSH (IU/liter) 4.1 � 0.4 (4.0, 1.7–6.1) 2.5 � 0.7 (2.5, 1.8–3.1)
Free T (pg/ml) 2.98 � 0.38 (3.00, 1.52–5.24) 6.97 � 2.34 (6.97, 4.63–9.31)
P (ng/ml) 0.3 � 0.03 (0.3, 0.2–0.5) 0.3 � 0.1 (0.3, 0.2–0.4)
E2 (pg/ml) 65.5 � 10.0 (55.6, 34.6–140.2) 75.6 � 20.9 (75.6, 54.7–96.4)
SHBG (nmol/liter)* 37.8 � 7.5 (27.3, 10.4–82.6) 19.3 � 6.8 (19.3, 12.5–26.1)
DHEAS (�g/dl)* 134 � 21 (140, 54–210) 114 � 25 (144, 89–139)
Fasting insulin

(�IU/ml)*
14.5 � 1.9 (13.8, 5.6–27.7) 22.8 � 15.1 (22.8, 7.7–37.9)

Tanner 5 (n � 17) (n � 9)
LH pulses per 12 h 7.4 � 0.6 (8, 3–12) 10.6 � 0.5 (10.6, 8–13)
LH amplitude (IU/liter) 4.5 � 0.5 (4.7, 1.9–7.5) 2.9 � 0.5 (2.2, 1.3–5.7)
LH (IU/liter) 6.1 � 0.9 (5.2, 2.2–16.5) 7.7 � 1.1 (6.8, 3.5–13.2)
FSH (IU/liter) 4.5 � 0.4 (4.0, 2.6–8.7) 4.7 � 0.4 (4.7, 3.3–7.5)
Free T (pg/ml) 4.58 � 0.83 (2.91, 1.80–12.35) 9.86 � 2.03 (8.73, 3.42–22.82)
P (ng/ml) 0.4 � 0.04 (0.4, 0.2–0.7) 0.5 � 0.1 (0.4, 0.2–1.0)
E2 (pg/ml) 62.6 � 6.9 (54.2, 30.1–142.9) 63.1 � 6.9 (60.4, 28.0–93.7)
SHBG (nmol/liter)* 35.8 � 3.8 (38.1, 13.5–62.4) 17.6 � 3.3 (12.8, 9.0–39.7)
DHEAS (�g/dl)* 180 � 26 (170, 41–414) 169 � 32 (152, 37–356)
Fasting insulin

(�IU/ml)*
20.9 � 3.0 (17.3, 4.8–46.6) 30.5 � 4.2 (30.2, 11.5–54.8)

Data are presented as mean � SEM (median, minimum–maximum). Asterisks denote measurements made from a single blood sample at 0700 h. To convert
from conventional to SI units: free T � 3.467 (pmol/liter); P � 3.18 (pmol/liter); E2 � 3.671 (pmol/liter); DHEAS � 0.002714 (�mol/liter); insulin � 7.175
(pmol/liter).
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quency during the day and night. Although LH frequency also
appeared to fall overnight in obese Tanner 3–5 girls, this changed
did not reach statistical significance, and LH frequency remained
elevated during all time blocks.

We recognize that the inclusion of “overweight” adolescents
(i.e. BMI-for-age percentile �85 but �95) in the nonobese group
could potentially mask differences related to obesity because
overweight adolescents are often considered to be at intermedi-
ate risk for obesity-associated complications in general. Among
the 40 nonobese girls studied, 11 were overweight (one Tanner
2, one Tanner 3, one Tanner 4, and eight Tanner 5). For the
Tanner 5 subjects, we evaluated these three groups (i.e. normal
weight, overweight, and obese groups) separately. LH pulse
count and LH amplitude appeared to be intermediate between
normal weight and obese groups, whereas there were no clear
differences of mean LH or free T (data not shown).

The mechanisms underlying the evolution of sleep-wake dif-
ferences of GnRH frequency—and the potential role of sex ste-
roids in directing these changes—are unknown. However, given
that low GnRH frequencies favor FSH synthesis, diurnal slowing
of pubertal GnRH frequency during puberty may be important
for maintenance of FSH secretion, and hence follicular develop-
ment. We have postulated that the reduction of LH pulse fre-
quency in the morning may partly reflect negative feedback by
rising P concentrations (7, 20). Indeed, in the Tanner 1–2 nono-
bese girls studied here, LH frequency appears to fall at the same
time that P increases (i.e. during the 0300–0700 h block), con-
sistent with a negative feedback relationship. This could repre-
sent the emergence of a dominant role for sex steroid feedback in
GnRH frequency regulation. In further support of this notion,
girls with gonadal dysgenesis exhibited similarly high LH fre-
quency during the evening and overnight, in contrast to low

evening and high overnight LH frequency in age-matched, early
pubertal controls (5).

Some of the observed differences in LH secretion may be a
result of obesity per se. However, obesity does not impact LH
frequency in women with or without PCOS (30, 31, 35); and
although one study suggested an inverse relationship between
BMI and LH pulse amplitude in normal women (31), other stud-
ies found no such relationship in women without PCOS (30, 35).
Abnormal sleep patterns in obesity could partly explain abnor-
mal LH frequency in peripubertal obesity. Sleep was not rigor-
ously evaluated in this study, and future studies involving formal
sleep analysis will be important to examine this possibility
further.

If sex steroids play a role in directing diurnal changes of LH
frequency, and if peripubertal HA reduces hypothalamic sensi-
tivity to feedback inhibition (16, 36), then the presence of HA
may render overnight sex steroid increases insufficient to slow
GnRH pulses during the subsequent day. We suggest that an
abnormal androgen milieu could in part explain the changes of
LH frequency observed in the current study. Specifically, we
speculate that GnRH frequency is elevated in obesity due to
T-induced resistance to P negative feedback—at least once the
increased GnRH activity of puberty begins. In obese girls, phys-
ical exam evidence of early puberty (i.e. breast development) may
be partly related to increased estrogen production in adipose
tissue (37). Thus, the lower GnRH frequencies observed in Tan-
ner 1–2 obese girls may be related to relative immaturity of per-
missive factors important for the pubertal increase of hypotha-
lamic-pituitary function [e.g. increased KiSS-GPR54 activity
(38)]. However, as GnRH secretion progresses in mid to late
puberty, HA-induced resistance to negative feedback may result
in GnRH pulses changing abruptly from a low to a high 24-h

TABLE 3. Mean hormonal values over 12 h of sampling (1900–0700 h) stratified by Tanner breast stage grouping

Nonobese Obese P value

Tanner 1–2 (n � 8) (n � 5)
LH pulses per 12 h 4.0 � 0.7 (3.5, 2–7) 1.4 � 0.8 (1, 0–4) 0.0241
LH amplitude (IU/liter) 1.2 � 0.3 (1.2, 0.1–2.7) 0.3 � 0.2 (0.1, 0.0–0.9) 0.0435
LH (IU/liter) 0.8 � 0.3 (0.5, 0.1–2.8) 0.2 � 0.1 (0.1, 0.1–0.5) 0.0932
FSH (IU/liter) 1.6 � 0.3 (1.3, 0.5–3.5) 0.8 � 0.4 (0.3, 0.1–1.8) �0.1
Free T (pg/ml) 0.71 � 0.13 (0.68, 0.36–1.47) 1.02 � 0.21 (0.98, 0.52–1.75) �0.1
P (ng/ml) 0.2 � 0.03 (0.3, 0.1–0.3) 0.2 � 0.06 (0.2, 0.1–0.5) �0.1
E2 (pg/ml) 34.0 � 5.1 (35.9, 12.4–55.4) 29.1 � 4.3 (23.3, 21.5–39.7) �0.1
SHBG (nmol/liter)* 58.4 � 5.9 (51.6, 38.8–86.4) 25.7 � 5.3 (23.8, 10.7–43.2) 0.0031
DHEAS (�g/dl)* 35 � 8 (40, 7–61) 51 � 15 (45, 9–98) �0.1
Fasting insulin (�IU/ml)* 8.7 � 1.9 (6.4, 1.7–16.4) 21.0 � 6.6 (16.2, 6.6–44.2) 0.0932

Tanner 3–5 (n � 32) (n � 12)
LH pulses per 12 h 7.3 � 0.4 (7, 3–12) 10.2 � 0.5 (10, 8–13) 0.0001
LH amplitude (IU/liter) 4.4 � 0.3 (4.1, 1.9–7.5) 2.5 � 0.4 (1.9, 1.3–5.7) 0.0009
LH (IU/liter) 5.6 � 0.5 (4.9, 2.2–16.5) 6.4 � 1.1 (5.9, 2.4–13.2) �0.1
FSH (IU/liter) 4.4 � 0.3 (4.0, 1.7–8.7) 4.1 � 0.4 (3.8, 1.8–7.5) �0.1
Free T (pg/ml) 3.64 � 0.49 (2.85, 0.37–12.35) 9.48 � 1.57 (9.02, 3.42–22.82) �0.0001
P (ng/ml) 0.4 � 0.03 (0.3, 0.2–0.7) 0.4 � 0.07 (0.4, 0.2–1.0) �0.1
E2 (pg/ml) 60.7 � 4.9 (52.6, 30.1–142.9) 65.1 � 5.9 (60.9, 28.0–96.4) �0.1
SHBG (nmol/liter)* 39.0 � 3.4 (38.4, 10.4–84.5) 17.8 � 2.6 (14.6, 9.0–39.7) 0.0003
DHEAS (�g/dl)* 149 � 17 (142, 13–414) 151 � 26 (138, 37–356) �0.1
Fasting insulin (�IU/ml)* 17.5 � 1.8 (15.8, 4.8–46.6) 31.6 � 4.5 (32.3, 7.7–58.8) 0.0061

Data are presented as mean � SEM (median, minimum–maximum). Asterisks denote values from a single blood sample at 0700 h. To convert from conventional to SI
units: free T � 3.467 (pmol/liter); P � 3.18 (pmol/liter); E2 � 3.671 (pmol/liter); DHEAS � 0.002714 (�mol/liter); insulin � 7.175 (pmol/liter).
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FIG. 3. Late evening and overnight sex steroid concentrations in obese (solid circles) and nonobese (open squares) peripubertal girls stratified by Tanner breast stage.
Data are presented as mean � SEM. Four-hour mean values (using data points bounded by the shaded areas) were used for statistical comparisons. For reference, data
for obese Tanner 5 girls with PCOS (solid triangles) and without PCOS (open triangles) are shown separately in the last column. To convert from conventional to SI
units: P � 3.18 (pmol/liter); free T � 3.467 (pmol/liter); E2 � 3.671 (pmol/liter).
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frequency. As such, obese girls with HA may pass rapidly
through the developmental stage marked by low daytime and
high nighttime GnRH frequency—diurnal differences that may
be critical for appropriate FSH/LH secretion, follicular develop-
ment, etc.

Alternatively, it remains possible that significant HA during
prepuberty and early puberty is indeed associated with elevated
LH frequency. In contrast to our earlier data suggesting that free
T is more than 2-fold elevated in obese Tanner 1–2 girls (20),
mean free T in the current group of obese Tanner 1–2 girls was
not markedly elevated. However, not all obese girls have HA
(20), and the chance recruitment of obese girls without HA may
explain why free T levels were not higher in this group of pre-
pubertal and early pubertal obese girls. Mean overnight free T
was unequivocally higher in obese, later pubertal girls, as pre-
viously described (19–21).

It is possible that, compared with obese girls without evidence
of androgen excess, obese girls with hyperandrogenism were
more likely to pursue participation in our studies. However, no
subjects were included in or excluded from this study on the basis
of androgen levels, presence or absence of hirsutism, etc.; and we
have previously argued that systematic exclusion of such girls
may introduce bias (21). Thus, whereas these data cannot be used
to estimate the prevalence of HA or LH abnormalities in obese
peripubertal girls, they may offer insight into the emergence of
LH abnormalities in obese subjects.

There were no differences in 12-h P and E2 concentrations
between obese and nonobese girls. P and free T showed signif-
icant overnight changes in nonobese girls. It remains unclear to
what extent morning increases of P and T secretion during nor-
mal puberty reflect LH-stimulated ovarian secretion, ACTH-
stimulated adrenal secretion, or both. Although our data sug-
gested similar P and free T increases in obese girls, they were not
demonstrable statistically. We did not observe early morning
increases of E2 in any group, but this has been described previ-
ously (39, 40). Mean fasting insulin was generally higher in
obese groups as previously described (20), but this difference
reached statistical significance in the Tanner 3–5 girls only.
Although hyperinsulinemia may be a key driver of androgen
production in obese adolescent girls, the precise pathophysi-
ological factors involved with obesity-associated HA remain
unclear.

In summary, LH pulse frequency increases overnight in pre-
pubertal and early pubertal girls; but in the presence of obesity,
LH frequency remains low with no overnight increase. In con-
trast, by Tanner stages 3–5, LH frequency is abnormally elevated
in obese girls, possibly reflecting the effects of HA. Obesity is
associated with reduced LH amplitude throughout pubertal de-
velopment, analogous to findings in adult PCOS.
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