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Abstract

 

Recently introduced statistical tools capable of discerning
differences between the pattern of luteinizing hormone (LH)
secretion and that of follicle-stimulating hormone (FSH)
could be valuable in understanding ovulation and meno-
pause, and ultimately in making diagnostic decisions and
treating infertility and polycystic ovary syndrome. We as-
sessed the validity and scope of the hypothesis that FSH is
secreted more irregularly than LH in ewes and fertile
women. We compared secretory irregularity of LH to that of
FSH in both ovariectomized ewes (

 

n

 

 

 

5

 

 7) and women of
proven fertility (

 

n

 

 

 

5

 

 5) during the follicular and luteal
phases of their reproductive cycles. In each sheep, time se-
ries from both hypophyseal portal blood (HPB) and periph-
eral blood were evaluated in 72 samples obtained every 5
min; in each human, both luteal and follicular periods were
studied in 192 samples obtained every 7.5 min. To quantify
serial irregularity, we used approximate entropy (ApEn), a
scale- and model-independent statistic. FSH secretion was
consistently more irregular than that of LH in each subject.
For sheep HPB, ApEn(FSH) 

 

5

 

 1.415

 

6

 

0.097 was larger than
ApEn(LH) 

 

5

 

 0.822

 

6

 

0.213, 

 

P

 

 

 

,

 

 0.0001 (mean

 

6

 

SD, paired

 

t

 

 test). This difference persisted peripherally: ApEn(FSH

 

per

 

) 

 

5

 

1.431

 

6

 

0.101 

 

.

 

 ApEn(LH

 

per

 

) 

 

5

 

 1.252

 

6

 

0.086, 

 

P

 

 

 

5

 

 0.024. In
women, ApEn(FSH) 

 

5

 

 1.467

 

6

 

0.217 

 

.

 

 ApEn(LH) 

 

5

 

 0.923

 

6

 

0.305, 

 

P

 

 

 

,

 

 0.0001. ApEn(FSH) 

 

.

 

 ApEn(LH) in 100% of
women (peripheral) and sheep HPB. Secretion during the
follicular phase was more irregular than during the luteal
phase for both FSH and LH (

 

P

 

 

 

,

 

 0.01). LH mean level se-
cretion showed a wake/sleep difference in women, 

 

P

 

 

 

,

 

0.005, with higher values awake. The consistency and statis-
tical significance of these findings suggest that this LH/FSH
difference may be broadly based within higher mammals.
Ranges of normative and abnormal regularity values of LH,
FSH, and their difference can be used in a number of set-
tings, both (currently) research and (potentially ultimately)
clinical milieus. (
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Introduction

 

At least 15% of married couples in the USA (

 

z

 

 4.5 million) of
reproductive age will experience some degree of infertility (1).
Infertility difficulties are enhanced with increasing female age:
among healthy women without detectable reproductive disor-
ders, infertility in women ages 35–39 is estimated to be 

 

z

 

 25%,
and in women 40 yr or older, 

 

z

 

 27% (1). The properly regu-
lated release of hormones by both the hypothalamus and pitu-
itary gland is one essential requirement for monthly ovulation.
If the hypothalamus functions abnormally, follicles will de-
velop improperly, often resulting in anovulation. Thus, greater
understanding of gonadotropin-releasing hormone (GnRH),

 

1

 

luteinizing hormone (LH), and follicle-stimulating hormone
(FSH) secretion, and concomitant relationships among these
hormones, is of vital importance scientifically, in understand-
ing the physiology of ovulation, and ultimately clinically in
treating disorders.

Until recently, word models of pituitary secretion of LH
and FSH rendered their dynamics in a virtually identical fash-
ion since they are presumed to be driven commonly by GnRH
(2). Assuming common stimulation has led to tacit discounting
of differences in their secretory patterns or attribution of those
differences to changes or differences in clearance rates or iso-
forms (2, 3). Recently, detailed characterizations of circulating
patterns of LH and FSH have uncovered differences in regula-
tion of these two hormones, giving credence to efforts to mea-
sure and understand differences in patterns of secretion (4–6).
Visually, it appears that the secretory pattern of FSH in sheep
is more complicated than that of LH, with many more minor
episodes or subordinate activity when measured from hypo-
physeal portal blood (HPB), and somewhat less so when mea-
sured in peripheral blood (Fig. 1) (7). Motivated by this obser-
vation, we attempted to quantify the observed differences
using approximate entropy (ApEn) (8, 9) (described below),
determine the breadth of the apparent finding across species
by analyses of both ovariectomized ewes and humans, and esti-
mate the consistency of the finding.

 

Methods

 

Sheep study.

 

The experimental design and description of assays of
LH and FSH in peripheral (jugular) and HPB of ovariectomized
sheep used in this study, herein statistically analyzed by ApEn, have
been described previously (7, 10, 11). This method for monitoring LH
and FSH in portal blood reveals the dynamics of pituitary hormone
secretion without deconvolution (11). In brief, the procedure in-
volved surgically fitting ovariectomized Suffolk ewes with an appara-
tus for collection of HPB (12, 13). 1 wk later, the sheep were heparin-
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ized, the anterior face of the pituitary was lesioned, catheters from
the apparatus and jugular vein were run to fraction collectors in an
adjoining room, and portal and peripheral blood were collected sepa-
rately as 5-min integrated samples. Portal blood was collected in
tubes with 0.5 ml of 0.3 mM bacitracin in saline and later adjusted for
dilution. In this study, 

 

n

 

 

 

5

 

 7 sets of 72 samples of plasma obtained
during the breeding season over 6 h (10) were analyzed. Concentra-
tions of ovine LH (14) and ovine FSH (15–17) were measured in all
series. All procedures were done with the approval of the Univer-
sity’s Committee on Use and Care of Animals (UCUCA) in accor-
dance with NIH guidelines.

 

Human study.

 

Five women of proven fertility were studied (ages
18–35). Proven fertility was established by the requirement that the
subjects were pregnant within the previous 48 mo. Exclusion criteria
included concurrent medical illness or psychiatric problems, the use
of oral contraceptives or any medication known, or with the poten-
tial, to interfere with the hormonal axes under study during the past
6 mo, or use of any medication other than for a cold or pain during
the past 4 mo. Volunteers had to be nonsmokers with regular night-
time sleep habits who had regular menstrual cycles (27–31 d). All
subjects gave informed consent. Samples (2.5 ml) of peripheral blood
were withdrawn every 7.5 min for 24 h, providing an opportunity to
assess diurnal variation. Sleep and wake periods were recorded every
7.5 min. Blood was drawn with a dual stopcock technique using a dis-
card syringe at the distal stopcock and, to keep the line open, a slow
intravenous infusion of 0.9 N saline at the proximal stopcock. After
drawing, tubes of blood samples were kept at room temperature for
at most 2 h and then refrigerated until separation. Each subject was
studied twice, once during the early follicular phase (days 2–5) and,
after one intervening cycle, during the midluteal phase (days 16–23).
Samples were analyzed for human LH and human FSH by auto-
mated, solid phase, magnetically separated, competitive, two site,
acridinium ester chemiluminescence-based immunometric assays on
a Ciba-Corning Diagnostics analyzer (ACS 180; Medfield, MA).

 

Quantification of episodicity.

 

To quantify irregularity, we use
ApEn, a model-independent statistic (for definition see reference 8),
with further mathematical properties and representative biological
applications (9, 18–22). ApEn is complementary to pulse detection al-
gorithms widely used to evaluate hormone secretion time series (23).
ApEn evaluates both dominant and subordinate patterns in data; no-
tably, it will detect changes in underlying episodic behavior that do
not reflect in peak occurrences or amplitudes (24), a point that is ger-

mane to this analysis. Additionally, ApEn provides a direct barome-
ter of feedback system change in many coupled systems (24, 25). In
endocrine pathophysiology, ApEn has shown vivid distinctions (

 

P

 

 

 

,

 

10

 

2

 

10

 

) between normal and tumor-bearing subjects for growth hor-
mone (GH) (26), ACTH and cortisol (27), and aldosterone (28), a
pronounced and consistent gender difference in GH irregularity in
both humans and rats (29), and a positive correlation between greater
irregularity (larger ApEn) of GH and advancing age (30).

ApEn assigns a nonnegative number to a time series, with larger
values corresponding to greater apparent process randomness (serial
irregularity), and smaller values corresponding to more instances of
recognizable features or patterns in the data. Two input parameters,

 

m

 

 and 

 

r

 

, must be specified to compute ApEn. ApEn measures the
logarithmic likelihood that runs of patterns that are close (within 

 

r

 

)
for 

 

m

 

 contiguous observations remain close (within the same toler-
ance width 

 

r

 

) on next incremental comparisons (8).
For this study, we calculated ApEn values for all data sets, 

 

m

 

 

 

5

 

 1
and 

 

r

 

 

 

5

 

 20% of the standard deviation (SD) of the individual subject
time series. Normalizing 

 

r

 

 to each time series SD gives ApEn a trans-
lation- and scale-invariance to absolute serum concentration levels
(19). ApEn is a relative measure of process regularity, and can show
significant variation in its absolute numerical value with changing
background noise characteristics. Since ApEn generally increases
with increasing process noise (and increasing intraassay variation),
it is appropriate to compare data sets with similar assay CVs, as
we do here. Also, most importantly, despite algorithmic similarities,
ApEn(

 

m

 

, 

 

r

 

) is not intended (8, 9, 31) as an approximate value of
the Kolmogorov-Sinai (K-S) entropy. It is essential to consider
ApEn(

 

m

 

, 

 

r

 

) as a family of parameters; comparisons are intended with
fixed 

 

m

 

 and 

 

r.

 

Previous studies that included both theoretical analysis (8, 31, 32)
and clinical applications (18–22, 26–30) have demonstrated that the
input parameters indicated above produce good statistical validity
(reproducibility) for ApEn for time series of the lengths considered
herein (

 

n

 

 

 

$ 

 

60 data points). Specifically, via extensive Monte Carlo
calculations, the standard deviation of ApEn(

 

m

 

 

 

5

 

 1, 

 

r

 

 

 

5

 

 20% SD, 

 

n

 

) 

 

#

 

0.06 for length-

 

n

 

 sequences, 

 

n

 

 

 

$ 

 

60, for a large class of diverse candi-
date models, including low-order autoregressive moving average
models, the composite oscillator-noise family of processes MIX(p)
(for definition see reference 8), and parameterized families of deter-
ministic, dynamical systems. The ApEn application with 

 

m

 

 

 

5

 

 1 esti-
mates the rate of entropy for a first-order (

 

m

 

 

 

5

 

 1) approximating
Markov Chain to the underlying true process (33). Further technical
discussion of mathematical and statistical properties of ApEn, includ-
ing robustness to noise and artifacts, mesh interplay, relative consis-
tency of (

 

m

 

, 

 

r

 

) pair choices, asymptotic normality under general as-
sumptions, statistical bias, and error estimation for general processes
can be found elsewhere (31, 32). To develop a more intuitive, physio-
logical understanding of the ApEn definition, a multistep description
of its typical algorithmic implementation, with figures, is available (32).

 

Wake/sleep distinction.

 

In the human study, we tested to deter-
mine the presence of a wake/sleep distinction, comparing mean (ab-
solute) levels from each state for both LH and FSH. Given a signifi-
cant difference between states, noted below, it became imperative to
select a similar, homogeneous subepoch of the 24-h studies for each
subject, to avoid confounding interpretation (induced by nonstation-
arities) of subsequent statistical analyses. For this purpose, we ana-
lyzed a contiguous block of awake-state data for all subjects: the final
12 h of study for all but one data set; for subject 4, follicular state, the
final 9.5-h epoch, 10:30 a.m. to 8 p.m., to avoid a brief sleep period
8 a.m. to 10:30 a.m.

 

Statistical analysis.

 

All statistical comparisons below for discrimi-
nation between two groups used the paired 

 

t

 

 test with unknown vari-
ance. Both raw data time series and logarithmically transformed time
series were analyzed; the latter analysis is complementary to the anal-
ysis of the raw data, as it diminishes the effects of very large peaks,
implicitly weighs more heavily the dynamics occurring at low secre-
tory levels, and reduces the heteroscedasticity in the data.

Figure 1. LH and FSH concentrations (ng/ml) measured at 5-min in-
tervals for 6 h from an ovariectomized ewe, with respective ApEn
(1, 20% SD) values. (A) Secreted (HPB) LH, ApEn 5 0.625; (B) se-
creted (HPB) FSH, ApEn 5 1.256; (C) peripheral LH, ApEn 5 
1.161; and (D) peripheral FSH, ApEn 5 1.486.
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Results

 

Sheep study

 

Representative sheep LH and FSH concentration time series
derived from previously published studies (7, 10, 11) are
shown in Fig. 1, 

 

A

 

 and 

 

B

 

 for HPB and 

 

C

 

 and 

 

D

 

 for peripheral
blood; individual subject ApEn values for all time series are
given in Table I. Group comparisons of ApEn for secreted
HPB FSH (1.415

 

6

 

0.097) and HPB LH (0.822

 

6

 

0.213) differed
(

 

P

 

 

 

5

 

 0.000077) (paired 

 

t

 

 test). As noted in Table I, pairwise
ApEn(FSH) was much larger (more irregular) than ApEn(LH)
for each ewe. Importantly, this difference persisted in periph-
eral blood, with a group mean ApEn for FSH (1.431

 

6

 

0.101)
larger than that for LH (1.252

 

6

 

0.086) (

 

P

 

 

 

5

 

 0.024). Further-
more, perhaps because of dispersion, dilution, and elimination,
sampling peripherally gives a much more irregular signal, e.g.,
mean ApEn for peripheral LH is larger than that for HPB LH
(

 

P

 

 

 

5

 

 0.00033).
Analyses of the logarithmically transformed time series

were qualitatively very similar: group comparisons of ApEn
for secreted HPB FSH (1.472

 

6

 

0.087) and HPB LH (1.140

 

6

 

0.128) differed (

 

P

 

 

 

5

 

 0.000011). Pairwise, ApEn(FSH) was again
much larger than ApEn(LH) for each ewe. In peripheral data,
mean ApEn for FSH (1.447

 

6

 

0.072) was larger than that for
LH (1.272

 

60.079) (P 5 0.012).

Human study

Wake/sleep comparison. For each subject and phase, for each
of LH and FSH, we compared mean secretion levels from 1 a.m.
to 7 a.m. (subjects asleep for . 90% of the time) to those from
8 a.m. to 8 p.m. (subjects awake for . 95% of the time). The
mean LH concentration was lower during the nocturnal period
(3.1262.30 mIU/ml) than during the diurnal period (4.3162.05
mIU/ml) (P , 0.03), confirming the visually suggested state
difference seen in Fig. 2. For the logarithmically transformed
time series, the mean (log) LH concentration was lower during
the nocturnal period (0.8060.67 mIU/ml) than during the diur-
nal period (1.3160.38 mIU/ml) (P , 0.005). Concomitantly,
the mean nocturnal LH was smaller than mean diurnal LH
for 9 of the 10 subjects both for the untransformed and
log-transformed data. The corresponding FSH comparisons
approached significance: mean nocturnal FSH was lower (3.826
1.40 mIU/ml) than diurnal FSH (4.2261.35 mIU/ml) (P , 0.07);
and log-transformed nocturnal FSH was lower (1.276 0.36
mIU/ml) than diurnal FSH (1.3960.31 mIU/ml) (P , 0.07). As
noted above, we accordingly performed subsequent statistical
analysis on a contiguous block of awake-state data.

Stationary epoch, final 12 h. Representative human LH
and FSH peripheral blood time series are shown in Fig. 3, A
and B (follicular phase) and C and D (luteal phase); individual
subject mean levels and ApEn values for all time series are
given in Table II. First, pooling luteal and follicular analyses,
group comparisons (n 5 10) of ApEn(FSH) (1.46760.217)
and ApEn(LH) (0.92360.305) differed (P 5 0.000016). Pair-
wise, ApEn(FSH) was again much larger than ApEn(LH) for
each subject and cycle stage. In each of the luteal and follicular
stages, ApEn distinctions were significant: in the follicular stage,
ApEn(FSH) (1.59160.126) and ApEn(LH) (1.1366 0.259) dif-
fered (P 5 0.0052). ApEn(FSH) (1.34360.227) and ApEn(LH)
(0.71060.170) also differed in the luteal phase (P 5 0.0024).

Furthermore, there was a follicular/luteal phase distinction,
for each of LH and FSH. For LH, follicular ApEn (1.1366
0.259) was larger than luteal ApEn (0.71060.170) (P 5
0.0041); for FSH, follicular ApEn (1.59160.126) was larger
than luteal ApEn (1.34360.227) (P 5 0.0094).

Table I. Individual Subject LH and FSH ApEn Values
for Ewes

Subject
LH

secreted (HPB)
FSH

secreted (HPB)
LH

peripheral
FSH

peripheral

Ewe 1 0.758 1.396 1.299 1.440
Ewe 2 0.903 1.505 1.242 1.561
Ewe 3 0.625 1.256 1.161 1.486
Ewe 4 0.610 1.347 1.315 1.400
Ewe 5 0.696 1.487 1.235 1.252
Ewe 6 1.199 1.527 1.379 1.372
Ewe 7 0.963 1.385 1.133 1.505

Figure 2. 24-h LH and FSH serum concentrations (mIU/ml) mea-
sured at 7.5-min intervals from a human female, who slept from 11:30 
p.m. to 5 a.m. Observe an apparent decrease in LH, and to a some-
what lesser extent, in FSH, during the night.

Figure 3. Serum LH and FSH concentrations (mIU/ml) for 12 awake 
h, measured at 7.5-min intervals from a human female, with respec-
tive mean and ApEn (1, 20% SD) values. Early follicular phase: (A) 
LH, mean 5 3.43, ApEn 5 1.215; (B) FSH, mean 5 3.96, ApEn 5 
1.568. Luteal phase: (C) LH, mean 5 3.42, ApEn 5 0.911; (D) FSH, 
mean 5 4.13, ApEn 5 1.230. Note apparent differences in irregular-
ity between corresponding FSH and LH series, for each phase, and 
between follicular and luteal series, for each of FSH and LH, quanti-
fied by ApEn.
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As above, analyses of the logarithmically transformed time
series were very similar: Pooled (n 5 10) luteal/follicular group
comparisons of ApEn(FSH) (1.46460.217) and ApEn(LH)
(0.96460.235) differed (P , 1025). Pairwise, ApEn(FSH) was
again much larger than ApEn(LH) for each subject and cycle
stage. In the follicular stage, ApEn(FSH) (1.57960.096) and
ApEn(LH) (1.11460.229) differed (P 5 0.0025), while in the
luteal stage, ApEn(FSH) (1.34960.252) and ApEn(LH) (0.8146
0.127) differed (P 5 0.0031). The follicular/luteal phase distinc-
tion persisted: for LH, follicular ApEn was larger than luteal
ApEn (P 5 0.0081); for FSH, follicular ApEn was larger than
luteal ApEn (P 5 0.03).

Notably, there was no difference in mean LH (4.3162.05
mIU/ml) and FSH (4.2261.35 mIU/ml) levels (P . 0.9). Simi-
larly, for the log-transformed data, mean LH (1.3160.38 mIU/
ml) and FSH (1.3960.31 mIU/ml) were not significantly differ-
ent (P . 0.9).

Discussion

Summarizing the statistical results, several distinct analyses
confirm that FSH secretion is consistently and significantly
more irregular than LH secretion, suggesting that this differ-
ence may be broadly based. In the women, these distinctions
were consistent for each of the luteal and follicular phases.
Mean LH and FSH secretion values were indistinct in women,
reinforcing the utility of the distinct, complementary perspec-
tive taken by an assessment of irregularity. The luteal phase/
follicular phase distinction is concordant with the slower luteal
pulse generation. Finally, the day/night secretory differences
seen here reconfirm previously established findings for both
LH and, to a lesser extent, FSH (34–36).

Complementarity of irregularity and pulsatility analyses.
As noted above, ApEn is complementary to pulse detection al-
gorithms widely used in the evaluation of hormone secretion
time series, with the nature of this complementarity discussed
previously (24). While in many settings pulse identification
methods are quite sufficient to characterize and distinguish
distinct physiologic states, in many other settings, it seems that

there is a need for added analysis beyond monitoring the pulse
count and related statistics. For example, brief, irregular oscil-
lations in plasma insulin levels in maturity-onset diabetics (37),
in GH secretion time series of acromegalics and acromegalics
in remission (26), in GH time series for healthy female rats
(29), and in testosterone time series in men, especially older
men (38, 39), clear pulse identification appears to be a very
challenging endeavor.

In such instances where clear pulse identification is diffi-
cult, the practical utility of irregularity assessment is that there
is frequently a gain in statistical clarity and reproducibility by
applying ApEn, compared to algorithms that first require
pulse determinations. Two examples of this are in direct com-
parisons of ApEn to pulsatility method findings on common
data sets: studies (38, 39) of changes in LH and testosterone in
younger versus older males, and studies (40, 41) of changes in
FSH in younger versus older females. In both pairs of studies,
the ApEn analyses yielded clearer statistical significance be-
tween groups, greater sensitivity and specificity, and afforded
qualitatively new significant inferences, compared to those de-
rived from pulse analysis. Descriptively, ApEn thus provides a
robust measure of the extent and persistence of distinct levels
and types of both primary and subordinate activity, without
needing to identify discrete pulses in the process.

The above issues are manifested in the present context of
analysis of LH/FSH hormonal dynamics in two different ways.
First, the identification and characterization of discrete FSH
pulses, especially in peripheral blood, has proved to be a for-
midable endeavor. The particular difficulties with the assess-
ment of episodic FSH release have been reviewed in some de-
tail (7, 41), and relate in great part to the slow metabolic
clearance of the hormone. This reinforces the need for tech-
niques to statistically assess a degree of more subtle structure
in FSH serial dynamics, apart from a requirement to do pulse
identification first.

Second, even in HPB, assessing the true secretory dynam-
ics, based on and by combining pulse analysis for sheep (7, 11),
we infer a nearly 1:1 correspondence between GnRH, LH, and
primary FSH pulses. Namely, we note a virtually 100% associ-
ation between GnRH and LH pulses (11), and a 93% concor-
dance of GnRH pulses with essentially coincident, clearly dis-
crete FSH pulses in the portal plasma (7). Yet, there is
considerably more subordinate FSH than LH activity in HPB,
which one wishes to quantitatively assess by suitable analytical
methods (7).

Furthermore, in this study, for the HPB sheep data, we de-
termined that for each of LH and FSH, there was insignificant
linear correlation between ApEn values and mean (primary
pulse) frequency and amplitude levels, per sheep. This near in-
dependence of ApEn and pulsatility assessment in sheep por-
tal blood empirically reinforces the complementarity of these
distinct approaches.

Finally, the utility of quantitatively assessing the FSH/LH
irregularity difference, and changes thereto, is seen in a paral-
lel set of studies (41). Three groups of healthy human subjects
were studied: n 5 24 younger females (8 per menstrual cycle
stage, 3 cycle stages), n 5 8 postmenopausal females, and n 5 17
males, across a broad spectrum of ages, 21–79 y. LH and FSH
(peripheral) serum samples were obtained every 10 min for 24 h.
First, this study (41) reconfirms the above young women FSH/
LH irregularity difference, via a different study design and
sampling regimen. For young females, FSH was consistently

Table II. Individual Subject LH and FSH Mean and ApEn 
Values in Human Females

File name

Mean ApEn

LH FSH LH FSH

1: Follic. 2.779 6.995 0.755 1.494
1: Luteal 2.400 4.089 0.535 1.095
2: Follic. 3.258 5.218 1.307 1.780
2: Luteal 3.730 2.815 0.790 1.657
3: Follic. 3.429 3.958 1.215 1.568
3: Luteal 3.418 4.129 0.911 1.230
4: Follic. 5.221 3.521 1.001 1.469
4: Luteal 9.454 3.304 0.529 1.237
5: Follic. 5.432 5.554 1.402 1.646
5: Luteal 3.978 2.620 0.786 1.495

Contiguous wakeful epoch occurred during the final 12 h, except in sub-
ject 4, follicular phase, when it occurred during the final 9.5 h.



1322 Pincus et al.

more irregular than LH, per subject (P , 0.00001), with
ApEn(FSH) . ApEn(LH) for 23 of 24 subjects. Importantly,
and a primary finding of this study, for the postmenopausal
women, the irregularity difference vanished, ApEn(FSH) 2
ApEn(LH) 5 0.00860.205. Interestingly, males exhibited
qualitatively similar results: ApEn(FSH) 2 ApEn(LH) was
significantly and negatively correlated with age (r 5 20.75,
P 5 0.0006). The above observation that clear FSH pulse iden-
tification in peripheral blood is especially challenging is con-
firmed visually (41), particularly for older subjects.

Differential regulation of LH and FSH. While many stud-
ies have described physiologic stage-specific changes in trains
of episodic pulses of circulating LH, relatively few studies have
focused on FSH or the relationship of these hormones. These
two glycoprotein hormones are known to be contained in the
same pituitary cell (42), the gonadotrope, stored in granules
and secreted in response to GnRH. Existing literature con-
cerning the differential regulation of LH and FSH has empha-
sized changes in mean concentrations and their response to
physiologic perturbations. Detailed description of the secre-
tory character of FSH, the regularity of LH and FSH, and the
regularity of their differences, has not been ascertained previ-
ously.

Because GnRH can release both hormones from the same
cell and because a separate FSH-releasing hormone has not
been isolated, the prevailing concept has been that GnRH
serves as the principal secretagogue for both hormones (2).
According to this notion, observed differences in the ratio of
peripheral concentration of the two hormones (43) result in
part from the impact of endocrine, paracrine, and autocrine ef-
fectors on the gonadotrope that cause differential changes in
synthesis or storage of the two hormones (3). GnRH stimula-
tion could then lead to differences in the quality and, thus, cir-
culatory half-life of each hormone or in the relative amounts of
their secretion (3). While the two hormones are known to have
different metabolic clearance rates (3), with the half-life of
FSH greatly exceeding LH, and while different physiologic
states can lead to changes in the ratios of different FSH iso-
forms, these differences do not appear to account for the fairly
abrupt changes in the LH/FSH ratios in the circulation (44).
Additional explanations for observed differences have in-
cluded the possible role of gonadotrope subpopulations with
differential response (45) or response times (46) to GnRH.

Included among the endocrine effectors with potential for
differential regulation of LH and FSH is the mode of presenta-
tion of GnRH. Long interpulse duration (47) and low concen-
tration infusions of GnRH (48) have been associated with en-
hanced release of FSH in vivo while shorter interpulse
intervals have been reported to increase LH (47). However,
changes in the mode by which GnRH is introduced in vitro
have not led to substantial changes in the differential secretion
of LH and FSH from pituitary cells (49). Other endocrine,
paracrine, or autocrine effectors include estradiol, inhibin, ac-
tivin, follistatin, neulopeptide Y, and galanin. A detailed re-
view of the putative and demonstrated roles of these agents is
beyond the scope of this discussion. Suffice it to note that they
have been reported to act on gonadotropes to stimulate or in-
hibit the transcription or translation of FSHb mRNA (50) or
otherwise affect synthesis and secretion of both gonadotro-
pins. Some of the agents appear to act directly, others appear
to act by modulating the response to GnRH (51, 52), perhaps
by affecting the availability of GnRH receptor.

In contrast to these attempts to account for differences in
observed LH/FSH ratios through modifications of the effects
of GnRH as the primary secretagogue, other evidence points
to the existence of at least one GnRH-independent mecha-
nism controlling FSH secretion. Thus, following hypothalamic-
pituitary disconnection in sheep, FSH but not LH, continues to
be secreted for long periods (53). FSH secretion also continues
in hypophysectomized rats when pituitary glands are trans-
planted beneath their kidney capsules (4) and FSH secretion
by cultures of pituitary glands continues for long periods of
time (54). Other evidence includes the observation of selective
secretion of FSH but loss of LH in intact animals passively
neutralized with antiserum to GnRH (5, 55). In the sheep pitu-
itary secretion data analyzed above, subordinate elevations of
FSH are observed between primary LH pulses, beyond con-
comitant primary LH and FSH pulses. Possibly most convinc-
ingly, administration of a GnRH antagonist wiped out all
GnRH-dependent LH and FSH pulses (measured directly at
the face of the pituitary), but left quasipulsatile, basal secretion
of FSH largely intact (6).

Statistically, the ApEn analysis herein also is consistent
with a more complicated control process for FSH than for LH.
Elsewhere, we have analytically linked ApEn to a mechanistic
understanding via mathematical network analysis, for general
classes of networks (24, 25). In particular, we demonstrated
that ApEn increases with greater system coupling and/or
greater external influences, e.g., the number of critical inter-
acting factors, in many coupled, complicated systems, includ-
ing autoregressive moving average and graded superposition
models, and coupled stochastic differential equations. Thus
the increase observed above in ApEn(FSH) compared to
ApEn(LH) should be anticipated if, as suggested by many in-
vestigators (7), FSH is controlled by GnRH and the putative
FSH-releasing factor, while LH is controlled just by GnRH.
Therefore, ApEn quantifies the subordinate FSH elevations
that qualitatively produce more apparently complicated, irreg-
ular behavior for FSH than for LH while simultaneously al-
lowing some broadly held mechanistic inferences to be made.

Potential applications. These findings suggest that charac-
terization of regularity of both LH and FSH, as well as their
mutual relationship, could be used in a number of contexts. Of
course, until a simple, reliable, unobtrusive, safe, and inexpen-
sive method is available for continuous or episodic measure-
ment, this kind of analysis cannot be used routinely in clinical
settings. To date, frequent sampling has only been used in re-
search settings studying normal or abnormal physiology; the
cost of many samples and the inconvenience and discomfort to
patients will maintain that practice, in the near term. But the
improvement in understanding of a number of abnormal
states, e.g., polycystic ovary syndrome, premature ovarian fail-
ure, and ovulatory infertility, may lead to improvements in
FSH therapy or in alternative therapies targeted at FSH re-
lease and based on new findings regarding the differential con-
trol of gonadotropin secretion.

Among clinically oriented studies, it would seem worth-
while to investigate if regularity characteristics differ in poly-
cystic ovary syndrome, and how infertility drugs such as clomi-
phene citrate affect LH and FSH signal regularity, both
individually and jointly. Also, with recent technologic ad-
vances, controlled synthetic FSH production is now available,
allowing greater control in the LH/FSH administration in in-
fertility therapy. Statistical means of assessing an optimal LH/
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FSH mixture are clearly desirable, which the above analytic
strategy (and results) can begin to address. Finally, the distinc-
tion in irregularity between luteal and follicular phases, for
both LH and FSH, may be useful not only in possibly predict-
ing an LH surge, but may be consequential in determining the
time until onset of menopause, often an important determi-
nant in hormonal therapy versus surgical (hysterectomy) clini-
cal options in a patient with perimenopausal menorrhagia. We
hypothesize that as women become perimenopausal, luteal/
follicular ApEn differences diminish, for both LH and FSH.
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