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ABSTRACT. The purpose of this work was 2-fold. First, we
sought to develop statistical criteria by which it could be estab-
lished that the coincident occurrence of pulses of two different
hormones exceeds that which would occur by chance alone,
thereby suggesting that secretion of the two hormones is either
coupled or controlled from a single source generator. Using
computer simulations of uncoupled pulse generators operating
at different frequencies, we were able to derive the appropriate
statistical criteria and to apply them to achieve our second
objective, to determine whether the occasional coincidence of
plasma LH and serum PRL pulses that occurs throughout the
menstrual cycle in normal women exceeds that which would
happen by chance. The results of the computer simulations
indicated that pulses emanating from two completely independ-
ent oscillators will occur coincidently at a predictable rate,
despite the fact that the generator sources are not coupled;
moreover, the rate of coincidence is increased when the pulse
frequency of one of the source generators is increased. Using

this knowledge and the statistical criteria we derived, we ana-
lyzed the coincidence of LH and PRL pulses in five normal
women during their early follicular, late follicular, and midluteal
phases and in another five women during their late luteal phase.
We found that the number of PRL pulses that occurred coinci-
dently with LH pulses consistently exceeded that which would
be predicted if the two pulse generators were operating com-
pletely independently of one another; however, only during the
late follicular and late luteal phases was the coincidence level
between LH and PRL pulses sufficiently high in a sufficient
number of women to conclude that there was coupling between
the pulse sources. These studies suggest, first, that stringent and
rigorous statistical criteria must be applied to the analysis of
spontaneously coincident secretory phenomena before it can be
deduced that two pulse generators are indeed coupled, and
second, that the pulse generators governing the secretion of PRL
and LH are probably coupled, at least during certain phases of
the menstrual cycle. (J Clin Endocrinol Metab 67: 832, 1988)

HE SECRETION of most, if not all, adenohypo-

physeal hormones occurs in a pulsatile fashion un-
der the influence of discharge of hypothalamic hormones;
however, little is known about the factors that contribute
to this mode of episodic secretion. Under certain condi-
tions, pulsatile release of one pitutary hormone occurs
simultaneously with that of another, as has been reported
to be the case for LH and PRL in both humans and
nonhuman primates (1-5). The detailed relationship be-
tween LH and PRL pulses during the normal menstrual
cycle remains ill defined. Backstrém et al. (3) studied the
plasma patterns of LH and PRL in normal women during
6-h segments. They reported that, overall, 70% of the
PRL pulses were associated with an LH pulse. Whether
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this association varies with the phase of the cycle and
whether a 70% coincidence significantly exceeds that
which would occur by chance alone is uncertain, but
these observations suggest that the gonadotrophs and
lactotrophs either interact with each other or share some
common mode of regulation. Indeed, the basic assump-
tion that coincidence between LH and PRL secretion
events implies coupling of their pulse generators has not
been rigorously examined. Pulses emanating from two
completely independent source generators will occur
coincidently simply by chance at some predictable rate.

The purpose of this work was, first, to develop statis-
tical criteria by which it could be established that the
coincident occurrence of pulses of two different hor-
mones exceeds that which would occur by chance alone,
thereby establishing that the secretion of the two oscil-
lators is either coupled or controlled from a single source
generator. Second, we applied these criteria to determine
whether the coincidence of LH and PRL pulses occurred
more frequently than would be predicted by chance alone
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and whether their coincidence changed during the nor-
mal menstrual cycle in women.

Materials and Methods
Subjects

Ten normal women, between the ages 24 and 34 yr, were
studied. The study was approved by the Human Subjects Com-
mittee of the University of Washington, and informed consent
was obtained from each women. These women were within +
10% of ideal body weight (Metropolitan Life tables, 1980) and
had regular menstrual cycles, normal basal body temperature
charts, and normal serum PRL (<20 ug/L) and progesterone
[>12 ng/mL (>38 nmol/L) in the midluteal phase] levels in a
menstrual cycle preceding this study. The women were taking
no medications and had not received any hormone therapy
within the previous 12 months.

Protocol

Serum patterns of LH and PRL were determined during
admissions (24 h each) to the University of Washington Clinical
Research Center. Five women were admitted three times each
during two cycles; the phases studied were early follicular (EF;
days 1-4), late follicular (LF; days 9-12), and midluteal (ML;
days 21-24). Another five women were admitted once in the
late luteal (LL; days 25-28) phase of their cycle. During each
admission, the women remained in bed, with caffeine and
smoking prohibited. Blood samples (5 mL) were obtained
through an indwelling iv catheter every 20 min for 24 h and
then processed to provide serum for LH and PRL measure-
ments.

Hormone assays

Serum samples were analyzed for LH using reagents obtained
from the National Hormone and Pituitary Program, NIDDK;
LER-907 was used as the reference preparation. The sensitivity
of the assay was 6 ug/L, with intra and interassay coefficients
of variation of 5.5% and 8.4%, respectively. The NIDDK human
PRL kit (RP-1 standard and hPRL-3. anti-PRL serum) was
used to determine serum PRL concentrations. The intraassay
coefficient of variation was 6.5%, and the interassay variability
was 14.8%. The sensitivity of the PRL assay was 1 ug/L. All
samples from an individual woman were analyzed in duplicate
in a single assay.

Pulse analysis

An adaptive threshold method (DC3) was used to determine
the time of occurrence and amplitude of hormone pulses. A
pulse was defined as an increase from a local minimum to a
local maximum that was greater than a threshold value. The
correct threshold was determined in an iterative manner. Ini-
tially, the threshold was set at 2.5 times the mean SD of the
sample replicates, and the number of pulses in the data set was
determined. Based on the estimated number of pulses, the
threshold was readjusted according to the following formula: T
=8 X (5.518 + F X [—0.3519 + F x (0.01339 — 0.0002478 X

F)]), where T is the threshold, S is the SD of the replicates,
and F is 100 X (number of pulses detected last time)/(number
of samples in the data set). The analysis then was repeated
with the new threshold. If the number of pulses detected was
different from the number found on the previous pass, the
procedure was repeated. This iterative procedure was continued
until the number of pulses detected stabilized. [The formula
for threshold was determined empirically based on computer
simulations (6).]

The performance of the DC3 pulse detector was evaluated
by having it analyze computer-simulated LH pulses that were
corrupted by simulated assay error (7). The clearance rate used
for the simulations was equivalent to a LH half-life of 50 min;
basal LH secretion (i.e. low level secretion of LH between
pulses) was not included in our simulation model (8, 9). Pulse
amplitude and interpulse interval varied randomly, with a
uniform distribution, from 50-150% of the mean value. Sev-
enty-two samples were obtained from each set of simulated LH
patterns at a rate equivalent to a sampling interval of 20 min.
Assay measurements were simulated by adding Gaussian-dis-
tributed random values to the sample values; this was done in
duplicate for each sample, simulating duplicate assay measure-
ments. The assay error for any particular sample had a sp
equal to the coefficient of variation (CV) of the assay times
sample value. For each simulated data set, the number of pulses
detected was compared with the number generated. When fewer
pulses were detected than generated, the difference between
the number of pulses generated and the number of pulses
detected was used as an indicator of false negatives. Conversely,
when more pulses were detected than generated, the difference
between pulses detected and generated was used as an indicator
of false positives. It should be noted that these error estimates
may be artificially low, since a true false positive in the same
data set could cancel a true false negative, making it appear
that no error occurred.

Table 1 illustrates the performance of the DC3 detector at 3
different simulated assay CVs and 5 different pulse frequencies.
With an 8% CV, DC3 provided mean estimates of pulse fre-
quency that were slightly low, but accurate within half of a
pulse per data set. The highest false negative rate occurred
when 4 pulses were present: 9 of 200 pulses were missed. The
maximum number of pulses missed in any 1 of the 50 data sets
generated at each pulse frequency was essentially independent
of the pulse frequency, varying between 1-2 pulses. No false
positives occurred at an 8% CV among the 18,000 sample points
that were generated. Performance of DC3 at a CV of 16% was
similar to its performance at 8%, except for the presence of
some false positives (3 in 18,000 samples) and more false
negatives at the higher frequencies (<16 pulses/data set). The
trend toward more false negatives at higher frequencies and
increased false positives continued at an assay CV of 24%;
however, even with this large assay variance, DC3 provided
mean estimates that were accurate within 1 pulse in simulations
containing up to 16 pulses. i

Statistical evaluation of coincidence

One major issue that we sought to resolve was whether there
is a significant degree of synchrony between LH and PRL
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TABLE 1. Performance of the DC3 pulse detector
False negatives® False positives®
% Intraassay Pulses Pulses
CV (stimulated) generated detected* Rat‘e; Maximum Rate Maximum
(%) (%)°
8 4 3.8+04 4.5 2 0.0 0
8 7.8+ 04 2.0 1 0.0 0
12 11.8+ 0.4 1.3 2 0.0 0
16 157+ 0.4 1.6 1 0.0 0
20 19.6 £ 0.5 1.8 2 0.0 0
16 4 38+ 04 3.5 1 0.0 0
8 7.8+ 04 1.8 1 0.0 0
12 118+ 0.4 1.7 1 0.0 0
16 15.6 + 0.6 3.4 3 0.027 1
20 194+ 11 2.5 2 0.055 1
24 4 4.0+ 0.3 1.0 1 0.055 1
8 7.9+ 05 2.0 2 0.083 1
12 11.6 £ 0.6 3.2 2 0.027 1
16 152+ 15 6.3 6 0.22 1
20 18.3 £ 2.3 9.5 8 0.33 4

Shown are results of 50 computer simulations for each combination of intraassay CV and pulses generated. LH pulses with a 50-min half-life
were sampled at 20-min intervals for a 24-h period (72 samples/data set) and assayed in duplicate. Pulse amplitude and interpulse interval varied

randomly from —50% to +150% of the mean value.

¢ Each value represents the mean * SD obtained from 50 simulated data sets.
® False negatives were defined as the difference between the number of pulses generated and the number of pulses detected when fewer pulses

were detected than generated.

¢ False positives were defined as the difference between the number of pulses detected and the number of pulses generated when more pulses

were detected than generated.

?The total number of false negatives that occurred in 50 simulated data sets divided by the total number of pulses generated in those data sets.
¢The total number of false positives that occurred in 50 simulated data sets divided by the total number of samples in those data sets (50 X 72

= 3600).

pulses at various times during the menstrual cycle. Even when
two pulse systems operate independently of one another, the
pulses they generate will sometimes be coincident simply by
chance. Therefore, the occurrence of coincident pulses may or
may not be indicative of coupling between pulse sources. (We
considered LH and PRL peaks to be coincident if their peaks,
as determined by our pulse detection method, occurred within
one sample interval of each other.) We tested the null hypoth-
esis that LH and PRL pulses are generated independently
against the alternative hypothesis that there is some degree of
coupling between the two.

We used Monte Carlo computer simulations to estimate the
probabilities associated with coincident PRL and LH pulses
when there is no coupling between the two generators. The
simulation program generated two independent sets of data,
each containing a pseudorandom number of pulses distributed
across 73 sample points. Pulses were assigned to the sample
points on a pseudorandom basis, with the constraint that they
be separated from each other by at least 1 sample point to
which a pulse was not assigned. After both simulated data sets
were generated, they were compared to determine the number
of coincident pulses. This information along with the number
of pulses that each of the 2 data sets contained were stored into
a 3-dimensional array ([number of pulses in first data set (np1)]
X [number of pulses in second data set (np2)] X [number of
coincident pulses (nc)]) of frequencies. This process was re-
peated 150,000 times. When the program was terminated, a

second program read the frequency information and calculated,
for each combination of npl and np2, the probability that at
least nc coincident pulses would occur. From these probabilities
a table was constructed to determine, at o« = 0.05, the number
of coincident pulses that must occur within an individual to
reject the hypothesis that PRL and LH pulses occurred inde-
pendently (i.e. not coupled). A binomial probability calculation
then was used to determine if a significant number of women
had a significant degree of coincidence between LH and PRL
pulses within each cycle phase.

The second major issue to be resolved was whether the degree
of synchrony between pulses of LH and PRL varied as a
function of the phase of the menstrual cycle. A measure of
excess coincidence was used to determine this. The percentage
of PRL pulses that were coincident with LH pulses was com-
puted for each woman at each phase of the cycle and then was
subtracted from the percentage of coincident LH and PRL
pulses that we would have expected had the two pulse sources
not been coupled. The expected percent coincidence is a func-
tion of the individual’s LH pulse frequency and was calculated
based on the results of the computer simulations described
above. A Friedman two-way analysis of variance (subject uvs.
phase of cycle) then was used to test for significant changes in
excess coincidence across cycle phases.

Results

The results of the Monte Carlo simulations are sum-
marized in Table 2. This table shows the number of
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TABLE 2. Critical number of coincident pulses based on Monte Carlo simulations
No. of PRL No. of LH pulses

pulses 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
3 3e 3 3 3 3 >0 > > > > > > > > >

4 3 3 3 4 4 4 4 4 > > > > > > > >

5 3 3 3 4 4 4 4 5 5 5 5 > > > > > >

6 3 3 4 4 4 5 5 5 5 5 6 6 6 6 > > >

7 3 3 4 4 4 5 5 5 6 6 6 7 7 7 > > >

8 3 4 4 5 5 6 6 6 7 7 7 8 8 8 8 > >

9 3 4 4 5 5 6 6 7 7 7 7 8 9 9 9 9 >

10 > 4 5 5 6 6 7 7 7 7 8 9 9 9 9 10 10
11 > 4 5 5 6 6 7 7 8 8 9 9 10 10 10 11 11
12 > 4 5 5 6 7 7 7 8 9 9 10 10 10 11 12 12
13 > > 5 6 7 7 7 8 9 9 10 10 11 11 12 12 12
14 > > > 6 7 7 8 9 9 10 10 11 11 12 12 13 13
15 > > > 6 7 8 8 9 10 10 11 11 12 12 13 13 14
16 > > > 6 7 8 9 9 10 10 11 12 12 13 13 14 15
17 > > > > > 8 9 9 10 11 12 12 13 13 14 14 15
18 > > > > > > 9 10 11 12 12 13 13 14 14 15 16
19 > > > > > > > 10 11 12 12 13 14 15 15 16 16

This table was constructed from 150,000 stimulations, each containing a pair of data sets consisting of 73 sample points each (see Materials

and Methods for details).

¢The values indicate the minimum number of coincident pulses needed to reject the hypothesis that the pulse generators are independent

(uncoupled) at o = 0.05.

® The probability is greater than 0.05 that all the pulses will be coincident, even when the pulse generators are independent.

pulses that must be coincident before one can be confi-
dent (at the a = 0.05 level) that the two pulse generators
are not independent. Note that when one of the pulse
frequencies is high and the other is low, a high percentage
of the pulses must be coincident before statistical signif-
icance is reached. In fact, in extreme instances, even
when all of the lower frequency pulses are coincident
with the higher frequency ones, it is not possible to
conclude on a statistical basis (at « = 0.05) that the two
generators are coupled (i.e. not independent).

Figure 1 illustrates serum LH and PRL pulse patterns
in women at the various stages of the menstrual cycle;
data from all of the women are summarized in Table 3.
The frequency of both LH and PRL pulses underwent
significant (P < 0.05) changes during the menstrual
cycle, as determined by a two-way (subjects vs. cycle
stages) analysis of variance. Pulse frequency was highest
during the LF phase and lowest during the luteal phase
for both hormones. In addition, mean LH levels were
significantly higher during the follicular phase than dur-
ing the luteal phase (P < 0.01). LH pulse amplitude,
PRL pulse amplitude, and mean PRL levels did not
change significantly during the menstrual cycle. (The LL
data set was excluded from the above analyses since it
was obtained from different women than the EF, LF,
and ML phase data sets.)

In both the LF and LL phases there was a sufficient
number of coincident pulses in three of five women to
conclude, based on the results shown in Table 2, that
their PRL and LH pulse generators were not acting
independently (see Table 4). Three of five women with

coincident LH and PRL pulses is a greater incidence
than one would expect to occur by chance (P < 0.05) if
there were, in fact, no tendency among women at these
stages of the cycle toward coupling of their PRL and LH
pulse generators. Only one of five women in the EF phase
and none of the women in the ML phase had a significant
number of PRL pulses coincident with LH pulses.

Figure 2 shows the percent coincidence as a function
of LH pulse frequency for the data in Table 4. Note that
in 17 of 20 data sets, the percent coincidence was higher
than would have been expected if the LH and PRL pulse
generators were completely independent. While coinci-
dence between PRL and LH pulses underwent dramatic
variations during the menstrual cycle (Table 3), much of
the change in coincidence could be attributed to the
variations in LH pulse frequency. To demonstrate this,
the effect of LH pulse frequency was removed from each
individual coincidence estimate by subtracting the ex-
pected coincidence (i.e. the coincidence we would expect
if the pulse generators were uncoupled) from the ob-
served coincidence to provide an estimate of excess co-
incidence. As shown in Fig. 3, excess coincidence was
constant during the EF, LF, and ML phases of the
menstrual cycle. (Again, the LL data set was excluded
since it was obtained from different women than the EF,
LF, and ML phase data sets.)

Discussion

We used a statistical method to evaluate coincidence
between the secretory pulses of two different hormones.
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Fi1G. 1. Plasma LH and serum PRL pulse patterns in four women at different stages of the menstrual cycle. The asterisks indicate points identified

as pulse peaks. (SI unit conversion: 1 ng/mL = 1 ug/L.)

TABLE 3. LH and PRL pulse characteristics in normal women at various times during the menstrual cycle

Mean level Pulse frequency Pulse amplitude
Cycle phase (ug/L) (pulses/24 h) (ug/L)
LH PRL LH PRL LH PRL
EF 35.1 8.8 9.0 £ 0.6 146 1.5 11.0 £ 1.0 164 + 1.9 4.0x09
LF 36.6 £ 6.8 9.7+ 0.6 17.6 £ 0.9 138 £ 1.6 125+ 1.8 44 +04
ML 15.0 £ 4.2 104 £ 1.2 5.6 = 0.6 9.4 £ 0.7 21.1+6.1 6.1 + 1.0
LLe 112+ 1.5 96+14 8.6+1.2 8.6 £15 14.0 £ 3.6 11.1 £ 3.2

@ LL data were collected from a group of women different from the group used for EF, LF, and ML data.

We found that a high coincidence value does not neces-
sarily indicate coupling between hormone pulse genera-
tors. When the frequency of one pulse generator is high,
it is highly probable that any given pulse from another,
uncoupled generator will be coincident despite their in-
dependence. This is illustrated by the straight line in Fig.
2, showing that as LH pulse frequency increases, the

expected percent coincidence between hormone pulses
also increases, even when both generators are operating
completely independently. It is important, therefore, to
take into account the pulse frequency of both hormones
as well as the percent coincidence when attempting to
determine whether two pulse generators are coupled.
Either the Monté Carlo procedure described here or
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TABLE 4. Coincidence of serum PRL and LH pulses in normal women

at various phases of the menstrual cycle

. Cydle No.of LH No.of PRL 1o-of ~ %FPRL
Subject phase pulses pulses coincident  pulses
pulses coincident

A EF 16 12 9 75
B 11 11 8¢ 73
C 18 12 8 67
D 17 7 6 86
E 11 13 8 62
Mean 14.6 11.0 7.8 72.6
SE 1.5 1.0 0.5 4.1
A LF 18 11 9 82
B 20 17 15¢ 88
C 16 13 10 77
D 19 10 10° 100
E 15 18 14° 78
Mean 17.6 13.8 11.6 85.0
SE 0.9 1.6 2.7 4.2
A ML 7 9 3 33
B 7 10 3 50
C 5 11 3 27
D 4 7 3 43
E 5 10 2 20
Mean 5.6 9.4 2.8 34.6
SE 0.6 0.7 0.2 5.4
F LL 8 8 3 38
G 9 11 3 27
H 13 13 11° 85

I 6 6 5 83
J 7 5 5 100
Mean 8.6 8.6 54 60.6
SE 1.2 1.5 15 13.7

¢ Indicates occurrence of a significant number of coincident pulses.

1007 & 0

Prl pulses coincident with
LH pulses (%)

4 8 12 16 20
Number of LH pulses

Fic. 2. The relationship between LH pulse frequency and the per-
centage of PRL pulses coincident with LH pulses during the EF, LF,
ML, and LL phases of the menstrual cycle. Each data point represents
the results obtained in one woman during a 24-h blood-sampling period.
The straight line indicates the expected relationship (based on Monte
Carlo simulations) between LH pulse frequency and percent coinci-
dence between LH and PRL pulses if there was, in fact, no coupling
between the LH and PRL pulse generators.
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FiG. 3. Excess coincidence during the menstrual cycle. Excess coinci-
dence is defined as the observed coincidence minus the expected
coincidence based on Monte Carlo simulations. The bars represent the
mean (+SE) results from five women in each cycle phase.

Table 2 (if 73 sample points are being evaluated) should
be helpful to other investigators who are interested in
assessing the significance of coincident hormone pulses.

The experimental results presented confirm the re-
ports of others that a large percentage of PRL pulses
appear to occur coincident with LH pulses in women.
The observation by Backstrom et al. (3) that roughly
70% of the PRL pulses occur within 15 min of a LH
pulse in normal women agrees well with our finding of
an average 62% coincidence during the menstrual cycle.
Braund and co-workers (5) also reported a high degree
of synchrony between PRL and LLH pulses (91%); how-
ever, their study was conducted during the midluteal
phase, a time during which we found a relatively low
degree of coincidence (35%). This discrepancy is prob-
ably due to their use of a less stringent criterion for
defining a hormone pulse. They reported the occurrence
of 2.7 LH pulses/6 h, which is almost twice as frequent
as we report here. As mentioned above, the presence of
more frequent LH pulses necessarily results in greater
coincidence.

Although others have assumed that a high level of
coincidence indicates that there is some coupling be-
tween LH and PRL, the evidence is less compelling when
the data are examined by statistical criteria. In fact,
during the EF phase, a time when the mean coincidence
between PRL and LLH was 72.6%, only one of five women
had a hormone secretory pattern that could be identified
as significantly different from that generated by com-
pletely independent pulse generators (P < 0.05). Only
during the LF and LL phases did a significant number
of women demonstrate a significant degree of coupling
between LH and PRL pulses. This should not be taken
as an indication that there is no coupling during other
cycle phases, rather only that we were unable to confirm,
by strict statistical criteria, coupling at these other times.

As was reported previously by us and others, LH and
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PRL pulse frequencies change significantly during the
menstrual cycle (3, 10-13). We also found significant
changes in the percent coincidence between PRL and
LH during the cycle. However, the dramatic variations
in coincidence between LH and PRL pulses may be
misleading, since most, if not all, of the change (from
85% in LF to 35% in ML) can be attributed to the
alterations in LH pulse frequency.

When applying the type of analysis we describe here,
one must keep in mind two important considerations.
First, when the frequency of one pulse generator is high
and that of the other is low, here are instances when
even 100% coincidence would not be statistically signif-
icant. This is illustrated by subject D, in whom 86% of
the PRL pulses were coincident with LH pulses. Accord-
ing to Table 2, even if 100% of subject D’s seven PRL
pulses had been coincident with her LH pulses, we would
still not be able to conclude (at a = 0.05) that there was
a significant degree of coupling between PRL and LH.
Second, when the pulse generators have a high degree of
autocorrelation and are operating at approximately the
same frequency, it is possible, on occasion, to observe a
significant degree of coincidence in the absence of cou-
pling between the generators (14). The implication of
these two facts is that other criteria beyond simply
identifying periods of coincident pulses must be used to
firmly establish coupling. For example, demonstrating
that either slowing or accelerating the pulse frequency
of one oscillation affects the other similarly would pro-
vide a more persuasive argument.

In summary, the simulation results presented here
suggest that caution must be exercised when drawing
conclusions from pulse coincidence data. It is essential
that proper statistical criteria be applied, because a high
coincidence of pulsatile events can be misleading since
this could occur by chance alone. Using Monte Carlo
simulations, we were able to demonstrate that the LH
and PRL pulse generators are probably coupled during
the LF and LL phases. Table 2 and the procedures we

JCE & M »1988
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have presented should prove useful in evaluating cou-
pling between other hormone pulse generators.
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