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ABSTRACT. The pulsatile nature of the gonadotropin signal
is a critical determinant of physiological activation of the go-
nadal axis. Nonetheless, major uncertainties exist regarding the
exact patterns of LH secretion that constitute normal physio-
logical profiles in man. To assess possible bases for the discrep-
ancies in the literature, we sampled blood at 5-min intervals for
24 h in eight normal men and eight normal women in the early
follicular phase of the menstrual cycle. The constituent 5-, 10-,
15-, and 20-min immunoactive LH series and the consituent 6-,
12-, or 24-h sampling durations provided ranges of sampling
intensities and durations for analysis of significant LH pulses.
A technique for minimizing the influence of false positive im-
munoassay errors on peak detection was used to aid in estimating
apparent true positive LH pulse frequency.

Nonlinear curve fitting of the relationship between sampling
intensity and apparent true positive LH pulse frequency revealed
a stable pulse frequency estimate at intensive rates of venous
sampling, with values of 19.5 + 1.9 (£SEM) pulses/24 h (period-
icity, 73.8 £+ 6.5 min/pulse} in men and 20.6 + 3.6 pulses/24 h
(periodicity, 70.0 = 10 min/pulse) in women. Further analyses
indicated that sampling every 3.1 and 2.0 min for 24 h would be
required to capture 90% of the LH pulses in men and women,
respectively. Moreover, even with a 5-min sampling rate, the

statistical counting errors of the LH pulse frequency estimates
varied markedly with sampling duration; for example, in men
sampled in 6-, 12-, and 24-hr sessions, the values were, respec-
tively, 49%, 35%, and 24% of the observed pulse frequencies.
Similar variations were found in women. Counting errors were
30-50% higher for conventional 20-min sampling rates than for
5-min sampling intervals.

Measured interpulse intervals varied widely from 10-330 min
(median, 60 min; n = 131 LH pulses) in men and from 10-340
min (median, 65 min; n = 125 LH pulses) in women. In addition,
absolute LH pulse amplitudes varied from 1-28 mIU/ml (me-
dian, 4.1 mIU/ml) in men and from 1-24 mIU/ml (median, 3.6
mlU/ml) in women. These estimates were associated with a
median number of points identified within each pulse of 6.0 in
men and 4.0 in women.

In summary, the present exhaustive sampling studies dem-
onstrate for the first time stable estimates of physiological LH
pulsations in normal men and women, and document broad
ranges of normal LH pulse amplitudes and interpulse intervals.
We conclude that both intensive and prolonged sampling con-
ditions are necessary to define stable and precise estimates of
physiological LH pulse patterns and to disclose the physiological
ranges of these properties in normal individuals. (J Clin Endo-
crinol Metab 62: 881, 1986)

ANY endocrine glands signal remote target tissues

by intermittent rather than continuous hormone
secretion. For example, physiological function of the
reproductive system is marked by pulsatile rather than
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constant gonadotropin release (1-6). This episodic pat-
tern is essential for physiological activation of the go-
nadal axis (1-7). Moreover, pulsatile gonadotropin
release is altered distinctively in certain pathophysiolog-
ical states. For example, LH pulse frequency varies sig-
nificantly during stages of the normal menstrual cycle
(5, 6), during pubertal maturation (8), and in various
secondary hypogonadotropic states, such as those asso-
ciated with steroidal suppression of the gonadal axis (9,
10), hyperprolactinemia (11), anorexia nervosa (12), or
acquired amenorrhea accompanying strenuous aerobic
training (13). The importance of altered pulsatile LH
release in these conditions is suggested by the empirical
demonstration that pulsatile (but not continuous) ad-
ministration of exogenous GnRH can restore normal
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gonadal function in hypogonadotropic individuals (14,
15).

Despite the pivotal importance of pulsatile LH release
for normal gonadal function, major uncertainties exist
regarding the exact patterns of normal LH secretion.
These uncertainties reflect the following principal areas
of controversy: 1) the dependence of LH pulse frequency
estimates on sampling intensity, 2) the errors inherent
in estimating LLH pulse frequency in relation to varying
sampling duration, 3) the physiological range of LH
interpulse intervals in normal individuals, 4) the degree
of nonuniformity of LH pulse amplitudes in normal men
and women, and 5) the certitude of peak detection, for
example as assessed indirectly by the number of points
indentified within any single pulse (16). Thus, in reports
to date, sampling intensities have varied from blood
withdrawal every 1 min to sampling every 0.5 h, while
sampling durations have ranged from 4-24 h (1-13). In
these disparate and admittedly arbitrary sampling pro-
tocols, discrepancies as great as 5-fold have been de-
scribed for estimated physiological LH pulse frequency
in man (1-6, 17-19). In addition, further complexity has
been introduced recently by results from intensive sam-
pling paradigms of restricted total duration, which pro-
vided estimates of LH pulse frequency that increased
continuously at more rapid sampling rates (16-20).

Although therapy of hypogonadotropic patients with
exogenous GnRH pulses has been moderately successful
using fixed pulse frequency and fixed pulse amplitude
regimens, more refined treatment strategies may require
an exact recapitulation of the physiological pulse prop-
erties of gonadotropin release. To that end, we combined
both intensive and prolonged venous sampling conditions
to characterize the nature of the physiological LH pulse
signal in normal man.

Materials and Methods

Eight normal young men (age range, 21-27 yr) and eight
normal young women (age range, 21-36 yr) were studied. All
women had a history of normal menstrual function and were
studied 3-5 days after the onset of menses. All subjects had
normal serum concentrations of LH, FSH, PRL, T,, TSH, total
and free testosterone, and estradiol as well as a normal history
and physical examination. After giving written informed con-
sent, the subjects were admitted to the Clinical Research Cen-
ter, and an iv heparin lock was inserted. One hour later, venous
sampling was undertaken by withdrawing blood at 5-min inter-
vals for 24 h. During this time, the subjects were permitted to
eat three meals.

The blood was permitted to clot at room temperature, and
the serum was separated and frozen for subsequent RIA of LH
(discussed below). All samples from an individual subject were
analyzed in the same assay. In addition, to assess more precisely
the degree of intraassay measurement error, 45 replicates from
the individual’s serum pool (prepared by removing 50 ul serum
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from each of the 288 individual samples) were assayed as 15
replicates each at the beginning, middle, and end of the corre-
sponding assay. The pooled coefficient of variation from these
45 replicates was used in pulse analysis. The individual samples
were assayed in triplicate for immunoactive LH content with
the exact reagents and procedures described previously (21). In
the 8 men, the individual pooled intrassay coefficients of vari-
ation averaged 8.04 + 1.38% (=% sD), with an absolute range of
7.0-10.2%, while the 24-h mean LH concentrations ranged
between 7.11 and 14.7 mIU/ml [mean, 10.91 + 4.08 (£sD)]. In
the 8 women, the individual pooled intrassay coefficients of
variation averaged 9.38 + 0.37%, with an absolute range of 8-
11%, while the 24-h mean LLH concentrations ranged between
7.0 and 12.6 mIU/ml (mean, 8.76 + 1.73). The mean LH values
were not correlated with the intrassay coefficients of variation
derived from the corresponding replicate pools for either men
or women.

The presence of LH pulses was evaluated by a modification
of the method of Santen and Bardin (6), as described previously
(19, 20). This modification requires that a significant LH pulse
represent a minimum (threshold) increase of 4 times the rele-
vant individual intrassay coefficient of variation (19). A 4-fold
multiple results in an estimated false positive rate of 1.53%
(22). The relevant individual intrassay coefficients of variation
were calculated from the 45 within-assay replicates developed
from the pool of the individual’s own experimental series and
run within the same assay, as described above.

The curvilinear relationship between sampling intensity and
apparent LH pulse frequency was analyzed by nonlinear least
squares curve fitting of the relationship y = kX/(1 + kX),
where k is a slope parameter, with calculated confidence inter-
vals for the precision of fit (23).

The statistical counting error in the estimate of LH pulse
frequency was expressed as the SD of the number of pulses
divided by the corresponding mean pulse frequency, i.e. the
coefficient of variation of the observed LH pulse frequency
estimate. This value was termed a coefficient of variation for
the LH pulse frequency estimate.

The number of points contained within a pulse was counted,
beginning with the first value within a peak that followed the
preceding nadir. Counting included consecutive points up to
the onset of the upstroke of the next pulse (as defined by the
appearance of a new nadir), the first of three consecutively
increasing values, when the increasing values did not create a
significant pulse; or the first of eight consecutively stable (+
10% variation) values which formed neither a nadir or a peak.
The interpulse interval (expressed in minutes) was taken as
the time separating two consecutive peaks. The amplitude (as
a percentage or milliinternational units per ml} was calculated
from immediately preceding nadir to peak (19).

Serum total calcium and protein concentrations were meas-
ured with the Technicon RA 1000 analyzer (Technicon Instru-
ments Corp., Tarrytown, NY), as described previously (24, 25).
Significant differences within subjects were determined by
paired intrasubject ¢ testing, and group differences were evalu-
ated using analysis of variance (26).

Results

To test the relationship between LH pulse frequency
and sampling intensity, the number of LH pulses iden-
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tified per 24 h was plotted against the number of samples
analyzed per 24 h. For example, at a sampling rate of
every 5 min, 288 samples were analyzed, while sampling
every 10, 15, or 20 min yielded, respectively, 144, 96, or
72 samples/24 h. The curvilinear relationships depicting
24-h LH pulse frequency vs. sampling intensity for men
and women are shown in Fig. 1. These results document
a highly significant dependence of estimated LLH pulse
frequency on sampling intensity for both men and
women (P < 0.001) and disclose the apparently asymp-
totic nature of the LH pulse frequency estimate. The
calculated asymptote (maximal LLH pulse frequency) was
19.5 = 1.9 (£SE) pulses/24 h in men and 20.6 + 3.6
pulses/24 h in women.

The relationship between sampling intensity and LH
pulse frequency could be analyzed further to assess op-
timal rates of sampling by using nonlinear least squares
curve fitting. The curvilinear relationship between sam-
pling intensity and observed LH pulse frequency indi-
cated that 50% and 90% of the maximal estimate of pulse
frequency would be attained by sampling every 21.6 and
3.1 min in men and every 18.9 and 2.0 min in women,
respectively.

The influence of sampling duration on the LH pulse
frequency estimate was tested by comparing the number
of LH pulses observed at 1, 2, 4, 6, 8, 12, 16, 20, and 24
h for sampling rates of either every 5- or 20 min. In this
analysis, the mean number of LH pulses increased in a
linear fashion for both 5- and 20-min sampling intervals,
but this rate of increase (assessed by the slope) was
significantly greater for the 5-min than for the 20-min
sampling paradigm. For men, the mean (and 67% confi-
dence limits) for the slope of the linear regression of
sampling duration on the number of LH pulses was 0.757
(0.738-0.775) pulses/h for 5-min sampling, and 0.407
(0.404-0.432) pulses/h for 20-min sampling rates (P <
0.001). For women, the values were 0.293 (0.286-0.301)
pulses/h for 5-min sampling and 0.749 (0.731-0.767)
pulses/ h for 20-min sampling rates (P << 0.001). The
corresponding periodicity (interval between pulses) for
the men was 79.3 (77.4-81.3) min/pulse for 5-min sam-
pling compared with 147.4 (139-155) min/pulse for 20-
min sampling (P < 0.01). For the women, the correspond-
ing periodicities were 80 (78-82) min/pulse for 5 min
sampling and 205 (201-209) min/pulse for 20-min sam-
pling (P < 0.001).

To test the influence of LH pulse detection threshold
on the stability of the observed ILH pulse frequency, data
from the eight men and eight women were analyzed for
LH pulses using thresholds of 20% (original method of
Santen and Bardin), 30%, 40%, 60%, or 100%. The
corresponding LH pulse frequency estimates per 24 h
were then plotted in relation to sampling intensity (every
90 min through every 5 min. Fig. 2. These results indicate
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Fi1G. 1. Curvilinear relationship between sampling intensity (number
of samples analyzed per 24 h) and LH pulse frequency (number of LH
pulses detected per 24 h). LH pulse frequencies (mean =+ SEM) are
shown for eight normal men (A) and 8 normal women (B) sampled at
5-min intervals for 24 h (288 samples/24 h). The parent 5-min series
were analyzed further in relation to their 10 min constituents (144
samples/24 h), and their 15 through 45 min constituents as indicated.
Significant LH pulses were identified using the criterion of 4 times the
individual intraassay coefficients of variation as threshold. Nonlinear
curve fitting of the relationship sampling intensity vs. 24-h pulse
frequency disclosed asymptotic curves in both men and women.

that independently of threshold, in both men and women,
there was a progressive increase in the apparent LH
pulse frequency, and that this increase approached a
plateau at sampling intervals of 5-10 min. The plateau
estimates in relation to a range of thresholds are given
in Table 1. At low thresholds, the plateau value was
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Fig. 2. Influence of pulse detection thresholds on estimates of LH
pulse frequency as sampling intensity (frequency) is increased. The
relationship between LH pulse frequency and sampling intensity is
depicted as shown in Fig. 1, except that LH pulse frequency was
computed for the range of pulse detection thresholds shown. Independ-
ent of threshold, at more intensive rates of sampling (higher numbers
of samples analyzed per 24 h), there is a tendency to approach an
asymptotic estimate of LH pulse frequency.

increased, presumably reflecting false positive errors as
well as more true positive pulses (22). For higher thresh-
olds, the plateau value was lower and was achieved at
less intensive sampling rates. The latter presumably
reflects underestimation of true LH pulse frequency (i.e.
increased false negative error rate) associated with more
restrictive thresholds as well as decreased false positives
(22). Most significantly, the curvilinear relationships in
Fig. 2 clearly indicate that a stable estimate of LLH pulse
frequency is possible at sufficiently intensive and pro-
longed sampling rates, independent of the exact thresh-
old chosen.
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TABLE 1. Asymptotic estimates of LH pulse frequency (number of
pulses per 24 h) in men and women (early follicular phase) sampled at
5-min intervals for 24 h

Maximal estimates of LH pulse

Detection frequency as a function of pulse
thresholds detection threshold
(%)
Men Women
20 36.9 (30.3-43.3) 54.4 (42.6-65.5)
30 20.1 (18.5-21.7) 26.5 (22.0-30.8)
40 14.5 (13.4-15.6) 20.1 (16.7-23.4)
60 9.5 (8.5-10.4) 8.40 (6.6-10.0)
100 5.7 (5.0-6.3) 3.8 (3.2-4.3)

The resultant LH series were analyzed for significant pulses using
the indicated thresholds (expressed as percent increase above baseline).
The asymptotes of the relationship sampling intensity vs. LH pulse
frequency (as plotted in Fig. 2, top and bottom panels) are given with
67% confidence limits (n = 8 subjects in each group).

Further studies revealed that the LH pulses disclosed
at 5-min sampling rates were not simply attributable to
variations in sample processing and/or hydration, since
serial serum protein and total calcium concentrations in
such samples did not exhibit pulsatile fluctuations even
when a 20% threshold was applied (Fig. 3). In addition,
the reliability of the 24-h pulse frequency estimates was
tested by separately measuring all interpulse intervals in
the men (n = 131 interpulse intervals) and women (n =
125 interpulse intervals) The mean (£SEM) and median
interpulse intervals were 76 + 5.4 and 60 min (absolute
range, 10-330 min) in men and 80 % 6 and 65 min
(absolute range, 10-340 min) in women (Fig. 4). These
values do not differ significantly from the plateau esti-
mates obtained by nonlinear curve fitting of the relation-
ship sampling intensity vs. LH pulse frequency (see
above). Furthermore, the certitude of peak detection was
substantial with 5-min sampling intervals, at least as
reflected by means (£SEM) of 7.6 + 0.6 and 5.3 + 0.3
points contained within each LH pulse in men and
women, respectively (corresponding median values, 6.0
and 4.0).

These studies also permitted us to appraise the range
of variation of LH pulse properties within individuals.
For example, for interpulse intervals in the eight individ-
ual men, the coefficients of variation (individual Sp/
mean) for interpulse intervals ranged from +31% to *
84% (median, +58.5%). Similarly, the coefficients of
variation for the interpulse intervals in the eight individ-
ual women studied ranged from +63% to £99% (median,
+75%). LH pulse amplitudes also exhibited a wide dis-
persion of values both within the same individuals and
among different individuals. Figure 5 depicts the disper-
sion of pulse amplitudes for 131 LLH pulses in men and
125 pulses in women. Similarly, the individual men and
women had wide ranges of variation in LH pulse ampli-
tude when expressed as coefficients of variation, from =+
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F1G. 3. Sera from one man were analyzed for serum immunoactive LH
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samples obtained at 5-min intervals for 24 h. In contrast to the
prominent fluctuations in serum LH concentrations, there were no
significant fluctuations in the serum concentrations of protein and
calcium. These results indicate that the immunoactive LH pulsations
observed are not attributable to major variations in sample processing
and/or hydration.

30% to +81% (median, +53%) in the eight men and from
+18% to £19% (median, +45%) in the eight women.
The counting error inherent in the estimate of ob-
served LH pulse frequency was substantially reduced by
sampling every 5 min compared with that less with
sampling at less frequent intervals. Moreover, as the
duration of sampling was increased from 6 to 24 h, the
precision of the estimate for hourly pulse frequency
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Fi1c. 4. Frequency histograms of individual interpulse intervals for
normal men (A) and women (B) sampled at 5-min intervals for 24 h.
These data represent 131 values in men and 125 values in women.

increased significantly. In particular, as shown in Fig. 6,
there was a progressive decline in the counting error for
more frequent sampling (5 vs. 20 min) as well as for more
extended sampling (24 vs 6 h) in both men and women.
For example, the counting errors (expressed as the coef-
ficient of variation for the observed LH pulse frequency
estimate) were as large as £82% and £85%, respectively,
in men and women sampled at 20-min intervals for 6 h.
However, the counting error declined to +24% for both
men and women sampled at 5-min intervals for a full 24
h.

In contrast to significant differences in LH pulse fre-
quency in relation to sampling intensity, LH pulse am-
plitude was not so greatly influenced by sampling inten-
sity. As shown in Table 2, the mean + SEM LH pulse
amplitude, given as a percent increase, did not change
significantly at more rapid rates of sampling. Similar
observations applied when LH pulse amplitude was ex-
pressed as an increment (milliinternational units per ml).

To 1llustrate the influence of more intensified rates of
venous sampling on the actual configurations of LH
pulses, the pulse profiles for 5- and 20-min LH series
over 24 h are compared graphically in Fig. 7A in three
men and in Fig. 7B in three women, whose LH pulse
patterns spanned the ranges observed in this study.
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A or 90% of the LH pulses present. These observations

25 N=131 PULSES indicate that the vast preponderance of previous sam-

o (MEN) pling paradigms have been inadequate to capture the
4 20 . E majority of LH pulses present in the human circulation.
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e 154 - . tween sampling intensity and LH pulse frequency for 24
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o« ool pulse frequency (or periodicity) toward infinitely rapid
Bosfiiiirrre: sampling rates. The present results document that stable
2 EE ool f 5 oe ., - or plateau estimates of physiological LH pulse frequency
Z o0 e B S S TR B B posmmee] in men and women are possible. In men, the plateau
0 24 6 8101214 18 22 26 30 estimate of LLH pulse periodicity averaged 73.8 + 6.5

LH PULSE AMPLITUDE (MIU/ML) min/pulse, which is significantly shorter than that re-

ported using conventional sampling regimens in man (1-

5 B 6), e.g. 143 £ 7 min in 36 normal men sampled at 20-min

: N-125 PULSES intervals for 8 h (27) or 147 = 8 min in 8 normal men

g sod (WOMEN) evaluated at 20-min intervals for 24 h (this study). Sim-
2 55 ilarly, in normal early follicular phase women, the mean
e o MEAN-4.4  MIU/ML LH pulse periodicity of 70 £ 10 min was shorter than
& 204 i MEDIAN-3.6 MIU/ML that found at less frequent sampling rates. These extrap-
TR B olated LH pulse periodicities agreed well with our direct
S w0l i measuremernts of interpulse intervals at the 5-min sam-
2 1 : pling rate in the same subjects. Similar estimates were
sl obtained using another independent pulse detection al-
ol oo, . gorithm, in which clusters of points are analyzed by

02 486 8 12 16 20 24

LH PULSE AMPLITUDE (MIU/ML)
Fic. 5. Frequency histograms of the amplitudes (milliinternational
units per ml) of individual LH pulses in normal men (A) and women
(B) sampled at 5-min intervals for 24 h. Data are represented as defined
in Fig. 4.

Discussion

Although many investigators have evaluated possible
alterations in pulsatile gonadotropin release in patients
with various pathophysiological conditions, major dis-
crepancies have emerged in the delineation of physiolog-
ical LH pulse properties in these studies (1-6, 16-21).
These discrepancies have become compelling in view of
current therapeutic efforts to mimic more precisely the
normal attributes of the physiological LLH pulse signal.
Accordingly, in the present work, we approached these
critical problems by using both intensive and prolonged
sampling paradigms in normal men and women.

Our results document a major dependence of the LH
pulse frequency estimate on both sampling intensity and
sampling duration. Thus, sampling every 21.6 min for 24
h would be required to detect as much as 50% of the total
number of LLH pulses in healthy young men, while sam-
pling every 3.1 min would be needed to detect 90%.
Corresponding analyses in women in the early follicular
phase indicated that sampling would be required every
18.9 min or every 2.0 min to identify, respectively, 50%

pooled ¢ statistics (our unpublished observations) using
cluster analysis (28). Thus, our observations provide
internally consistent estimates of physiological LH pulse
frequency in normal man and demonstrate for the first
time that such estimates stabilize with a sufficiently
intensive and prolonged sampling regimen.

The inference that both intensive and prolonged sam-
pling sessions are required to estimate LLH pulse fre-
quency accurately could not be attributed to selection of
arbitrary pulse detection threshold criteria. Thus, a wide
range of threshold criteria (from 20-100%) documented
progressive increases in LH pulse frequency at more
rapid sampling rates. In each case, plateau estimates of
LH pulse frequency were approached at sampling rates
of 5-10 min extended over a full 24 h. As anticipated,
the use of more stringent threshold criteria resulted in
lower plateau estimates. This presumably reflects an
underestimate of true LLH pulse frequency at higher
thresholds, when more false negative errors are likely to
occur (16, 19, 20). Conversely, at low pulse detection
thresholds, the estimates of LLH pulse frequency would
presumably be artificially inflated by higher false positive
error rates (22). To minimize the latter extreme, we used
a suitably adjusted multiple of each individual intraassay
coefficient of variation as the threshold for pulse detec-
tion (19, 22). This threshold was designed to limit the
estimated false positive rate to approximately 1.5% in
each individual, independent of his or her particular
intrassay coefficient of variation (22).
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TABLE 2. Variations in LH pulse amplitude in relation to sampling
intensity

Sampling interval LH pulse amplitude (%)*

(min)® Men Women

5 73.5 14 83 £ 12.9
10 93.6 11 87+ 16.4
15 93.9+94 100 = 22.7
20 95.8 = 10 98 + 24.3
25 93.1 9.4 102 = 28.1
30 91.4 7.3 99 + 20.9
35 95.4 + 8.6 99 + 20.4
45 96.0 + 17 84 + 16.6
60 99.9 + 9.6 94 + 15.8

?Interval at which serial blood samples were withdrawn for 24 h.
®Mean + SEM (n = 8). No significant differences were found by
analysis of variance.

The high frequency pattern of LH pulsations demon-
strable with 5-min sampling rates was not attributable
simply to variations introduced by sample processing,
since serial measurements of two stable serum constitu-
ents (total protein and calcium concentrations) in 288
samples collected over 24 h at 5-min intervals did not
fluctuate. This information is particularly important be-
cause available methods for estimating pulse frequency
have dealt exclusively with false positive errors intro-
duced by within-assay variance (16-22). The present
results suggest that preassay variance is minor, at least
under the present conditions of sampling.

Our exhaustive sampling protocols also revealed that
the range of normal LLH pulse frequencies among young
men and women is large and is increased at more rapid

30 25 2015 10 5
Sampling Interval mim

30 25 20 15 10 5
Sampling Interval (min)

rates of venous sampling. We suggest that this broader
range of LH pulse frequencies reflects an increase in the
contribution of lower amplitude pulses found at more
rapid sampling rates in some individuals. This implies
that deviations from the normal range under different
pathological conditions may be even more difficult to
document than previously supposed. This problem is
further compounded by the relatively high counting error
inherent in estimates of LH pulse frequency, even under
extended sampling conditions. Based on these results,
we suggest that sampling be conducted at a rate of at
least every 10 min and extended over 24 h wherever
possible. Where blood volumes represent a limiting fac-
tor, we would emphasize longer sampling durations at
the expense of somewhat less intensive sampling inter-
vals.

In addition to the wide dispersion of LH pulse prop-
erties among different subjects, our use of extended in-
tensive sampling protocols revealed marked variability
within individuals. Thus, interpulse intervals within in-
dividual subjects had respective coefficients of variation
ranging from 31-84% (men) and 63-99% (women). Sim-
ilarly, the coefficients of variation for LH pulse ampli-
tudes (milliinternational units per ml increments above
nadir) in individual subjects ranged from 30-81% (men)
and from 18-91% (women). This striking nonuniformity
of LH pulse properties within individual healthy men
and women has not been recognized previously, but has
several distinct implications. First, nonuniformity of LH
interpulse intervals may be of physiological importance,
since even small changes in GnRH pulse frequency can
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result in profound changes in gonadotropin and steroid
hormone secretion (29). For example, in hypothalamus-
pituitary-disconnected rams, increasing exogenous
GnRH pulse frequency from 2 to 1 h not only elicited
enhanced testosterone production, but also resulted in
activation of steroid negative feedback (29). Moreover,
in men with selective serum FSH elevation and idio-
pathic oligospermia, increasing exogenous GnRH pulse
frequency from 2 to 0.5 h reduced mean FSH levels to
normal without significantly altering serum LH, testos-
terone, or estradiol concentrations (30). Secondly, exog-
enous GnRH infusion protocols have largely adhered to
fixed dose and/or fixed pulse frequency schedules, which
would not mimic the inherently nonuniform nature of
the endogenous LH pulse signal in the normal human.
Accordingly, fixed dose and/or fixed frequency GnRH
treatment regimens may not be fully appropriate to
model physiological patterns of pituitary hormone
release, which have distinctly nonuniform properties.

Our documentation of detailed LH pulse configura-
tions in normal men and women under conditions of
intensive venous sampling for prolonged intervals pro-
vides the most precise delineation of the contour of
physiological LH pulses presently available. On the av-
erage, the LH pulses in men and women contained,
respectively, 7.6- = 0.6 and 5.3 £ 0.3 points/pulse. The
identification of such LH pulses provides a higher degree
of certitude than single point analyses (16). In addition,
such information should be of considerable importance
to investigators attempting to approximate physiological
LH pulse contours with more refined pulse detection
models. Moreover, a more precise knowledge of LH pulse
configurations is likely to assist in estimating false neg-
ative error rates, which to date have been difficult to
ascertain in view of uncertainties about the intrinsic
configuration (and range of configurations) of physiolog-
ical LH pulses in men and women.

Acknowledgments

We thank Ms. Janet Giambattista for her skillful preparation of the
manuscript, Paula P. Azimi for the artwork, the National Hormone
and Pituitary Program for the provision of purified human LH, Dr.
John Savory and Diana Juchter for the calcium and protein determi-
nations, Elizabeth Taylor and Rebecca Weaver for technical support,
Sandra Jackson and the expert nursing staff at the Clinical Research
Center at the University of Virginia, and Dr. Richard J. Santen for
generously providing his original computer program.

References

1. Nankin HR, Troen P 1971 Repetitive luteinizing hormone eleva-
tions in serum of normal men. J Clin Endocrinol Metab 33:558

2. Midgley Jr AR, Jaffe RB 1971 Regulation of human gonadotropins.
X. Episodic fluctuation of luteinizing hormone during the men-
strual eycle. J Clin Endocrinol Metab 33:962

3 Naftolin F, Yen SSC, Tsai CC 1972 Rapid cycling of plasma
gonadotropins in normal men as demonstrated by frequent sam-

VELDHUIS ET AL.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

JCE & M+ 1986
Vol 62+ No 5

pling. Nature 236:92

. Rowe PH, Racey PA, Lincoln GA, Ellwood M, Lehane J, Shenton

JC 1975 The temporal relationship between the secretion of lutein-
izing hormone and testosterone in man. J Endocrinol 64:17

. Backstorm CT, McNeilly AS, Leask RM, Baird DT 1982 Pulsatile

secretion of LH, FSH, prolactin, oestradiol and progesterone dur-
ing the human menstrual cycle. Clin Endocrinol (Oxf) 17:29

. Santen RJ, Bardin CW 1973 Episodic luteinizing hormone secre-

tion in man: pulse analysis, clinical interpretation, and pathological
mechanisms. J Clin Invest 52:2617

. Knobil E 1980 The neuroendocrine control of the menstrual cycle.

Recent Prog Horm Res 36:53

. Boyar RM, Rosenfield RS, Kapen S, Finkelstein JW, Roffward

HP, Weitzman ED, Hellman L 1974 Simultaneous augmented
secretion of luteinizing hormone and testosterone during sleep. J
Clin Invest 54:609

. Ross JL, Loriaux DL, Cutler GB 1983 Developmental changes in

neuroendocrine regulation of gonadotropin secretion in gonadal
dysgenesis. J Clin Endocrinol Metab 57:288

Veldhuis JD, Rogol AD, Samojlik E, Ertel N 1984 Role of endoge-
nous opiates in the expression of negative feedback actions of
estrogen and androgen on pulsatile properties of luteinizing hor-
mone secretion in man. J Clin Invest 74:47

Buckman MT, Peake GT, Srivastava L. 1981 Patterns of sponta-
neous LH release in normo- and hyperprolactinaemic women. Acta
Endocrinol (Copenh) 97:305

Boyar RM, Katz J, Finkelstein JW, Kapen S, Weiner H, Weitzman
ED, Hellman L 1974 Anorexia nervosa. Immaturity of the 24 hours
luteinizing hormone secretory pattern. N Engl J Med 291:861
Veldhuis JD, Evans WS, Demers LM, Thorner MO, Wakat D,
Rogol AD 1985 Altered neuroendocrine regulation of gonadotropin
secretion in women distance runners. J Clin Endocrinol Metab
61:557

Leyendecker G, Wildt L, Hansmann M 1980 Pregnancies following
chronic intermittent (pulsatile) administration of GnRH by means
of a portable pump (Zyklomat): a new approach to the treatment
of infertility in hypothalamic amenorrhea. J Clin Endocrinol Me-
tab 51:1214

Crowley Jr WF, McArthur JW 1980 Stimulation of the normal
menstrual cycle in Kallman’s syndrome by pulsatile administration
of luteinizing hormone-releasing hormone (LH-RH). J Clin En-
docrinol Metab 51:173

Veldhuis JD, Clifton D, Crowley WF, Filicoti M, Johnson ML,
Maciel RJ, Merriam GR, Santoro MF, Steiner RA, Santen RdJ
1986 Preferred attributes of objective pulse analysis methods: In:
Crowley WF (ed) Episodic Hormone Secretion. Wiley and Sons,
New York, in press

Medina M, Scaglia HE, Vasquez G, Alatorre S, Perez-Palacios G
1976 Rapid oscillations of circulating gonadotropins in postmeno-
pausal women. J Clin Endocrinol Metab 43:1015

Leppaluoto J, Laisi U, Lybeck H, Partanen J, Ranta T, Virkkunen
P 1975 Pulsatile secretion of ACTH, GH, LH and TSH in man.
Acta Physiol Scand 95:450

Veldhuis JD, Evans WS, Rogol AD, Thorner MO, Drake CR,
Merriam GR, Johnson ML 1984 Intensified rates of venous sam-
pling unmask the presence of spontaneous high frequency pulsa-
tions of luteinizing hormone in man. J Clin Endocrinol Metab
59:96

Veldhuis JD, Evans WS, Rogol AD, Thorner MO, Drake CR,
Merriam GR, Johnson ML 1984 Performance of LH puise detec-
tion algorithms at rapid rates of sampling. Am J Physiol 247:554E
Evans WS, Rogol AD, MacLeod RM, Thorner MO 1980 Dopami-
nergic mechanisms and luteinizing hormone secretion. I. Acute
administration of the dopamine agonist bromocriptine does not
inhibit luteinizing hormone release in hyperprolactinemic women.
J Clin Endocrinol Metab 50:103

Veldhuis JD, Rogol AD, Johnson ML 1985 Minimizing false-
positive error rates in hormone pulse detection. Am J Physiol
248:E475

Johnson ML 1983 Evaluation and propagation of confidence inter-
vals in nonlinear, asymetrical variance spaces. Biophys J 44:101
Sarkar B, Chauham U 1967 A new method for determining micro-



25.

26.

27.

28.

LH PULSE SIGNALING IN MAN 891

quantities of calcium in biological materials. Anal Biochem 20:155
Skeggs Jr LT, Hochstrasser H 1964 Multiple automatic sequential
analysis. Clin Chem 10:918

Winer BJ 1971 Statistical Principles in Experimental Design.
McGraw-Hill, New York, p 192

Veldhuis JD, Rogol AD, Evans WS, Johnson ML 1986 Spectrum
of the pulsatile characteristics of LH release in normal men. J
Androl, in press

Veldhuis JD, Johnson ML 1986 Cluster analysis: a simple, versatile,

and robust algorithm for endocrine pulse detection. Am J Physiol,
in press

29. Wu FCW, Irby DC, Clark IJ, Cummins JT, de Kretser DM 1985

The effects of frequency modulation of gonadotropin-releasing
hormone (GnRH) stimulation on gonadotropin and testicular se-
cretions in hypothalamic-pituitary disconnected rams. J Androl
6:016

30. Gross KM, Matsumoto AM, Berger RE, Bremner WJ 1985 Increas-

ing frequency of pulsatile gonadotropin-releasing hormone admin-
istration lowers FSH levels in azo-oligospermic men. J Androl 6:K4



