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Although reproductive aging has been separately related to
elevated FSH and shorter follicular phase (FP), the direct
association between both parameters has not been investi-
gated. Also, the exact effects of increased FSH on estrogen
production are yet to be established.

A large database of daily urinary concentrations of FSH,
LH, and estrone 3-glucuronide (E1G) from 37 regularly men-
struating women (median 11 cycles per patient) was used.
Initial FSH levels (iFSH) were estimated as the mean value of
d 1–5. The day of E1G take-off (ETO) was determined by an
algorithm, and accordingly, the FP was divided into early (d
1 to ETO) and late (ETO�1 to LH peak). FP maximum and
integrated E1G were calculated.

Subjects were distributed according to their mean iFSH

into three categories (<5, >5 to 10, and >10 IU/liter). There was
a gradual decrease in FP length with increasing category
(15.2 � 3.8, 14.1 � 3.6, and 13 � 2.6 d, respectively; P < 0.0001).
A similar effect occurred in early FP (7.5 � 4, 6.4 � 3.7, and 5.4 �
2.7; P < 0.0001); in contrast, late FP was unaffected (7.7 � 2.1,
7.7 � 2.1, and 7.6 � 2.4; P � 0.86). No consistent increase in E1G
was found with advancing iFSH category; however, women
with mean initial LH higher than 6 IU/liter had significantly
elevated maximum (P < 0.0001) and integrated (P � 0.002)
E1G.

FP length decreases in parallel with increasing iFSH, with
a selective effect on the early FP. Increased FSH does not
affect E1G; however, elevated initial LH level was related to
higher E1G. (J Clin Endocrinol Metab 89: 3270–3275, 2004)

INCREASED FSH AT the beginning of the menstrual cycle
is an established early sign of reproductive aging in the

woman (1–5). Throughout the reproductive life, there is a
steady reduction in the number of newly recruited ovarian
follicles. Because these follicles produce inhibin B, a dimeric
glycoprotein that inhibits FSH secretion by the anterior pi-
tuitary (6–12), a diminution in the number of recruited fol-
licles results in raised FSH. Because the number of these
follicles reflects ovarian reserve, FSH is an indirect indicator
of reproductive age. Indeed, d 3 FSH measurement is cur-
rently part of the routine in the clinical management of in-
fertility (13, 14).

Another early feature of reproductive aging is a reduction
in the length of the cycle (15–17), which is due to the short-
ening of the follicular phase (FP) (4, 18, 19). During the FP,
there is a process of follicle recruitment, growth, and selec-
tion as well as synthesis of estrogens. Because FSH plays a
central role in this process by stimulating the granulosa cells
(20), a rise in FSH might affect FP length, possibly by accel-
erating follicular development (4). Nevertheless, although
there are several studies proposing a relationship between
increased FSH as well as reduced FP length with advancing

age, a direct association between increasing FSH and short-
ening FP has not been shown.

The FP can be divided into two distinct stages according
to the onset of estrogen take-off (ETO): early FP (from d 1 to
ETO) and late FP (from the day after ETO to the day of LH
peak). At the early FP, follicles are recruited, and begin to
grow, with very low steroidogenic activity. At the late FP,
follicles (mainly the dominant one) start to produce estro-
gens increasingly. A reduction in FP length could in principle
affect both the early and late stages. However, if FSH is
involved in this reduction, because levels are higher during
the early FP, this stage should be more affected than the
late FP.

The second stage of the FP is characterized by the pro-
duction of estrogens. Research on estrogen variation with
reproductive aging has produced diverse results (1, 2, 4).
Those studies, however, are based exclusively on chrono-
logical age. Because hormonal parameters appear to be better
indicators of reproductive aging, examining estrogen changes
in relation to increasing FSH might be more appropriate.

In this study we investigated the relationship between
initial levels of FSH in the menstrual cycle and length of the
FP. To examine it in further detail, we divided the FP into
early and late, according to the onset of estrone 3-glucuro-
nide (E1G) rise. In addition, we investigated possible changes
in E1G production during the FP in relation to increasing
FSH. As the source of information, we used a large database
of daily urinary hormonal profiles over several menstrual
cycles from women with menstrual regularity.

Abbreviations: E1G, Estrone 3-glucuronide; ETO, E1G take-off; FP,
follicular phase; iFSH, initial FSH level; iLH, initial LH level; S, surge
size.
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Subjects and Methods
Subjects

This is part of a large study on changes in reproductive hormones
during aging (FREEDOM study: Fertility Recognition Enabling Early
Detection Of Menopause), which started in 1998 (Miro, F., S. Parker, L.
Aspinall, J. Coley, P. Perry, J. Ellis, manuscript submitted). The study
involved, initially, a total of 112 women of different reproductive ages,
from women with normal regular cycles to postmenopausal ones. Each
woman collected daily urine samples for a variable period of time (6–18
months) and kept daily records of days of menses, medication taken, and
other relevant information. The use of exogenous hormones or any
medication known to interfere with the secretion of the hormonal mark-
ers investigated was an exclusion criterion. In this part of the study, we
regarded only those women with regular cycles.

Data from 37 healthy women with regular menstrual cycles (mean
length 24–33 d) and no abnormal bleeding were considered. The ages
of the volunteers ranged from 30 to 52 yr (median value 44) with a
median body mass index of 23.

Hormonal analyses

Urine samples (first morning void) were collected in universal spec-
imen bottles containing sodium azide (0.1% volume) as preservative.
Volunteers were asked to keep the samples refrigerated until delivered
to the laboratory (on a weekly basis). On arrival, the specimens were
aliquoted and stored at 4 C until the analyses were performed.

The samples were analyzed for LH, E1G, and pregnanediol 3-gluc-
uronide by immunoassay, using AutoDelfia (Perkin-Elmer Life Sciences,
Cambridge, UK) following in-house established and validated proto-
cols, as previously described (20). FSH was measured using a similar
procedure as used for LH. The antibody reagents used in the FSH assay
were biotin-labeled anti-�FSH (clone 4882) together with strepavidin-
coated microtitration strips and europium-labeled anti-�FSH (clone
5948). The sensitivity of the FSH assay was 0.17 IU/liter, with intraassay
coefficients of variation of 5.1, 2.4, and 1.8% for FSH concentrations of
1.8, 8.2, and 42.9 IU/liter, respectively. The interassay coefficients of
variation at the same FSH concentrations were 4.0, 3.4, and 2.4%. The
FSH assay had no cross-reactivity to LH, human chorionic gonadotro-
phin, and TSH (�0.1%).

Data preparation and analyses

The concentrations of FSH, LH, and E1G were adjusted to compensate
for urine volume fluctuations as previously described (Miro, F., J. Coley,
M. Gani, P. Perry, D. Talbot, L. Aspinall, manuscript submitted). Briefly,
a smooth curve was fitted to ln(pregnanediol 3-glucuronide) and the
residuals were used to adjust the concentrations of the other hormones.
This was achieved by using the SAS/IML Splinec routine with a smooth-
ing parameter of 10 (23) (Miro, F., J. Coley, M. Gani, P. Perry, D. Talbot,
L. Aspinall, manuscript submitted). FSH and LH results are expressed
as international units per liter and E1G as nanograms per milliliter.

Parameters, algorithms, and statistics

Initial levels of FSH and LH in the follicular phase (iFSH, iLH) were
estimated as the mean concentration of FSH or LH over the first 5 d of
the cycle, starting from first day of bleeding.

The onset of ETO in the FP was determined by an algorithm that
retrospectively detects the first day of a sustained increase in E1G con-
centration. The algorithm was applied to smoothed-adjusted values of
E1G throughout the menstrual cycle and works by measuring the surge
size (S) for each day in the cycle having a positive slope, excluding the
last 10 d of the cycle (Fig. 1). Thus, S is based on the change in E1G slope
relative to the current E1G level:

S � {Right slope � Left slope*}/current [E1G]**
* , If the left slope is negative, then it is substituted by 0. **, If the E1G

concentration is less 4 ng/ml, then it is substituted by 4, where right
slope � the slope of the line joining the current day with the day R days
later and left slope � the slope of the line joining the current day with
the day L days earlier.

The value for L is fixed in the model as 2. However, R depends on
the overall length of the cycle. For cycles 30 d or longer, R � 3, and it
increases at a rate of 1 for each 5-d increase in cycle length up to 10, for
cycle lengths longer than 60 d. This allows for longer cycles tending to
have longer sustained E1G rises. Dividing the difference in the slopes by
the current E1G level gives greater weight to changes in the slopes at low
E1G concentrations. Setting the minimum E1G level to 4 ng/ml avoids
undue sensitivity of the algorithm at very low concentrations.

The day of ETO is defined as the first day in the cycle for which S �
0.25 or S � 0.65 � maximum(S). The latter condition provides adaptation
to the cycle, ensuring that S is always defined.

FP of the cycle is defined from d 1 of cycle to the day of LH peak and
is divided according to the onset of ETO, into:

Early FP from d 1 of the cycle until the ETO day.
Late FP from the day after ETO to the day of the LH peak (Fig. 2).
Maximum E1G value during the FP is defined as the maximum

concentration of E1G during the FP in smooth profiles. This day must
be no more than 2 d from the LH peak day.

The integrated E1G during the FP was calculated as the sum of
adjusted E1G concentration in the smooth profiles, over the period from
the day of E1G take-off and up to the day of maximum E1G. From this
value the minimum E1G for each volunteer was subtracted to correct for
the baseline E1G in each subject (Fig. 2).

Differences between categories were determined using one-way
ANOVA. Results are expressed as mean � sd.

Results

Incomplete cycles were excluded from the study. Equally,
there were eight cycles with very high basal levels of E1G (i.e.
� 20 ng/ml). Most of these cycles were unusually short in
length (mean 19 d long), although there were two cycles
longer than normal (41 and 44 d). Because initial FSH levels
were considerably lower in these cycles, compared with the

FIG. 1. Algorithm aimed to determine
onset of ETO. The algorithm detects the
first sustained increase in E1G by esti-
mating the magnitude of S in E1G for
each day in the cycle. The filled circles
correspond to the current E1G level,
and the double-headed arrow illus-
trates the value of right slope/left slope.
In these plots, L � 2 d and R � 3 d; thus,
S depends on the current levels of E1G
and the values 2 d earlier and 3 d later.
If the left slope is negative, it is substi-
tuted by zero, corresponding to a hori-
zontal line.
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rest of the cycles within the same woman, it was judged that
the elevated levels of estrogen affected FSH production and
thus were excluded from the analyses. Overall, 386 cycles
were analyzed (median 11 per volunteer).

Variation in total FP length in relation to iFSH levels

To determine the precise relationship between FSH and FP
length, we distributed the subjects into three categories ac-
cording to their mean iFSH levels. Three categories allows a
robust enough statistical analysis while providing a percep-
tion of gradual variation. The groups were established taking
the 33.3 and 66.6 centiles of the distribution as guidance,
which were 5.1 and 10.4, respectively.

Low: iFSH 5 IU/liter or less (mean 3.6, sd 1.5), n � 12 cases,
125 cycles. Overall, the mean number of cycles per subject

with iFSH less than 5 IU/liter was 83% (sd 13.7), with 0%
above 10 IU/liter.

Medium: iFSH more than 5, 10 IU/liter or less (mean 7.2,
sd 3.6), n � 15 cases, 153 cycles. Overall, the mean number
of cycles per subject with iFSH more than 5, 10 IU/liter or
less, was 64% (sd 20), with 22% (sd 15) below, and 14% (sd
9.5) above 5 IU/liter.

High: iFSH more than 10 IU/liter (mean 11.4, sd 4.9), n �
10 cases, 108 cycles. Overall, the mean number of cycles per
subject with iFSH more than 10 IU/liter was 60% (sd 15), with
37% (sd 15) more than 5, 10 IU/liter or less, and 3% (sd 5.6)
less than 5 IU/liter.

The mean and range of age for each category was: 41 yr for
low (30–52); 44.5 for medium (39–50); and 44 for high (30–
52). These three categories correspond to three stages in re-
productive aging (1, 2a, and 2b) used in a parallel study
(Miro, F., S. Parker, L. Aspinall, J. Coley, P. Perry, J. Ellis,
manuscript submitted).

Variation in the length of early and late FP in
relation to iFSH

The length of the FP was compared among the three re-
sulting categories of subjects with respect to overall FP, early
FP, and late FP. With regard to overall FP length, we found
a progressive reduction in the length from the low FSH
category to high (Fig. 3) of 15.2 � 3.8, 14.1 � 3.6, and 13.0 �
2.6 d, respectively (P � 0.0001).

A preliminary comparison between the sd of the early and
late FPs for each individual revealed a much higher degree
of variability in the early stage of the FP, as determined by
the sign test (P � 0.0001). This suggests that changes in the
overall length of the FP are more likely to affect the early
stage.

To investigate this further, we determined the distribution
of the length of the early and late FP in relation to each
category (Fig. 3). The mean length of the early FP showed a
similar trend to that of the total FP length, with lengths of
7.5 � 4.0, 6.4 � 3.7, and 5.4 � 2.7 d (P � 0.0001), respectively,
for low to high FSH. In contrast, there was no difference in
the length of the late FP among the three categories, i.e. 7.7 �
2.14, 7.7 � 2.1, and 7.6 � 2.4 d (P � 0.86).

Variation in FP estrogen production in relationship to iFSH

To investigate the relationship between iFSH and E1G
production, we compared the maximum FP values of E1G as

FIG. 2. Application of the algorithm to detect the day of ETO in a real
cycle. The upper panel shows FSH and LH concentrations, the lower
E1G. ETO divides the FP into early (from d 1 to ETO) and late (from
the first day after ETO to the day of LH peak).

FIG. 3. Changes in the length of the FP with increasing
iFSH. Volunteers were distributed according to their
mean iFSH into three categories as shown, and the mean
length of the FP, early FP (up to ETO), and late FP (from
ETO to LH peak) for each category was compared. Error
bars indicate SD. Comparisons were made using one-way
ANOVA.
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well as integrated E1G among the three categories. As shown
in Table 1, there was no consistent tendency toward increas-
ing E1G levels in parallel with FSH. Women with medium
initial levels of FSH had higher levels of E1G; however, there
was no statistical significance in this difference (P � 0.072).
Integrated and maximum E1G was very similar in the groups
of low and high FSH, whereas the medium FSH group had
slightly higher values (P � 0.021).

Although not as pronounced as FSH, there is a parallel rise
in LH at the beginning of the cycle. Because estrogen pro-
duction involves the action of both FSH and LH, there is a
possibility that the LH rise might be implicated in increased
production of estrogen. When the volunteers were distrib-
uted into three categories according to iLH levels, namely
less than 3 IU/liter, 3–6 IU/liter, and more than 6 IU/liter,
it was found that although the first two categories had similar
E1G levels, the third category had substantially higher max-
imum as well as integrated E1G (Table 1).

Discussion

Reproductive aging in the woman is associated with in-
creased FSH at the beginning of the cycle (1–5), and shorter
FP (4, 18, 19). Such parallelism, together with the fact that
FSH is the major director of follicular development, suggests
a direct association between increasing FSH and reduced FP
length; however, this association has not been investigated to
date. We have addressed the issue using a large database on
daily urinary hormonal concentrations of reproductive hor-
mones (37 women, 386 cycles). Our results indicate the oc-
currence of a gradual reduction in the length of the FP in
parallel with increasing FSH.

To better understand our finding, we examined the FP
length in further detail. Because the day of ETO provides a
suitable reference of the emergence of the dominant follicle
(24, 25), the FP was divided into early (before) and late (after
ETO). Although a reduction in FP length could in principle
involve both stages, we found that this FSH-related short-
ening selectively affects the early FP, with no apparent effect
on the late FP.

Two different explanations for the age-related reduction in
follicular phase have been proposed: accelerated follicular
growth (26) and earlier start of follicular growth (27). At the
present, the former explanation has received more experi-
mental support, and our results are consistent with it. Some
researchers have found evidence of faster follicular devel-
opment (4, 26), and even earlier achievement of dominance
(28), in women of advanced reproductive age. Moreover,
these authors too have found indications that the shortening

of the follicular phase affects selectively events occurring
early in the follicular phase (28).

Our results here, based on a large number of cases, agree
with the concept that the cause of the reduction in the length
of the follicular phase involved in reproductive aging is
accelerated follicular growth (4, 26) and that this affects se-
lectively early events in the FP (28). In addition, our approach
detects a gradual relationship between increasing levels of
FSH and reduction in FP length. Our approach too, differs in
fundamental ways from that used before. We use urine in-
stead of blood as the analytical medium, our reference for
reproductive aging is the level of FSH instead of age, and our
analysis of the substages of the FP is based on the onset of
ETO instead of the FSH peak that follows it.

The concept of accelerated follicular growth receives fur-
ther support from the finding that granulosa cells in the
growing follicles from women exposed to ovarian hyper-
stimulation with exogenous FSH present increased mitotic
index, compared with spontaneous cycles (29). Consistently,
too, granulosa cells from women over 40 yr of age (which
usually present elevated FSH) also have higher mitotic index,
compared with younger women (30).

The steadiness in the length of the late FP found was
somehow expected because FSH levels decline as estrogens
rise (31). Nevertheless, early exposure to FSH might affect
later aspects of follicular development, perhaps by increas-
ing cellular numbers or a more advanced degree of cell
differentiation. This, however, appears not to be the case.

Considerable evidence has shown a gradual decline in
natural fertility throughout life, with a pronounced decline
starting early in the fourth decade (32). This is well reflected
by results from artificial insemination (33, 34). Statistical
research indicates the existence of a 6-d fertile window in the
cycle, during which nearly all pregnancies occur (35–37).
This fertile window contains the day of ovulation and the 5 d
before. Because ovulation occurs approximately 24 h after the
LH peak, the fertile window thus corresponds mostly with
the late FP in our study. A recent ample investigation con-
cluded that although fertility declines with age, there is no
evidence of reduction in the length of the fertile window (38).
This is consistent with constancy in the late FP.

It remains to be elucidated whether the effects of higher
FSH on the early events of the FP have an impact on fecun-
dity. Inhibin B is a glycoprotein with suppressive effects on
FSH secretion. Because inhibin B is produced by the newly
recruited follicles from the beginning of the cycle (6–12), it
is conceivable that keeping circulating levels of FSH rela-
tively low might be desirable to ensure favorable conditions

TABLE 1. Estrogen production during the follicular phase: relationship with initial levels of FSH and LH

E1G (ng/ml) Mean initial levels P

FSH (IU/liter) Low (�5) Medium (�5 to 10) High (�10)
Integrated 146 � 84 168 � 109 147 � 60 0.072
Maximum 41.6 � 20 48.2 � 25 42.5 � 17 0.021

LH (IU/liter) Low (�3) Medium (�3 to 6) High (�6)
Integrated 149 � 71 145 � 89 187 � 114 0.002
Maximum 41 � 16 42 � 22 54.8 � 26 �0.0001

Data show mean � SD.
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for follicular development. Some authors have suggested
that the resulting increase in FSH might be a compensatory
mechanism to maintain normal levels of estrogens (39). Fur-
ther research is required to establish this point, and there
might be important implications for the treatment of natural
decline in fertility with increasing age.

Because, in addition to follicular growth, FSH stimulates
estrogen production in granulosa cells, we investigated
changes in estrogen production related to increased FSH. We
found no consistent elevation in E1G (integrated or maxi-
mum) with increasing FSH.

Because ovarian estrogen synthesis involves two different
cell types, stimulated by two gonadotropins, FSH and LH
(40–43), we considered a possible relationship between in-
creasing iLH and E1G. Although we did not see a gradual rise
in E1G with increasing LH, women with the highest iLH had
higher values of E1G. These findings are difficult to interpret
because early in the FP, granulosa cells have very little, if any,
responsiveness to LH (44–46). However, a comparison be-
tween iLH with those on d 7–9 (data not shown) reveals a
strong correlation (R2 � 0.54, P � 0.0001). Interestingly, in
ovarian hyperstimulation, increasing the LH dose during
mid-FP, with a fixed FSH dose, results in a significant in-
crease in plasma estradiol (47–49).

Research on variation in estrogens with age has yielded
conflicting results. Initial work found a decrease in estradiol
(1) or excreted estrogens (50) throughout the cycle with in-
creasing age. Other studies, although, did not find such de-
crease (51, 52), and indeed some even found increased cir-
culating FP estradiol with increasing age, concomitant with
a rise in FSH and LH (2). More recent studies have produced
results in one or the other direction. One reported a brief
decrease in preovulatory estradiol in women 36–38 yr old,
followed by an increase thereafter (53). A comparison be-
tween women 40–45 and 20–25 yr old found higher serum
FSH, shorter FPs, and elevated estradiol in the former (4).
Interestingly, those older women had an earlier onset of ETO.
Finally, there are reports of mild, although not significant,
increase in FP estradiol with age (49, 54).

There is a high degree of correlation between plasma es-
tradiol and urinary estrogens throughout the cycle, in par-
ticular E1G (55–57), and there are a few studies on age-related
changes in urinary estrogens. One such study reported a
substantial increase in urinary estrone during the FP in older
women, who also had higher FSH (55). Other researchers,
however, found an increase in excreted estradiol, estrone,
and estriol with increasing age, although significant differ-
ences were found only for estradiol (58).

In summary, these results support the concept that the FP
of the menstrual cycle shortens concomitantly with increas-
ing iFSH levels. The relation between increasing FSH and
reduction in FP length appears to be gradual and affects
selective events occurring prior to the rise in estrogens. Also,
the rise in FSH does not seem to have a significant impact on
estrogen synthesis in the late FP. The finding of increased FP
estrogens with relatively elevated iLH levels might explain
some discrepancies reported in the literature regarding in-
creased estrogens and aging and requires further research.
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