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Estradiol production during controlled ovarian
hyperstimulation correlates with treatment
outcome in women undergoing in vitro
fertilization–embryo transfer
Mohamed F. M. Mitwally, M.D.,a,c Helmata S. Bhakoo, Ph.D.,a,b Kent Crickard, M.D.,a,d

Michael W. Sullivan, M.D.,a,d Ronald E. Batt, M.D.,a and John Yeh, M.D.a

a Department of Gynecology-Obstetrics, School of Medicine and Biomedical Sciences, and b Biotechnical and Clinical
Laboratory Sciences, State University of New York, Buffalo, New York; c Division of Reproductive Endocrinology and
Infertility, Department of Obstetrics and Gynecology, Wayne State University, Bloomfield Hills, Michigan; and d Infertility and
IVF Associates, Snyder, New York

Objective: To study the value of E2 production during controlled ovarian hyperstimulation (COH) in predicting
IVF-ET outcome.
Design: Historical cohort.
Setting: Academic infertility center.
Patient(s): A cohort of 270 patients who completed 324 consecutive IVF-ET treatment cycles.
Intervention(s): None.
Main Outcome Measure(s): Area under the curve for E2 levels (AUC-E2) from the first day of COH until the day
of hCG administration was calculated and cycles grouped into low, average, and high AUC-E2 groups. Clinical
pregnancy rates per cycle were compared among the three groups, and correlations with AUC-E2 values were
calculated for all patients and after sub-grouping according to age, COH protocol and infertility diagnosis.
Result(s): Cycles with low and high AUC-E2 values had significantly lower pregnancy rates particularly in
patients 35 years or older. There was a positive correlation between AUC-E2 and pregnancy rates up to a certain
AUC-E2 level above which a negative correlation was found. The turning point between positive and negative
correlations occurred at a significantly lower AUC-E2 level in patients 35 years or older.
Conclusions: Estradiol production during COH correlates with IVF-ET outcome. Women �35 years of age seem
more vulnerable to high E2 levels. (Fertil Steril� 2006;86:588–96. ©2006 by American Society for Reproductive
Medicine.)

Key Words: Area under the curve, controlled ovarian hyperstimulation, estradiol, IVF-ET
r
s

o
w
s
i
1
d

t
l
l
t
r
c
s
a
a
d

ince the birth of Louise Brown in 1978, IVF-ET has be-
ome the therapeutic mainstay for female infertility, with
apid expansion of IVF clinics worldwide resulting in �1%
f children being conceived by some form of assisted repro-
uction (1). In most IVF-ET cycles, gonadotropins are used
lone or in combination to stimulate the growth and matu-
ation of multiple oocytes, a process called controlled ovar-
an hyperstimulation (COH). This is essential because of the
eed to recruit a greater number of follicles, which allows
etrieval of several oocytes. This would improve the chance
f fertilization and allow an increased number of embryos
or transfer to give acceptable success rates. It is clear that
upraphysiologic levels of E2 are inevitably attained during
OH owing to the development of multiple ovarian follicles,
ach contributing significantly to E2 production which can
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each levels up to 10 times or more those found during
pontaneous cycles (2, 3).

The effect of such supraphysiologic E2 levels on the
utcome of IVF-ET has been the subject of intense debate
ith conflicting evidence (4, 5). Some investigators have

hown that supraphysiologic levels of E2 have a detrimental
nfluence on endometrial receptivity and IVF outcome (6–
6). However, others did not find high E2 levels to be
etrimental to IVF outcome (17–25).

Most of the studies observed E2 concentrations attained on
he day of hCG administration rather than considering E2

evels along the whole period of ovarian stimulation. Calcu-
ating the area under the curve for E2 levels (AUC-E2) along
he several days of COH is expected to reflect more accu-
ately the amount of E2 produced, because it takes into
onsideration both the duration of ovarian stimulation and
everal E2 levels rather than a single level on the day of hCG
dministration. Recently, we reported that although the over-
ll AUC-E2 correlated with E2 concentrations attained on the
ay of hCG administration, there was no uniform correlation

etween successive individual patients, and that different

0015-0282/06/$32.00
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onclusions can be obtained when studying E2 levels at-
ained during COH by looking at E2 levels on the day of hCG
dministration rather than AUC-E2 (26). The present study
ooks at the correlation between E2 levels attained during
OH calculated as AUC-E2 and the outcome of IVF-ET

reatment as achievement of clinical pregnancy.

ETHODS
fter obtaining approval from the State University of New
ork at Buffalo’s Institutional Review Board, we retrospec-

ively analyzed data from charts of patients who underwent
ompleted IVF-ET cycles and had a fresh ET.

The study was conducted in conjunction with the Infertil-
ty and In Vitro Fertilization Associates of Western New
ork, an academic tertiary referral IVF-ET center affiliated
ith the Department of Gynecology-Obstetrics, State Uni-
ersity of New York, Buffalo.

Data were obtained from charts of the patients who un-
erwent IVF-ET treatment during the period from January
001 to July 2002. The study included patients who received
OH and had E2 levels checked at least every other day from

he first day of COH until the day of hCG administration. We
ncluded patients who had their E2 levels assayed at the same
aboratory, applying immunoassay methods that had similar
ntraassay and interassay coefficient factors.

We found 270 patients, who completed 324 IVF-ET cy-
les, who met the admission criteria. Stimulation was
erformed with a starting dose of 150 –225 IU recombi-
ant FSH or a combination with highly purified FSH. The
tarting dose was decided based on the patient’s clinical
rofile, including age, body mass index, and response in a
rior gonadotropin stimulation cycle. The dose was adjusted
o reach an optimum number of three follicles of �18 mm
resent on ultrasound; at that time, final oocyte maturation
as achieved by administration of 10,000 IU hCG. Pituitary
own-regulation was done as previously described according
o the long GnRH agonist (27) or microdose (28) protocols.
wing to the retrospective nature of this study, we could not
btain embryo quality data that was valuable enough for
omparison between the different groups. This was mainly
ue to the use of different embryo scoring systems.

nalysis of Data
rea under the curve for E2 levels was calculated for each

VF-ET treatment cycle. The AUC-E2 was calculated from
he available E2 concentrations along the follicular phase
tarting on the first day of COH until the day of hCG
dministration. The AUC was calculated as previously
escribed (48).

Treatment cycles were grouped into cycles with low,
edium, and high AUC-E2. The low AUC-E2 group in-

luded cycles in which AUC-E2 was less than the mean

inus 1 SD, the high AUC-E2 group included cycles in

ertility and Sterility�
hich AUC-E2 was more than the mean plus 1 SD, and the
edium AUC-E2 group included cycles in which AUC-E2

as between that of the other two groups (mean � 1 SD).
linical pregnancy (defined as confirmation of fetal cardiac
ctivity with transvaginal ultrasound approximately 4–6
eeks after embryo transfer) rates per cycle were compared

mong the three study groups in all cycles and after sub-
rouping according to age (�35 and �35 years), protocol
pplied for COH (long GnRH agonist and microdose), and
nfertility diagnosis (tubal, male, anovulatory, unexplained,
nd combined [more than one factor]).

To look at the correlation between AUC-E2 and clinical
regnancy rate per cycle, treatment cycles were grouped
ccording to AUC-E2 values (increments of 3,000 pg/mL per
ay). Correlation between AUC-E2 and clinical pregnancy
ate per cycle was calculated for all cycles and for subgroups
f cycles according to age, COH protocol, and infertility
iagnosis.

ESULTS
able 1 shows the patients’ characteristics, including age, du-

ation of infertility, number of prior IVF-ET cycles, and gra-
idity. These characteristics were compared among the study
roups (low, medium, and high AUC-E2) for all cycles. It is
nteresting that there were no statistically significant differences
n any of those characteristics (data not presented).

Table 2 shows the mean value of AUC-E2 (pg/mL per
ay) for the three study groups (low, medium, and high
UC-E2) for all cycles and after subgrouping according to

ge and stimulation protocol. Although the mean of AUC-E2

ended to be higher in cycles for patients �35 years old and
n long GnRH agonist stimulation protocol cycles, the dif-
erence was not statistically significant. The closeness of the
alue of the median for AUC-E2 to the value of the mean in
ll subgroups indicates a normal distribution of the AUC-E2

alues around the median. Such normal distribution is seen
n Figure 1, showing the percentage distribution of AUC-E2

alues among cycles for patients �35 and �35 years old
Fig. 1A) and long GnRH agonist and microdose stimulation
rotocols (Fig. 1B). As the figures show, the low and high

TABLE 1
Patient characteristics.

Characteristic Mean Median SD Range

Age (y) 35.1 34 3.9 20–44
Duration of

infertility (mo)
35.8 36 25 6–184

Number of prior
IVF cycles

0.86 1 0.61 0–4

Gravidity 0.85 1 1.1 0–6

Mitwally. E2 production and IVF outcome. Fertil Steril 2006.
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UC-E2 values were more or less equally distributed around
he mean value (which is close to the median value) for
UC-E2.

Cycles associated with low and high AUC-E2 values (low
nd high AUC-E2 groups) had significantly lower clinical
regnancy rates per cycle compared with cycles associated
ith medium AUC-E2 (medium AUC-E2 group). This was

rue for all cycles (P�.05) and after subgrouping according
o age and COH protocol, as shown in Table 3, which
resents actual number of treatment cycles, clinical preg-
ancy cycles, and clinical pregnancy rates per cycle. When
nalyzed according to the infertility diagnosis, the same
attern of higher pregnancy rates associated with the me-
ium AUC-E2 groups was maintained. However, subgroup-
ng according to the various infertility diagnoses (tubal,
ale, unexplained, anovulatory, and combined) resulted in

reatment cycles in each subgroup that were too few to achieve
nough power for statistical analysis (data not shown).

Figure 2A shows the clinical pregnancy rate per cycle
mong the three study groups (low, medium, and high AUC-

2) according to age. The difference in clinical pregnancy
ate per cycle between the medium AUC-E2 group and the
ther two groups (low and high AUC-E2) was more signif-
cant in cycles for patients �35 years old (P�.01). Figure 2B
hows the clinical pregnancy rate per cycle among the three
tudy groups (low, medium, and high AUC-E2) according to
OH protocol. The difference was more marked between
igh and medium AUC-E2 in the long GnRH agonist proto-
ol (P�.01) than in the microdose protocol cycles (P�.05).
he reverse was true regarding the clinical pregnancy rate
er cycle between the low and high AUC-E2 groups: The
ifference was more marked with the microdose protocol
P�.01) than with the long GnRH agonist protocol (P�.05).

Figure 3 shows the correlation between clinical pregnancy
ate per cycle and AUC-E2 in all cycles (Fig. 3A) and after
ubgrouping according to age (Fig. 3B) and stimulation

TABLE 2
The mean value of AUC-E2 (pg/mL/day) for the thr

Patient group
Mean AUC-E2

(median) S

All cycles 9,182 (8,850) 4,
Cycles for patients �35 yrs old 9,400 (9,068) 4,
Cycles for patients �35 yrs old 8,959 (8,586) 4,
Long GnRH agonist protocol

cycles
9,608 (9,293) 4,

Microdose protocol cycles 8,863 (8,379) 4,
Note: There were no statistically significant differences be

or older or between long GnRH agonist or microdose p

Mitwally. E2 production and IVF outcome. Fertil Steril 2006.
rotocol (Fig. 3C). In all three graphs, there was a significant a

590 Mitwally et al. E2 production and IVF outcome
ositive correlation between clinical pregnancy rate per cy-
le and AUC-E2 (P�.05) until a certain AUC-E2 value
bove which a negative correlation (P�.05) was found. The
alue of the AUC-E2 turning point between positive and
egative correlation occurred at a significantly lower
UC-E2 value in patients �35 years old (P�.05). However,

his turning point did not seem to differ between long GnRH
gonist and microdose stimulation protocol cycles.

ISCUSSION
he results of the present study show that E2 levels attained
uring COH have a significant correlation with the outcome
f IVF-ET treatment (achievement of clinical pregnancy).
oth low and high E2 levels are associated with poor treat-
ent outcome (low clinical pregnancy rates per cycle). Such

oor outcome was independent of age, stimulation protocol,
nd possibly infertility diagnosis. Older women seem to be
ore vulnerable to the deleterious effect of high E2 levels

han younger women.

Patients who received microdose stimulation protocol had
ower AUC-E2 values compared with the long-protocol. This
as due to the general practice followed in our center of

eserving the microdose protocol for lower responders and
or patients expected to have lower response, e.g., older
omen. This also explains the lower AUC-E2 levels in
omen �35 years old, because they would have a higher

hance of being in the microdose protocol as well as of being
ow responders.

Increasing values of AUC-E2 were found to correlate
ositively with clinical pregnancy rate per cycle up to a
ertain point. The medium study group (mean AUC- E2 � 1
D) value was 4,604–13,760 pg/mL per day, which would
e the most favorable for high pregnancy rate in IVF-ET.
his positive correlation was true after controlling for
ge, stimulation protocol, and infertility diagnosis, up to a
ertain level above which higher AUC-E2 values were

tudy groups (low, medium, and high AUC-E2).

Low AUC-E2

group
Medium AUC-E2

group
High AUC-E2

group

�4,604 4,604–13,760 �13,760
�4,645 4,645–14,155 �14,155
�4,581 4,581–13,337 �13,337
�4,676 4,676–14,540 �14,540

�4,597 4,597–13,128 �13,128
n mean AUC-E2 of cycles in women less than or 35 years
col cycles.
ee s

D

578
755
378
932

265
twee
roto
ssociated with negative outcome, i.e., lower clinical

Vol. 86, No. 3, September 2006
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regnancy rate per cycle. There might be an optimum
ange of AUC-E2 which is associated with the best treat-
ent outcome, i.e., achievement of clinical pregnancy.
evels below and above such an optimum range are
ssociated with lower pregnancy rates.

In women �35 years old, the negative correlation between
UC-E2 and clinical pregnancy rate per cycle started at a

ower AUC-E2 value compared with younger women, indi-
ating a higher vulnerability for the possible deleterious
ffects of high E2 levels in the older age group. A different
xplanation would be that the younger patients are more
esistant to the deleterious effects of the high E2 levels. In

FIGURE 1

Percentage distribution of AUC-E2 values among cyc
GnRH agonist and microdose stimulation protocols (
equally distributed around the mean value for AUC-E
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Mitwally. E2 production and IVF outcome. Fertil Steril 2006.
ther words, the optimum range for AUC-E2 values is lower m

ertility and Sterility�
n older patients than in younger patients, or the optimum
ange is wider in younger patients.

We believe that the present study explains rather than con-
radicts prior studies that looked at the effect of E2 levels
ttained during COH on the outcome of IVF-ET treatment.
ome found high E2 levels associated with poor IVF-ET treat-
ent outcome (6–17) whereas others reported higher preg-

ancy rates in association with high E2 levels (18–25). Two
ain reasons could explain such controversy: the methodology

pplied in investigating E2 levels attained during COH and the
linical circumstances underlying the included patient group.

Regarding the methodology applied in previous studies,

for patients �35 and �35 years old (A) and long
ost of the treatment cycles were more or less

p (pg/mL/day)

< 35 years old

35 years or older

9000-11999 12000-14999 >15000

 AUC-
 9400

p (pg/mL/day)

Long GnRH-agonist
Microdose

>1500012000-149999000-11999

Mean AUC-
E2 = 9608
les
B). M
2.

 grou

99 

Mean
E2 =

 grou

-

ost of those studies looked at E2 level only on one day

591



d
o
o
a
t
h
o
c
t
t
I

t
w
o
t
I
a
a
o
r
r
p
c
l
e
w

i
r

p
a
c
p
a
A

t
s
c
w
d
E

a
a
C
I
d
I
a
i
h
i
i
b
e

uring ovarian stimulation (day of hCG administration) or
n one of the earlier days, e.g., days 3 and 5 (29), day 4 (30),
r day 5 (31). In the present study, we looked at E2 levels
long the whole period of COH by calculating the AUC for
hose E2 levels. This is obviously more accurate in reflecting
ow much E2 the endometrium, developing oocyte, and
ther potential sensitive targets were exposed to. In addition,
alculating AUC-E2 value takes into consideration the dura-
ion of ovarian stimulation and timing of hCG administra-
ion, which are factors thought to affect the outcome of
VF-ET treatment.

Another important methodology factor is the cut points for
he E2 level set between high, average, and low responders,
hich were different among various studies. In addition, many
f the previous studies failed to look at the correlation between
he attained E2 levels and the different treatment outcomes.
nstead, in those studies, patients were grouped as high, aver-
ge, and low responders, and pregnancy rates were compared
mong them. As indicated by the correlation curves found in
ur current study, when the cut point between high and average
esponders for E2 levels is set at a higher level, lower pregnancy
ates would be found with high responders, because more
atients will be out of the optimum range for E2 levels. It is
lear that the opposite is true, i.e., the lower the set point for E2

evel, the higher will be the pregnancy rate with high respond-
rs, because more patients in the high responder group will be
ithin the optimum range for E2 levels.

Another methodology factor could be that previous stud-
es looked at a different treatment outcome, i.e., pregnancy

TABLE 3
Clinical pregnancy rates among the three study

Patient group
AUC-E2

group
N
c

All cycles Low
Medium
High

Cycles for patients �35 yrs old Low
Medium
High

Cycles for patients �35 yrs old Low
Medium
High

Long GnRH agonist cycles Low
Medium
High

Microdose protocol cycles Low
Medium
High

a Statistically significant (P�.05) when compared to each

Mitwally. E2 production and IVF outcome. Fertil Steril 2006.
ate based on a positive pregnancy test instead of clinical a

592 Mitwally et al. E2 production and IVF outcome
regnancy based on ultrasound confirmation of fetal cardiac
ctivity. In the current study, clinical pregnancy rate per
ycle was the primary outcome, to avoid the effect of early
regnancy loss, e.g., chemical pregnancies, on the results,
nd both comparison and correlation methodology between
UC-E2 groups and treatment outcome were applied.

Regarding the clinical circumstances underlying IVF-ET
reatment, it is clear that differences in patient populations,
timulation protocols, and attitude of the treatment physi-
ians regarding the degree of aggressiveness during COH all
ould add to the explanation of the controversy and prevent
efining a narrow range of E2 values below or above which

2 values might affect the treatment outcome.

There is both animal and human evidence for unfavor-
ble outcome, including impaired implantation, in associ-
tion with supraphysiologic E2 levels attained during
OH compared with natural pregnancy (6, 10, 12, 15, 32).

n addition, many studies found higher pregnancy rates in
onor oocyte recipients than patients undergoing standard
VF-ET (33–36). Although higher success rates could be
ttributed to better-quality oocytes from younger donors,
n centers using shared oocytes, where the donor keeps
alf of the oocytes for herself, higher pregnancy and
mplantation rates were found in the recipients. Theoret-
cally, such higher rates could be attributed to either a
etter endometrial environment in recipients or an adverse
ffect of the COH (37, 38).

Different mechanisms have been suggested to explain the

ps (low, medium, and high AUC-E2).

f
s

No. of clinical
pregnancy cycles

Clinical pregnancy
rate per cycle

8 16.3%
78 34.4%a

10 20.8%
5 21.7%

47 40.5%a

5 20%
3 11.5%

34 30.6%a

2 8.7%
5 26.3%

44 42.7%a

2 11.8%
3 9.7%

36 29.3%a

6 19.4%
e other two groups (low and high AUC-E2 groups).
grou

o. o
ycle

49
227
48
23

116
25
26

111
23
19

103
17
31

123
31

of th
dverse effect of the supraphysiologic levels of estrogen and
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re mainly focused on possible deleterious effects on the
ndometrium and/or on the embryo including accelerated
ndometrial development (39). Valbuena et al. (40) have
uggested that high E2 levels are detrimental to endometrial
eceptivity and have suggested a step-down regimen to in-
rease endometrial receptivity in high responders (16). Al-
hough the exact mechanisms have not yet been determined,
t appears that excessive E2 production during COH leads to
nsufficient secretory transformation of the endometrium and
iscordant glandular and stromal development at a time that
oincides with the period of maximum uterine receptivity
41, 42). In addition, there are possible adverse effects di-
ectly on the embryo that could reduce the chance for blas-
ocyst adhesion and implantation (43).

It is clear that the day of hCG administration would have
n effect on the outcome of IVF treatment, because it would
ffect the AUC-E2 by changing the number of stimulation

FIGURE 2

(A) Clinical pregnancy rates per cycle among the thre
according to age. (B) Clinical pregnancy rate per cyc
high AUC-E2) according to COH protocol.
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ays. Delaying hCG administration is expected to increase r

ertility and Sterility�
UC-E2 values by adding more stimulation days, whereas
arly administration of hCG would result in the opposite,
.e., lower AUC-E2 values. There is a dilemma regarding the
ffect of hCG administration day on the outcome of IVF
reatment, similar to the dilemma of the effect of estrogen
evels on IVF outcome. In a randomized trial, Tan et al. (27)
ound no significant differences in pregnancy rates among
hree groups of patients randomized to receive hCG on
ifferent days. Group 1 received hCG when the mean
iameter of the leading follicle reached 18 mm and at least
wo other follicles were 14 mm in diameter, and groups 2
nd 3 received hCG 1 day later and 2 days later, respec-
ively. On the other hand, other investigators found the
ay of hCG administration to affect the outcome of IVF
reatment.

In a retrospective study, a beneficial effect of delaying
CG administration for 24 hours in IVF patients down-

udy groups (low, medium, and high AUC-E2)
ong the three study groups (low, medium, and
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onfirmed by a randomized controlled trial in patients un-
ergoing IVF after using the same down-regulation with
nRH agonists (45). Other investigators reported the re-
erse, i.e., higher pregnancy rates when hCG was adminis-
ered earlier. In a randomized controlled trial of patients
ndergoing IVF treated with a short GnRH agonist protocol,
elaying hCG administration for 24 hours significantly de-
reased the chance of achieving an ongoing pregnancy (46).
ore recently, in another randomized trial, prolongation of

he follicular phase in patients down-regulated with GnRH
ntagonists for IVF was associated with a significantly lower
ngoing pregnancy rate without affecting oocyte or embryo

FIGURE 3

Correlation between clinical pregnancy rate per cycle
according to age (B) and stimulation protocol (C).
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uality (47). w
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The findings of our current study may explain, in part,
uch discrepancies. As mentioned earlier, the turning
oint between positive and negative correlation between
UC-E2 values and clinical pregnancy rates explains the
iversity of outcomes associated with varying the day of
CG administration. Early or delayed hCG administration
s expected to shift the AUC-E2 values around the turning
oint between negative and positive correlation phases.
regnancy rates will be higher or lower depending on the
xtent and direction of shift of AUC-E2 values around the
urning point. If the shift is not marked, i.e., still within
he optimum AUC-E2 values, no effect on pregnancy rate
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ONCLUSIONS
e believe that when studying the effect of E2 levels at-

ained during COH on the outcome of IVF-ET treatment,
alculating AUC-E2 values may be more helpful than spot E2

evels in predicting treatment outcome. In summary, the
resent study shows that both low and high E2 values at-
ained during COH are associated with poor treatment out-
ome during IVF-ET cycles. Women with average response
o stimulation can be expected to have an average outcome
n terms of pregnancy. It seems that low E2 values are
ssociated with poor outcome, particularly when these val-
es reflect low response to COH indicating poor ovarian
eserve rather than when E2 values are low because of less
ggressive COH. High E2 values seem to be associated with
oor outcome only when exceeding a certain limit.

Optimizing AUC-E2 values during COH may help im-
rove the treatment outcome after IVF-ET. Low E2 levels
ue to poor response to ovarian stimulation seem to be
navoidable in some patients, whereas the deleterious effects
f very high E2 values could be avoided by reducing E2

alues by applying less aggressive stimulation protocols or
sing other possible agents such as aromatase inhibitors,
hich carry the potential of improving IVF-ET outcome by

educing supraphysiologic E2 levels without affecting the
umber of mature follicles and therefore retrieved oocytes
48–54). It is important to mention here that association does
ot allow us to infer causation. So, we cannot ascertain that
anipulating E2 levels would necessarily lead to significant

hange in the treatment outcome. Further studies are needed
o define the optimum E2 range associated with best IVF-ET
utcome and the value of applying aromatase inhibitors for
djusting E2 levels attained during COH into such optimum
ange.
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