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Follicle size indicates oocyte 
maturity and blastocyst formation 
but not blastocyst euploidy following 
controlled ovarian hyperstimulation 
of oocyte donors
David H. McCulloh1,2,*, Nino Kutchukhidze1, Tea Charkviani1, 
Tengiz Zhorzholadze1, Tamar Barbakadze1, Santiago Munné3,4, 
and Lia Chkonia1
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STUDY QUESTION: Is there is an association between follicle size and the quality of  oocytes retrieved from them as judged by ability 
to achieve the blastocyst stage, blastocyst grades and blastocyst ploidy?

SUMMARY ANSWER: Although follicle size is a valuable predictor of  oocyte maturity and is a significant predictor of  the ability of  a 
fertilized oocyte to become a quality blastocyst, the ploidy of  each quality blastocyst is not related to the size of  the follicle from which 
its oocyte was retrieved.

WHAT IS KNOWN ALREADY: It is unclear whether the oocytes within larger follicles are the best oocytes of  the cohort. Although 
there have been studies examining follicle size in relation to embryo quality, there has been no study relating the incidence of  euploidy in 
embryos to follicle size.

STUDY DESIGN, SIZE, DURATION: The purpose of  this study was to examine follicle sizes and the oocytes from those follicles 
(and the embryos that result from those oocytes) to see if  there is an association between follicle size and the quality of  oocytes as judged 
by ability to achieve the blastocyst stage, blastocyst grades and blastocyst ploidy. Follicle sizes for oocytes were assessed both as diameters 
(mm) and as Z values (expressed as their size relative to the mean and standard deviation of  that donor’s follicular cohort). Comparisons 
were made using cumulative histograms, rolling averages and receiver operator characteristic (ROC) curves and its AUC.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Twenty-two oocyte donors (ages: 24.5 ± 3.5 years) whose recipients 
would use ICSI for insemination were enrolled in this study. Follicles were aspirated one-at-a-time to be certain that the aspirated oocyte 
was from the same follicle measured. The follicle measurement (size) was noted in the embryology records. Oocytes were cultured indi-
vidually throughout their time in the embryology laboratory so that follicle sizes could be uniquely associated with each oocyte. Oocytes 
and embryos were analyzed according to the size of  the follicle from which the oocyte was retrieved.

MAIN RESULTS AND THE ROLE OF CHANCE: Three hundred seventeen oocytes (96.1%) had an associated follicle size. Of  
the oocytes with follicle sizes, 255 (80.4%) had a polar body (MII), and 60 (18.9%) were immature: 31 (9.8%) with a visible germinal ves-
icle (GV stage) and 29 (9.1%) with neither a polar body nor a visible germinal vesicle (MI). The incidence of  MII oocytes was significantly 
associated with larger follicle size using either mm (ROC’s AUC = 0.87; P  <  0.0001) or Z values (ROC’s AUC = 0.86; P  <  0.0001). 
Among MII oocytes there was no association with follicle size for the appearance of  228 oocytes with two pronuclei (2 PN). Among 2 
PN’s, the development of  94 quality blastocysts that underwent trophectoderm biopsy (TE Bx) exhibited a significant association with 
larger follicles using either mm (ROC’s AUC = 0.59; P = 0.01) or Z values (ROC’s AUC = 0.57; P = 0.01). The use of  follicle diameter 
as a feature to distinguish between fertilized oocytes that would ultimately become blastocysts versus those that would not become blas-
tocysts resulted in an enrichment for blastocyst formation from 20 to 40%. Of  the 94 quality blastocysts, 51 were determined by next 
generation sequencing (NGS) to be euploid. Although oocyte maturity and the incidence of  blastocyst formation were associated with 
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Introduction
Although the largest follicle during controlled ovarian hyperstimu-
lation is generally thought to be the follicle that would have been 
the dominant follicle in an unstimulated menstrual cycle, it is unclear 
whether the oocyte within that follicle is the best oocyte of  the 
cohort. There have been publications indicating that oocytes from 
larger follicles exhibit a higher incidence of  mature and/or fertilized 
oocytes (Quigley et al., 1982; Wittmaack et al., 1994; Rosen et al., 
2008; Kahraman et al., 2017; Wirleitner et al., 2018), a higher in-
cidence of  normal cleavage (Kahraman et al., 2017) and a higher 
incidence of  blastocyst formation (Kahraman et al., 2017; Wirleitner 
et al., 2018). Others suggest that oocytes from larger follicles are 
suboptimal (Nivet et al., 2016) with medium size follicles more likely 
to yield oocytes that develop into better quality embryos. Associa-
tions between the size of  the largest follicle in the cohort and quality 
of  oocytes have had mixed results with larger lead follicles having 
better cleavage and implantation and less fragmentation (Miller et al., 
1996) or no significant difference in fertilization or cleavage (Rosen 
et al., 2008). It remains unclear whether follicle size is related to the 
ploidy status of  the oocyte within or may predict its subsequent de-
velopmental competence and embryonic ploidy. Two prior studies 
have found that euploidy rates for donor blastocysts are significantly 
different for different centers (Munné et al., 2017) and for differ-
ent physicians within the same center (McCulloh et al., 2019). One 
possible difference between different centers and between different 
physicians within the same center that we wished to examine in this 
study is whether the diameter of  follicles selected for retrieval may 
affect the ploidy of  blastocysts that arise from oocytes retrieved 
fromthose follicles. The purpose of  this study was to examine folli-
cle sizes and the oocytes from those follicles (and the embryos that 
result from those oocytes) to see if  there is an association between 
follicle size and the quality of  oocytes as judged by ability to achieve 
the blastocyst stage, blastocyst grades and blastocyst ploidy.

Although more than one euploid embryo can result from con-
trolled ovarian hyperstimulation (COH), the superiority of  larger 
follicles has remained a thought pattern among practitioners of  as-
sisted reproductive technologies. Whether larger follicles are more 
likely to contain oocytes that will not undergo flawed meiosis with 

flawed chromatid and chromosome segregations is not clear. Fur-
ther, it is unclear whether the oocyte from a dominant follicle, once 
fertilized, will become an embryo that is more competent in its ability 
to undergo mitotic segregation of  chromosomes. To date, there has 
been no study relating follicle size to the incidence of  aneuploidy in 
embryos. The aneuploidies detected in blastocysts may be attribut-
ed to meiotic or mitotic errors (Rabinowitz et al., 2012; Fragouli 
et al., 2013) or to aneuploidy in the fertilizing sperm (Levron et al., 
2000; Tempest, 2011; McWilliams et al., 2015). However, the avail-
ability of  preimplantation genetic testing of  ploidy makes it possible 
to determine whether there is a relationship between the size of  a 
Graafian follicle and the ploidy of  the oocyte/embryo that comes 
from that follicle, specifically its ability to progress from the oocyte 
stage and become a euploid blastocyst. We have tracked individual 
oocytes and the embryos created using these oocytes from follicles 
of  known diameter and related their outcomes to the size of  their 
follicles. Our approach is unique in that it examines the distribution 
of  follicle sizes rather than relying on analyses of  mean follicle sizes 
or follicles grouped into arbitrary bins (whereby the selection of  bin 
limits can create an artificial bias in the analysis).

Materials and Methods
The subjects of  this study were 22 anonymous oocyte donors be-
tween the ages of  21 and 34 years undergoing COH and oocyte re-
trieval for the purpose of  donating oocytes to unknown recipients at 
our center. Donors underwent informed consent indicating that they 
were aware that the oocyte retrieval would involve collection of  infor-
mation about follicle sizes and ultimate outcomes of  the oocytes and 
that the measurement procedure would lead to a more prolonged 
oocyte retrieval requiring long administration of  anesthesia.

GnRH analogswere administered to donors to avoid an uncon-
trolled mid-cycle luteinizing hormone surge. GnRH antagonist (Ce-
trotide, Merck Serono, Germany) was administered to most of  the 
donors. It was administered daily beginning the evening when one 
follicle attained a diameter of  14 mm.

Exogenous gonadotropin was administered daily with doses spec-
ified by the monitoring physician. All donors received recombinant 

follicle size, the incidence of  euploidy among biopsied blastocysts was not. Follicles measured by two different methods (mm or Z values) 
led to predominantly the same conclusions.

LIMITATIONS, REASONS FOR CAUTION: This study investigated the relationship between follicle size andmeasures of  oocyte/
embryo quality when donors were treated similarly. Therefore, this study does not investigate the effects of  triggering and retrieving 
oocytes when the follicle cohorts are of  different sizes or lead follicles are of  different sizes. Although no association was found between 
follicle size and euploid blastocysts, the fact that blastocyst ploidy is not entirely dependent upon oocyte ploidy (e.g. aneuploidies derived 
from mitotic errors or from the fertilizing sperm) makes it difficult to infer the relationship between follicle diameter and oocyte ploidy.

WIDER IMPLICATIONS OF THE FINDINGS: It is confirmed that follicle diameter is predictive of  oocytematurity. However, once 
oocyte maturity is known, the diameter of  the follicle from which the oocyte was retrieved is not instructive. Embryos generated through 
fertilization and development of  the mature oocytes from any observed follicle diameter were equally likely to become euploid blastocysts.

STUDY FUNDING/COMPETING INTEREST(S): This study was funded by ReproART: Georgian American Center for Reproduc-
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Granata Bio. S.M. received compensation from Cooper Genomics and an honorarium and travel funding from Ferring Pharmaceuticals. 
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tion/ Blastocyst ploidy
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FSH (Gonal-F, Merck Serono, Germany), and some donors received 
highly purified human menopausal gonadotropin (hMG, Menopur, 
Ferring Pharmaceuticals, Switzerland). The relative proportions of  
FSH/hMG were determined by the physician managing the stimu-
lation of  the donor. The ratio of  hMG to total gonadotropin dose 
ranged from 0 to 100%. Doses administered on the first 2 days of  
injections were twice the amount anticipated to be the dose necessary 
for follicular growth (McCulloh et al., 2012; Charkviani et al., 2014). 
Donor monitoring (serum levels of  FSH, LH, estradiol, progesterone 
and ultrasound assessment of  follicular sizes) was performed after the 
fourth night of  gonadotropin administration and every day or two 
thereafter as decided by the monitoring physician. Dose adjustments 
were made as dictated by the donor’s response during monitoring.

Two donors received a triggering dose of  10 000 IUs of  human 
chorionic gonadotropin. Two donors received a triggering dose of  
2mg of triptorelin acetate (Decapeptyl, Ferring Pharmaceuticals, Swit-
zerland). Fourteen donors received triggering doses of  GnRH agonist 
(triptorelin, 2 mg) and 1500 IU of human chorionic gonadotropin. The 
trigger was administered in the evening on the day when 20% of the 
follicles greater than 12 mm had achieved diameters greater than 16 
mm. The retrieval was scheduled 35 h after the trigger injection.

Donors underwent follicular aspiration in the dorsal lithotomy po-
sition under conscious sedation. Follicular aspirates were obtained us-
ing a transvaginal approach with ultrasound guidance using a 17-gauge 
needle using suction pressure differential of  120 mm Hg. Follicles were 
scanned more carefully than in a typical retrieval. Each follicle was 
measured immediately prior to its puncture and aspiration. Measure-
ments were made in two dimensions, and the arithmetic average of  
the two diameters was calculated for use. Follicles were aspirated one 
at a time to be certain that the aspirated oocyte was from the same 
follicle measured. The follicle measurement (size) was noted by the 
embryologist and the oocyte’s location in the culture dish was noted in 
association with the follicle size. In rare cases, where a follicle was not 
aspirated or when multiple oocytes were aspirated from one aspira-
tion, these follicle sizes and oocytes were excluded from the analysis. 
In cases with large numbers of  follicles, only one ovary’s follicles were 
measured. Oocytes were retrieved from the other ovary without fol-
licle measurements. Oocytes from the unmeasured follicles were seg-
regated from the oocytes that were retrieved from measured follicles 
and were not used in the analysis.

Oocytes were cultured individually throughout their time in the 
embryology laboratory so that follicle sizes could be uniquely asso-
ciated with each oocyte.

Oocytes were inseminated by ICSI as this was deemed necessary 
by the semen analysis of  the recipient’s partner. Oocytes were cul-
tured in Quinn’s Advantage Fertilization medium (ref  no.: ART-1020, 
Origio, Netherlands) until the fertilization assessment. Fertilized oo-
cytes (those observed with one or two pronuclei (PN) between 16 
and 18 h after insemination) were moved to drops of  Quinn’s Ad-
vantage Cleavage (ref  no.: ART-1026, Origio, Netherlands) culture 
medium for individual embryo culture immediately after fertilization 
scoring. On the third day of  embryo development, embryos under-
went zona perforation with a laser and then were moved to drops 
of  Quinn’s Advantage Protein Plus Blastocyst Medium (ref  no.: ART-
1529, Origio, Netherlands) for extended individual embryo culture.

Embryos were examined on Days 5 and 6. Blastocysts were grad-
ed according to the Gardner grading method (Gardner et al., 2000). 
Embryos achieving the blastocyst stage/grade were considered 
quality blastocysts when they had grades of  2BC or 2CB or better 
on Day 5 or day 6 of  culture. Quality blastocysts underwent biop-
sy of  roughly five to seven trophectoderm cells for preimplantation 
genetic testing of  aneuploidy (PGT-A). The biopsy was incised us-

ing a minimum number of  laser pulses directed at regions showing 
particular cell-to-cell adherence. Immediately following biopsy, each 
blastocyst was vitrified. Biopsy specimens in small-capped reaction 
tubes were sent to Reprogenetics/Cooper Genomics (New Jersey, 
USA or UK) for comprehensive chromosomal analysis by next gen-
eration sequencing (NGS).

Upon receipt of  the NGS results, data were assembled for each 
oocyte and follicle size pair. The data included maturity of  the oo-
cyte after removal of  cumulus and corona cells in preparation for 
ICSI, in addition to whether the oocyte attained the following stages 
subsequently (fertilization with 2 PN, attainment of  the blastocyst 
stage, the grades of  its inner cell mass and its trophectoderm and its 
ploidy as measured by PGT-A).

Data about oocyte maturity, its fertilization, blastocyst forma-
tion, blastocyst grades and the ploidy of  blastocyst biopsies were 
evaluated with reference to the diameter of  the follicle from which 
the oocyte was retrieved. Follicle diameters were expressed in two 
ways: the diameter of  the follicle (mm) and as Z values. The use of  
Z values was employed in order to minimize differences in the mean 
follicle diameter and result in the homogeneity of  variance among 
different donors. Therefore, follicles sizes assessed as Z values were 
independent of  the donor in which they were measured. Receiver 
operator characteristic curves were used to evaluate whether devel-
opmental stages were associated with follicle diameters.

Results
Characteristics for 22 donors are summarized in Table I. These values 
indicate that donors were young, anticipated to respond well with ade-
quate downregulation prior to starting COH and with good responses.

Three hundred thirty oocytes were retrieved from the 22 donors. 
Two follicles yielded empty zonae pellucidae and were excluded 
from further analysis. Three hundred seventeen oocytes (96.0%) 
were retrieved from follicles with measured follicle diameters. Of  
the oocytes with follicle sizes, 255 (80.4%) had a polar body (MII) 
and 60 (18.9%) were immature: 31 (9.8%) with a visible germinal 
vesicle (GV stage) and 29 (9.1%) with neither a polar body nor a vis-
ible germinal vesicle (MI). Of  the 255 MII oocytes, 228 (89.4%) were 
fertilized (with two pronuclei), 94 became blastocysts that were bi-
opsied (36.8% of  the MII oocytes or 41.2% of  the two PN oocytes) 
and 51 were euploid blastocysts (20.0% of  the MII oocytes or 54.3% 
of  the biopsied blastocysts).

Three hundred seventeen follicles from which oocytes were re-
trieved averaged 17.4 ± 2.9 mm in diameter (N = 317 follicles). 
The average and standard deviation of  each of  the 22 donor’s mean 
follicle diameters was determined. This mean follicle diameter and 
standard deviation averaged among donors was 17.6 ± 1.6 mm (N 
= 22 donors). The largest follicle diameter for each donor’s follicles 
averaged 21.1+1.3 mm (N = 22 donors).

Follicle size and oocyte maturity
We determined the maturity status of  each oocyte subjected to 
cleanup prior to the performance of  ICSI. The size of  the follicle from 
which each oocyte was retrieved was known. Follicle sizes for oocytes 
observed with a germinal vesicle (n = 31) were 12.5 ± 1.6 mm in diam-
eter (mean+standard deviation). Follicle sizes for oocytes observed 
without a germinal vesicle and without a polar body (MI oocytes; n 
= 29) were 15.3 ± 3.2 mm in diameter. Follicle sizes for oocytes ob-
served with a polar body (MII oocytes; n = 255) were 18.3 ± 2.2 mm 
in diameter. Although there were significant differences between folli-
cle sizes for the three different maturities, there was significant overlap 
of  the distributions (Fig. 1A). Follicles smaller than 12 mm yielded only 
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Table I Demographics and response characteristics for
22 donors.

Parameter Mean value1

.....................................................................................
Age 24.5± 3.5

AMH 4.0± 2.0

Days of OCP2 treatment prior to start 18.9+ 2.6

Antral follicle count 24.7± 7.6

Follicle-stimulating hormone at downregulation (mIU/mL) 3.5± 6.3

Estradiol level at downregulation (pg/mL) 10.4± 8.6

Total gonadotropin administered (IU) 3203± 536

Total FSH administered (IU) 2116± 1040

Total hMG administered (IU) 1088± 800

Fraction of gonadotropin comprising hMG (F(hMG))4 0.36± 0.31

Estradiol on day of trigger (pg/mL) 5654± 2759

Days of gonadotropin (days) 10.1± 1.5

Follicle diameter at retrieval (mm) 17.6± 1.6

Largest follicle at retrieval (mm) 21.1+ 1.3

Total number of oocytes retrieved 18.1± 6.7

Number of Oocytes with Follicle Measurement3 15.0± 7.7

1Mean± standard deviation (N)
2Oral contraceptive pills used for synchronization of donor with recipient
3Six donors had measurements made on only one of the two ovaries retrieved
4The fraction of total gonadotropin administered that was provided by human
menopausal gonadotropin (hMG)

mean follicle diameters was determined. This mean follicle diameter
and standard deviation averaged among donors was 17.6± 1.6 mm
(N= 22 donors). The largest follicle diameter for each donor’s follicles
averaged 21.1+ 1.3 mm (N= 22 donors).

Follicle size and oocyte maturity
We determined the maturity status of each oocyte subjected to
cleanup prior to the performance of ICSI. The size of the follicle
from which each oocyte was retrieved was known. Follicle sizes for
oocytes observed with a germinal vesicle (n= 31) were 12.5± 1.6 mm
in diameter (mean+ standard deviation). Follicle sizes for oocytes
observed without a germinal vesicle and without a polar body (MI
oocytes; n= 29) were 15.3± 3.2 mm in diameter. Follicle sizes for
oocytes observed with a polar body (MII oocytes; n= 255) were
18.3± 2.2 mm in diameter. Although there were significant differences
between follicle sizes for the three different maturities, there was
significant overlap of the distributions (Fig. 1A). Follicles smaller than
12 mm yielded only GV oocytes (100% GV oocytes; 4/4). Follicles
between 12 and 14.6 mm yielded oocytes of all three maturities:
GV oocytes (48%; 27/56), MI oocytes (29%; 16/56) and MI oocytes
(23%; 13/56). Follicles larger than 14.6 mm never yielded GV oocytes.
However, follicles between 14.7 and 21.8 mm yielded either MI (5%;
13/238) or MII (95%; 225/238) oocytes. Follicles larger than 21.2 mm
yielded only mature MII oocytes (100% MII oocytes; 17/17). The
incidence of a mature MII oocyte increased as follicle size increased,
greatly influenced by the high prevalence of mature MII oocytes.
Follicle sizes (mm) differed significantly among donors (one-way

ANOVA, P= 0.00013). An additional method of comparison was
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applied to determine each follicle and its oocyte in terms of its size
relative to the follicles retrieved in that particular donor’s cycle. In
order to perform this analysis each follicle’s size was expressed as
a Z value:Z = {follicle diameter (mm)−mean diameter (mm)}/S.D.
(mm)where mean diameter is the mean diameter of all follicles mea-
sured for the same donor, and S.D. is the standard deviation of all
follicles measured for the same donor. Conversion toZ values results in
each follicle having a Z value such that the mean follicle diameter within
each donor’s cohort of follicles has a Z value of 0, and each follicle
that has a diameter that is one standard deviation above or below that
donor’s cohort’s mean value has a Z value of 1 or −1, respectively.
This transformation resulted in Z values for follicle diameters with
no significant differences among donors (one-way ANOVA; P= 1.0).
Therefore, we assumed that each follicle or oocyte from that follicle
was an independent variate in our analyses, since the Z values for
follicle diameters were not dependent on the donors in which they
were measured. Using this Z value method for expressing follicle size,
the follicles from which MII oocytes were retrieved had mean Z values
of 0.26± 0.80. The use of Z values also resulted in no significant
difference among donors in the diameters of follicles from which
mature (MII) oocytes were retrieved (one-way ANOVA; P= 0.68).
Follicles from which MI oocytes were retrieved had mean Z values of
−0.81± 0.90, and follicles from which GV oocytes were retrieved had
mean Z values of −1.60± 0.54 (see Fig. 1B).
Oocyte maturity varied according to the diameters of the follicles

from which they were retrieved (Fig. 1C). Follicles with Z values
increasingly larger than −1.25 had oocytes with increasingly higher
percentages of mature oocytes with a polar body (MII). AboveZ values
of −0.5, the incidence of mature (MII) oocytes was maximal, and MII
oocytes were retrieved from greater than 90% of the follicles. Follicles
of sizes decreasingly smaller than Z values of −0.5 were increasingly
more likely to yield immature oocytes with a GV. Follicles with Z values
near −1.5 reached a peak probability of yielding an immature oocyte
(MI). However, MI oocytes were found in follicles with a wide range of
follicle sizes spanning all Z values between −1.8 to 1.7.
The ability of follicle size to predict oocyte maturity was examined

using receiver operator characteristic (ROC) curve analysis (Fig. 2).
As the criterion diameter was decreased from 24 to 12 mm, more
and more follicles had diameters larger than the criterion and were
included. With the criterion at 16 mm, 90% of the follicles from
which mature oocytes were retrieved were identified (90% true posi-
tives= 90% sensitivity) and only 18% of the follicles from which imma-
ture oocytes were identified (18% false positives= 82% specificity).
The area under the curve (AUC) for the ROC curve using follicle
sizes larger than a criterion value to predict MII oocytes was 0.87 for
follicles measured in mm and was 0.86 for follicles measured using Z
values. These ROC curves and their AUCs indicated that follicle size
was a significant predictor of MII oocytes (Mann–Whitney U= 13 754
or 13 438; z= 9.5; P< 0.0001; Table II). Use of a Z value criterion
greater than −0.32 resulted in a sensitivity of 0.78 and a specificity
of 0.84.
The AUC for ROC curves is evaluated by criteria that are generally

accepted. The AUC as a percentage is evaluated like a grade on an
examination. Percentages above 90% are considered ‘Grade A’ tests;
between 80 and 90% are considered ‘Grade B’ tests; between 70
and 80% are considered ‘Grade C’ tests; between 60 and 70% are
considered ‘Grade D’ tests; and percentages lower than 60% are
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GV oocytes (100% GV oocytes; 4/4). Follicles between 12 and 14.6 
mm yielded oocytes of  all three maturities: GV oocytes (48%; 27/56), 
MI oocytes (29%; 16/56) and MI oocytes (23%; 13/56). Follicles larg-
er than 14.6 mm never yielded GV oocytes. However, follicles be-
tween 14.7 and 21.8 mm yielded either MI (5%; 13/238) or MII (95%; 
225/238) oocytes. Follicles larger than 21.2 mm yielded only mature 
MII oocytes (100% MII oocytes; 17/17). The incidence of  a mature 
MII oocyte increased as follicle size increased, greatly influenced by the 
high prevalence of  mature MII oocytes.

Follicle sizes (mm) differed significantly among donors (one-way 
ANOVA, P = 0.00013). An additional method of comparison was 
applied to determine each follicle and its oocyte in terms of  its size 
relative to the follicles retrieved in that particular donor’s cycle. In or-
der to perform this analysis each follicle’s size was expressed as a Z 
value: Z  = {follicle diameter (mm)−mean diameter (mm)}/S.D.(mm)
where mean diameter is the mean diameter of  all follicles measured 
for the same donor, and S.D. is the standard deviation of  all follicles 
measured for the same donor. Conversion to Z values results in each 
follicle having a Z value such that the mean follicle diameter within 
each donor’s cohort of  follicles has a Z value of  0, and each follicle 
that has a diameter that is one standard deviation above or below 
that donor’s cohort’s mean value has a Z value of  1 or −1, respec-
tively. This transformation resulted in Z values for follicle diameters 
with no significant differences among donors (one-way ANOVA; P 
= 1.0). Therefore, we assumed that each follicle or oocyte from that 
follicle was an independent variate in our analyses, since the Z values 
for follicle diameters were not dependent on the donors in which they 
were measured. Using this Z value method for expressing follicle size, 
the follicles from which MII oocytes were retrieved had mean Z values 
of  0.26 ± 0.80. The use of  Z values also resulted in no significant dif-
ference among donors in the diameters of  follicles from which mature 
(MII) oocytes were retrieved (one-way ANOVA; P = 0.68). Follicles 

from which MI oocytes were retrieved had mean Z values of  −0.81 ± 
0.90, and follicles from which GV oocytes were retrieved had mean Z 
values of  −1.60 ± 0.54 (see Fig. 1B).

Oocyte maturity varied according to the diameters of  the follicles 
from which they were retrieved (Fig. 1C). Follicles with Z values in-
creasingly larger than −1.25 had oocytes with increasingly higher per-
centages of  mature oocytes with a polar body (MII). Above Z values 
of  −0.5, the incidence of  mature (MII) oocytes was maximal, and MII 
oocytes were retrieved from greater than 90% of the follicles. Follicles 
of  sizes decreasingly smaller than Z values of  −0.5 were increasing-
ly more likely to yield immature oocytes with a GV. Follicles with Z 
values near −1.5 reached a peak probability of  yielding an immature 
oocyte (MI). However, MI oocytes were found in follicles with a wide 
range of  follicle sizes spanning all Z values between −1.8 to 1.7.

The ability of  follicle size to predict oocyte maturity was examined 
using receiver operator characteristic (ROC) curve analysis (Fig. 2). 
As the criterion diameter was decreased from 24 to 12 mm, more 
and more follicles had diameters larger than the criterion and were 
included. With the criterion at 16 mm, 90% of the follicles from which 
mature oocytes were retrieved were identified (90% true positives 
= 90% sensitivity) and only 18% of the follicles from which immature 
oocytes were identified (18% false positives = 82% specificity). The 
area under the curve (AUC) for the ROC curve using follicle sizes larg-
er than a criterion value to predict MII oocytes was 0.87 for follicles 
measured in mm and was 0.86 for follicles measured using Z values. 
These ROC curves and their AUCs indicated that follicle size was a 
significant predictor of  MII oocytes (Mann–Whitney U = 13 754 or 13 
438; z = 9.5; P  <  0.0001; Table II). Use of  a Z value criterion greater 
than −0.32 resulted in a sensitivity of  0.78 and a specificity of  0.84.

The AUC for ROC curves is evaluated by criteria that are gener-
ally accepted. The AUC as a percentage is evaluated like a grade on 
an examination. Percentages above 90% are considered ‘Grade A’ 
tests; between 80 and 90% are considered ‘Grade B’ tests; between 
70 and 80% are considered ‘Grade C’ tests; between 60 and 70% 
are considered ‘Grade D’ tests; and percentages lower than 60% are 
considered poor tests. Therefore, the use of  follicle size to predict 
MII oocytes is considered a Grade B test.

The AUC for the ROC curve using follicles sizes smaller than a cri-
terion value to predict GV oocytes was 0.96 for follicles measured in 
millimeters and was 0.94 for follicles measured using Z values. This in-
dicates that follicle diameter is a Grade A test and able to predict very 
well when a GV oocyte will be retrieved from a follicle. These ROC 
curves and the AUC indicated that follicle size was a significant pre-
dictor of  GV oocytes (Mann–Whitney U = 8511 or 8334; z = 8.4; P  
<  0.0001; Table II). Use of  a criterion less than 14.6 mm resulted in a 
sensitivity of  1.0 and a specificity of  0.90. Use of  a Z value criterion of  
less than −1.0 resulted in a sensitivity of  0.90 and a specificity of  0.88.

Follicle size and fertilization
The sizes of follicles from which 228 oocytes (that were fertilized with 
two pronuclei) came (18.1 ± 2.3 mm) were indistinguishable from the 
sizes of follicles from which mature MII oocytes came (18.2 ± 2.2 mm; P 
= 0.35). Further, the sizes of follicles from which oocytes that were fer-
tilized originated were indistinguishable from the sizes of follicles from 
which the 37 oocytes that did not have two pronuclei ( < 2 or  > 2 
pronuclei) originated (18.3 ± 2.3 mm; P = 0.54). Expressed as Z values, 
follicles from which MII oocytes were retrieved that had two pronuclei 
(0.19 ± 0.84) following ICSI were not significantly different from follicles 
with MII oocytes that did not have two pronuclei (0.35 ± 0.83; P = 
0.28). The ability of follicle diameter to predict whether a MII oocyte 
will become a 2 PN oocyte (fertilized) was examined using ROC curve 
analysis (Table II). The AUC for the ROC curve examining the predic-
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Figure 1 Follicle size and oocyte maturity. (A) Cumulative histograms of follicle diameters (mm) for oocytes with a polar body (MII) (black),
oocytes with neither a germinal vesicle nor a polar body (MI) (blue) and oocytes containing a germinal vesicle (GV) (red). (B) Cumulative histograms
of follicle diameters expressed as Z values (from each cycle) for MII (black), MI (blue) and GV (red) oocytes. (C) Incidence (P) of occurrence of MII
(black), MI (blue) and GV (red) oocytes according to Z value. Incidences were calculated using a rolling average of 21 adjacent Z values plotted at the
median Z value. Above Z values of −0.5, roughly 95% of the retrieved oocytes were mature, MII oocytes. Below Z values of −0.5, the fraction of
retrieved oocytes that were MI and GV oocytes increased.
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Figure 2 Receiver operator characteristic (ROC) curves indicating the ability of follicle diameter (in mm) to predict oocyte
characteristics.Each ROC curve was created by sorting all the follicle diameters by size. All follicles above (or below) a selected criterion (threshold)
diameter were examined to determine if they were true positives (the criterion correctly predicted the outcome) or false positives (the criterion
incorrectly predicted the outcome). For example, in the ROC curve for GV oocytes, the point on the curve at (1− specificity)= 0.1 and sensitivity= 1.0
indicates that of the oocytes from follicles smaller than the selected criterion diameter, 100% of the GV oocytes were identified as true positives and
only 10% of the non-GV oocytes were identified as false positives. Each ROC curve examines the effect of changing the criterion throughout the range
of all follicle diameters, with a different point on the plot representing the sensitivity and specificity for a different criterion diameter. ROC curves near
to the diagonal reference are considered incapable of predicting the outcome whereas ROC curves that approach the upper left corner (at 0, 1) are
considered excellent predictors of the outcome. The area under the ROC curve (AUC) is used as an estimate of the quality of the test ranging from
0.5 (the area under the diagonal) to 1.0 (the area of the entire plot area).

considered poor tests. Therefore, the use of follicle size to predict MII
oocytes is considered a Grade B test.
The AUC for the ROC curve using follicles sizes smaller than a

criterion value to predict GV oocytes was 0.96 for follicles measured
in millimeters and was 0.94 for follicles measured using Z values. This
indicates that follicle diameter is a Grade A test and able to predict
very well when a GV oocyte will be retrieved from a follicle. These
ROC curves and the AUC indicated that follicle size was a significant
predictor of GV oocytes (Mann–Whitney U= 8511 or 8334; z= 8.4;
P< 0.0001; Table II). Use of a criterion less than 14.6 mm resulted in a
sensitivity of 1.0 and a specificity of 0.90. Use of a Z value criterion of
less than −1.0 resulted in a sensitivity of 0.90 and a specificity of 0.88.

Follicle size and fertilization
The sizes of follicles from which 228 oocytes (that were fertilized with
two pronuclei) came (18.1± 2.3 mm) were indistinguishable from the
sizes of follicles from which mature MII oocytes came (18.2± 2.2 mm;
P= 0.35). Further, the sizes of follicles from which oocytes that were
fertilized originated were indistinguishable from the sizes of follicles
from which the 37 oocytes that did not have two pronuclei (<2 or >2
pronuclei) originated (18.3± 2.3mm; P= 0.54). Expressed asZ values,
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follicles from which MII oocytes were retrieved that had two pronuclei
(0.19± 0.84) following ICSI were not significantly different from fol-
licles with MII oocytes that did not have two pronuclei (0.35± 0.83;
P= 0.28). The ability of follicle diameter to predict whether a MII
oocyte will become a 2 PN oocyte (fertilized) was examined using
ROC curve analysis (Table II). The AUC for the ROC curve examining
the predictive value of follicle diameters (mm) greater than a criterion
was 0.53. The AUC for the ROC curve examining the predictive value
of follicle diameters’ Z values greater than a criterion was 0.54. These
AUCs indicated that follicle diameter is a poor predictor of fertilization
both because the AUCs for the ROC curves are too small to qualify as
good tests using the ‘rule of thumb’ method and because the AUCs
were not significantly different from 0.5 (Mann–Whitney U tests not
significant).

Follicle size and formation of blastocysts
The sizes of follicles from which 94 oocytes that became quality
blastocysts originated (18.6± 2.1 mm) was significantly different than
the sizes of the follicles from which 181 oocytes originated that were
fertilized but did not become quality blastocysts (17.9± 2.4 mm;
P= 0.028). Expressed as Z values, follicles from which oocytes that
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tive value of follicle diameters (mm) greater than a criterion was 0.53. 
The AUC for the ROC curve examining the predictive value of follicle 
diameters’ Z values greater than a criterion was 0.54. These AUCs in-
dicated that follicle diameter is a poor predictor of fertilization both 
because the AUCs for the ROC curves are too small to qualify as good 
tests using the ‘rule of thumb’ method and because the AUCs were not 
significantly different from 0.5 (Mann–Whitney U tests not significant).

Follicle size and formation of blastocysts
The sizes of follicles from which 94 oocytes that became quality blasto-
cysts originated (18.6 ± 2.1 mm) was significantly different than the sizes 
of the follicles from which 181 oocytes originated that were fertilized but 
did not become quality blastocysts (17.9 ± 2.4 mm; P = 0.028). Expressed 
as Z values, follicles from which oocytes that became quality blastocysts 
arose (0.36 ± 0.73) were not significantly different than follicles from 
which oocytes originated that were fertilized but did not become quality 
blastocyts (0.16 ± 0.88; P = 0.06). The divergence of the two cumulative 
histograms (Fig. 3A and B) suggests that oocytes from smaller follicles (Z 
values less than 0–0.5) were less prevalent for biopsied blastocysts than 
for 2 PN embryos that did not become biopsied blastocysts. The sizes of  
the follicles from which oocytes that became quality blastocysts originated 
was significantly different than the sizes of follicles from which all oocytes 
that were fertilized (2 PN) originated regardless of whether or not they 
became quality blastocysts (18.3 ± 2.3 mm; P = 0.048). Examination of  

the incidence of quality blastocyst formation relative to follicle size indi-
cated that the incidence of blastocyst formation increased as follicle size 
increased (R = 0.19; R2 = 0.036). This was particularly apparent for 17 
2-pronuclear embryos that originated in follicles less than 15 mm in diam-
eter. There were no blastocysts from these 2-pronuclear embryos.

The ability of follicle diameter to predict whether a 2 PN oocyte will 
become a quality blastocyst was examined using ROC curve analysis 
(Table II). The AUC for the ROC curve examining the predictive value 
of follicle diameters (mm) greater than a criterion was 0.59 (Fig. 2). The 
AUC for the ROC curve examining the predictive value of follicle diam-
eters’ Z values greater than a criterion was 0.57. The general method in-
terpreting these AUCs indicates that follicle diameter is a poor predictor 
of 2 PNoocytes that will become quality blastocysts. Despite this, the 
ROC curves and the AUC indicate that follicle size larger than a criterion 
is a significant predictor of 2 PN oocytes becoming quality blastocysts 
(Mann–Whitney U = 7386; z = 2.31; P = 0.01 for mm; or U = 7132; z 
= 1.81; P = 0.035 for Z values; Table II). Although a criterion of 15–17 
mm for follicle diameter provided sensitivities of 1.0–0.71, respective-
ly, they resulted in specificities of only 0.12–0.33, respectively. Z value 
criteria of between −1.0 and −0.5 provide sensitivities of 0.95–0.87, 
respectively, but result in specificities of only 0.14–0.16.

The ability of  follicle diameter to predict whether a mature (MII) 
oocyte will become a quality blastocyst was also examined using 
ROC curve analysis (Table II). The AUC for the ROC curve was 0.53 
for both follicle diameters measure both inmmand using Z values. 
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Table II Areas under the curve for receiver operator characteristic (ROC) curves.

Follicle size used to predict1: ROC curve AUC2 (diam) ROC curve AUC2 (Z value)
......................................................................................................................................................................................
Oocyte will be MII3 (larger) 0.874 0.854

Oocyte will be GV5 (smaller) 0.964 0.944

MII will become 2 PN (smaller) 0.53 0.54

2 PN will become quality blastocyst (larger) 0.596 0.576

Quality blastocyst will have ICM7 Grade A (smaller) 0.53 0.50

Quality blastocyst will have ICM Grade C (smaller) 0.56 0.60

Quality blastocyst will have TE8 Grade A (smaller) 0.639 0.61

Quality blastocyst will have TE Grade C (larger) 0.55 0.52

Quality blastocyst will be euploid (smaller) 0.51 0.51

MII will become a quality blastocyst (smaller) 0.53 0.53

MII will become a euploid quality blastocyst (larger) 0.55 0.53

1ROC curves used simple monotonic criteria (all follicles either larger than or smaller than the criterion level were assessed for sensitivity and specificity). (Larger) or (smaller) is
displayed to indicate whether diameters larger the criterion or smaller than the criterion were used to predict the outcome.
2The area under the ROC curve (AUC) is an estimate of how well diameter predicts the listed outcome. The significance of the AUC was compared to a value of 0.5 to determine
statistical significance using the Mann-Whitney U Test.
3An oocyte with a polar body (MII).
4AUC was significantly greater than 0.5; Mann–Whitney U test; P< 0.0001.
5An oocyte with a germinal vesicle (GV)
6AUC was significantly greater than 0.5; Mann–Whitney U test; P= 0.01.
7Inner cell mass (ICM).
8Trophectoderm (TE)
9AUC was significantly greater than 0.5; Mann–Whitney U test; P= 0.03.

became quality blastocysts arose (0.36± 0.73) were not significantly
different than follicles from which oocytes originated that were fer-
tilized but did not become quality blastocyts (0.16± 0.88; P= 0.06).
The divergence of the two cumulative histograms (Fig. 3A and B)
suggests that oocytes from smaller follicles (Z values less than 0–0.5)
were less prevalent for biopsied blastocysts than for 2 PN embryos
that did not become biopsied blastocysts. The sizes of the follicles
from which oocytes that became quality blastocysts originated was
significantly different than the sizes of follicles from which all oocytes
that were fertilized (2 PN) originated regardless of whether or not they
became quality blastocysts (18.3± 2.3 mm; P= 0.048). Examination
of the incidence of quality blastocyst formation relative to follicle
size indicated that the incidence of blastocyst formation increased
as follicle size increased (R= 0.19; R2 = 0.036). This was particularly
apparent for 17 2-pronuclear embryos that originated in follicles less
than 15 mm in diameter. There were no blastocysts from these 2-
pronuclear embryos.
The ability of follicle diameter to predict whether a 2 PN oocyte will

become a quality blastocyst was examined using ROC curve analysis
(Table II). The AUC for the ROC curve examining the predictive value
of follicle diameters (mm) greater than a criterionwas 0.59 (Fig. 2). The
AUC for the ROC curve examining the predictive value of follicle diam-
eters’ Z values greater than a criterion was 0.57. The general method
interpreting these AUCs indicates that follicle diameter is a poor
predictor of 2 PN oocytes that will become quality blastocysts. Despite
this, the ROC curves and the AUC indicate that follicle size larger
than a criterion is a significant predictor of 2 PN oocytes becoming
quality blastocysts (Mann–Whitney U= 7386; z= 2.31; P= 0.01 for
mm; or U= 7132; z= 1.81; P= 0.035 for Z values; Table II). Although
a criterion of 15–17 mm for follicle diameter provided sensitivities
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of 1.0–0.71, respectively, they resulted in specificities of only 0.12–
0.33, respectively. Z value criteria of between −1.0 and −0.5 provide
sensitivities of 0.95–0.87, respectively, but result in specificities of only
0.14–0.16.
The ability of follicle diameter to predict whether a mature (MII)

oocyte will become a quality blastocyst was also examined using ROC
curve analysis (Table II). The AUC for the ROC curve was 0.53 for both
follicle diametersmeasure both inmm and usingZ values. Neither AUC
was significantly different than 0.5 (Mann–Whitney U tests: U= 566,
z= 1.2, P= 0.11 for mm; U= 440, z= 0.77, P= 0.22 for Z values).
These indicate that follicle diameter is a poor predictor for formation
of quality blastocysts from MII oocytes.

Follicle size and blastocyst grades
Among quality blastocysts there was no significant difference between
follicle diameters for oocytes that became blastocysts with the inner
cell mass graded A (18.6± 2.1 mm; N= 50), B (17.1± 5.5 mm;
N= 35) or C (18.4± 1.7 mm; N= 12) (ANOVA; F = 1.6; P> 0.05).
Expressed as Z values there was no significant difference between
follicle diameters for oocytes that became blastocysts with the inner
cell mass graded A (0.37± 0.65), B (0.35± 0.68) or C (0.14± 0.98)
(ANOVA; F = 0.51; P> 0.05). ROC curves and the AUCs indicated
that follicle size is not a significant predictor of ICM grades (Mann–
Whitney U= 65.8 or 45.9; not significant) (Table II).
For quality blastocysts, there was no significant difference between

follicle diameters for oocytes that became blastocysts with trophecto-
derm grades A (17.9± 2.2 mm;N= 22), B (17.8± 4.5 mm;N= 58) or
C (19.0± 1.9 mm; N= 17) (ANOVA; F = 0.70; P> 0.05). Expressed
as Z values there was no significant difference between follicle
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Neither AUC was significantly different than 0.5 (Mann–Whitney U 
tests: U = 566, z = 1.2, P = 0.11 for mm; U = 440, z = 0.77, P = 0.22 
for Z values). These indicate that follicle diameter is a poor predictor 
for formation of  quality blastocysts from MII oocytes.

Follicle size and blastocyst grades
Among quality blastocysts there was no significant difference be-
tween follicle diameters for oocytes that became blastocysts with 
the inner cell mass graded A (18.6 ± 2.1 mm; N = 50), B (17.1 ± 
5.5 mm; N = 35) or C (18.4 ± 1.7 mm; N = 12) (ANOVA; F = 1.6; 
P > 0.05). Expressed as Z values there was no significant difference 
between follicle diameters for oocytes that became blastocysts with 
the inner cell mass graded A (0.37 ± 0.65), B (0.35 ± 0.68) or C 
(0.14 ± 0.98) (ANOVA; F = 0.51; P > 0.05). ROC curves and the 
AUCs indicated that follicle size is not a significant predictor of  ICM 
grades (Mann–Whitney U = 65.8 or 45.9; not significant) (Table II).

For quality blastocysts, there was no significant difference be-
tween follicle diameters for oocytes that became blastocysts with 
trophectodermgrades A (17.9 ± 2.2 mm; N = 22), B (17.8 ± 4.5 
mm; N = 58) or C (19.0 ± 1.9 mm; N = 17) (ANOVA; F = 0.70; P 
> 0.05). Expressed as Z values there was no significant difference 
between follicle diameters for oocytes that became blastocysts with 
the trophectoderm grades A (0.19 ± 0.60), B (0.41 ± 0.71) or C 
(0.28 ± 0.81) (ANOVA; F = 1.41; P > 0.05). ROC curves and the 
AUC provided conflicting results. Follicle size in mm smaller than a 
criterion value was a significant predictor of  blastocysts with a tro-
phectoderm grade of  A (Mann–Whitney U = 212.3; z = 1.87; P = 
0.031) whereas follicle size in Z values was not a significant predictor 
(Mann–Whitney U = 179.6; z = 1.58; not significant) (Table II).

Follicle size and blastocyst euploidy
The incidence of  euploidy for quality blastocysts was 54.3% (51/94). 
The sizes of  follicles from which 51 oocytes that became euploid blas-

tocysts were retrieved (18.7 ± 2.1 mm) was indistinguishable from 
the sizes of  follicles from which 30 oocytes that became aneuploid 
blastocysts came (18.7 ± 2.2 mm; P = 0.88). Expressed as Z values, 
follicles from which euploid blastocysts came (0.39 ± 0.70) were in-
distinguishable from follicles from which aneuploid blastocysts came 
(0.29 ± 0.75; P = 0.58). The ROC curves and the AUCs indicated 
that follicle size was not a significant predictor of  euploid blastocysts 
(among diagnosed blastocysts) (Mann–Whitney U = 15.3; z = 0.15; 
not significant) (Fig. 2; Table II). Further, the ROC curves examining the 
diameters for follicles from which mature MII oocytes were retrieved 
were examined to determine if  diameter could predict which of  these 
oocytes would become quality blastocysts with a euploid biopsy. The 
AUCs for the ROC curves were 0.55 and 0.53 for follicle diameters 
measured in mm and using Z values, respectively. Neither AUC was 
significantly different than 0.5 (Mann–Whitney U tests: U = 566, z = 
1.2, P = 0.11 for mm; U = 340, z = 0.72, P = 0.24 for Z values). 
Both AUCs are indicative of  poor ability of  follicle diameter to predict 
which MII oocytes would become quality euploid blastocysts due to 
the low values of  the AUC and their lack of  statistical significance.

We considered whether a selection bias existed for follicles from 
our donors. There was no significant association (as measured by 
correlation coefficient) between each donor’s incidence of  euploidy 
and their mean follicle diameter (mm), the median follicle diameter 
(mm), the number of  follicles, the standard deviation of  follicle di-
ameters (mm) or a measure of  skewness (follicle diameter median−
follicle diameter mean).

Discussion
Maturity
Follicle sizes are significantly different between GV, MI and MII oo-
cytes. The significant AUCs of ROC curves for MIIs (∼0.86) and es-
pecially for GV oocytes (∼0.95) indicate that follicle size is a strong 
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Figure 3 Formation of quality blastocysts in relation to follicular Z value. (A) Cumulative histogram of embryos containing two pronuclei
that became quality blastocysts undergoing trophectoderm biopsy (TE Bx) or embryos containing two pronuclei that did not become quality blastocysts
undergoing trophectoderm biopsy (2 PN no TE Bx). (B) The incidence of becoming a quality blastocyst is displayed as a rolling average of 29 adjacent
oocytes (vertical axis) sorted by their follicular Z values and plotted at the median Z value (horizontal axis).

diameters for oocytes that became blastocysts with the trophec-
toderm grades A (0.19± 0.60), B (0.41± 0.71) or C (0.28± 0.81)
(ANOVA; F = 1.41; P> 0.05). ROC curves and the AUC provided
conflicting results. Follicle size in mm smaller than a criterion value was
a significant predictor of blastocysts with a trophectoderm grade of A
(Mann–Whitney U= 212.3; z= 1.87; P= 0.031) whereas follicle size
in Z values was not a significant predictor (Mann–Whitney U= 179.6;
z= 1.58; not significant) (Table II).
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Follicle size and blastocyst euploidy

The incidence of euploidy for quality blastocysts was 54.3% (51/94).
The sizes of follicles from which 51 oocytes that became euploid
blastocysts were retrieved (18.7± 2.1 mm) was indistinguishable from
the sizes of follicles from which 30 oocytes that became aneuploid
blastocysts came (18.7± 2.2 mm; P= 0.88). Expressed as Z values,
follicles from which euploid blastocysts came (0.39± 0.70) were
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predictor of  maturity. In contrast to many of  the prior studies, the use 
of  ROC curves in this work investigates a wide spectrum of thresh-
olds or criteria for predicting maturity using follicle diameter (or follicle 
Z value). Supporting a long held notion, oocytes from follicles smaller 
than 12 mm were more likely to be GV oocytes and oocytes from 
follicles larger than 17 mm were more likely to be mature MII oocytes 
(Wittmaack et al., 1994; Rosen et al., 2008; Kahraman et al., 2017; 
Wirleitner et al., 2018). However, the large degree of  overlap seen in 
this study between follicles sizes of  GV and MI oocytes and between 
follicle sizes of  MI and MII oocytes indicates that follicle size is not an 

absolute predictor of  oocyte maturity. Follicle Z values less than −1.7 
were associated with a higher incidence of  GV oocytes and follicle Z 
values greater than −0.9 were associated with a higher incidence of  
MII oocytes. Although the plots using Z values were much smooth-
er, both the plots of  follicle diameter and Z values showed significant 
overlap of  follicles size measures for follicles from which oocytes of  
different maturities were retrieved. The incidences of  oocytes of  the 
three maturity levels in the different regions of  follicles sizes supports 
the notion that follicle size does not absolutely predict the maturity of  
the oocyte it yields. The ability of  smaller follicles to predict the pres-
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ence of  a GV (AUC∼0.95) is excellent. The ability of  larger follicles to 
predict the presence of  a polar body (MII oocyte; AUC ∼0.86) is quite 
good. In both cases, this predictive value applies for follicle diame-
ters measured following an exogenous ovulatory trigger (hCG and/or 
GnRH agonist). The higher AUC value for GV oocytes as compared 
with MII oocytes suggests that follicle size is a better predictor of  GV 
breakdown (the transition for GV oocyte to MI oocyte) than of  polar 
body extrusion (the transition from MI oocyte to MII oocyte) after 
administration of  the trigger.

Fertilization
Lowvalues for the AUC (0.53, 0.54) for the ROC curves comparing 
the appearance of  2 PN in MII oocytes following ICSI indicate that 
follicle size is not predictive of  fertilizability for MII oocytes. This is 
supported by the observation of  no significant difference in the sizes 
of  follicles from which oocytes that became two pronuclear embry-
os versus MII oocytes that did not become two pronuclear embryos. 
Without an association, there is no reason to believe that follicle 
size is predictive of  fertilizability for an MII oocyte that came from 
the follicle. Follicular size is reported to be predictive of  oocyte fer-
tilization (Quigley et al., 1982; Rosen et al., 2008) particularly when 
standard insemination was performed on oocytes of  unknown ma-
turity. In this study, maturity was known prior to ICSI and follicle size 
was not related to fertilization, similar to previous findings with ICSI 
(Rosen et al., 2008; Kahraman et al., 2017; Wirleitner et al., 2018).

Blastocyst formation
The incidence of  blastocyst formation (quality blastocysts arising 
from 2 PN oocytes) increased with increasing follicle diameter. In 
contrast, the incidence of  blastocyst formation (quality blastocysts 
arising from MII oocytes) was not related to follicle diameter. How-
ever, the wide diversity in blastocyst formation for two pronuclear 
embryos and the low value of  the correlation coefficient (R2  = 
0.036) that arose from follicles of  different sizes suggests that de-
spite the presence of  a significant association, follicle size alone is 
unlikely to be the determinant of  blastocyst formation. Significant 
differences in blastocyst formation have been reported (Kahraman 
et al., 2017; Wirleitner et al., 2018) when considering the formation 
of  blastocysts from oocytes without regard to maturity or fertiliza-
tion. In this study, the significant AUC values (∼0.58) for the ROC 
curves of  follicle size’s (both mm and Z value) ability to predict that 
a 2 PN oocyte will become a quality blastocyst indicate that follicle 
size is a valid predictor of  2 PN oocyte’s competence to become a 
quality blastocyst. This observation supports the significant differ-
ences seen according to follicle size in blastocyst formation per 2 
PN oocyte (Kahraman et al., 2017). However, the low AUC values 
for ROC curves indicate that a significant trade-off of  specificity for 
sensitivity is necessary when selecting a threshold follicle diameter 
to predict blastocyst formation for oocytes with 2 PN. The poor 
quality of  follicle diameter as a test to predict blastocyst formation 
is consistent with lack of  significance seen by others per MII oocyte 
(Wirleitner et al., 2018).

One anecdotal observation from ROC curves was that blasto-
cyst formation occurred preferentially for 2 PN oocytes arising from 
larger follicles; whereas, blastocyst formation occurred preferential-
ly for MII oocytes arising from smaller follicles (although this prefer-
ence was not significant). Similarly, fertilization of  MII oocytes (the 
incremental transition from MII oocyte to 2 PN oocyte) occurred 
preferentially for oocytes arising from smaller follicles (although, this 
preference, too, was not significant). Is it possible that different in-
cremental transitions of  oocytes/embryos may occur preferentially 
for smaller or for larger follicles? If  this is possible, then incremental 

preferences could cancel for longer periods of  development span-
ning multiple incremental steps leading to an apparent lack depen-
dence on follicle size.

Blastocyst grades
The sizes of  follicles from which oocytes that became quality blasto-
cysts originated were not significantly different in relation to grades 
of  either the inner cell mass or trophectoderm. Despite this, the 
ROC curve indicated that better trophectoderm scores occurred 
in association with smaller follicle sizes (when measured in mm). In 
contrast, measurement of  follicle size in Z values was not predic-
tive. These conflicting results compare with the conflicting observa-
tions that larger follicles led to a higher incidence of  top quality and 
good-quality blastocysts (Kahraman et al., 2017) and that there is 
no significant association between follicle size and blastocyst grades 
(Wirleitner et al., 2018).

Euploidy
The follicle sizes and distribution of  follicle sizes from which oocytes 
that became euploid blastocysts were indistinguishable from the fol-
licle sizes and distribution of  follicles from which oocytes that be-
came aneuploid blastocysts. The AUCs of  the ROC curves (∼0.51) 
indicate that follicle size is not predictive of  euploidy for quality 
blastocysts. AUC values were low (0.53) for ROC curves examining 
the ability of  diameters of  follicles from which MII oocytes were 
retrieved to predict which oocytes would become quality blasto-
cysts. This low value indicates that follicle size is unable to predict 
which oocytes will become quality euploid blastocysts. The obser-
vation that no significant correlations were found between donors’ 
euploidy rates and donorspecific measures of  follicle size, number, 
dispersion and skewness support the notion that no particular bias 
of  follicle size distribution confounded our conclusions.

Maturity was significantly associated with follicle diameter. How-
ever, the subsequent steps: fertilization (by ICSI), formation of  qual-
ity blastocysts, blastocyst grades and blastocyst euploidy each oc-
curred in oocytes/embryos across a wide range of  follicle diameters 
and with no apparent preference for smaller or larger follicles. From 
this, we conclude that there is no preferential follicle size to achieve 
euploid blastocysts. Euploid blastocysts may arise following fertiliza-
tion of  oocytes from follicles regardless of  size as long as the follicle 
yields a mature oocyte (any follicle diameter ≥12 mm).

Association between follicle size
and oocyte quality?
There is little evidence that follicle size is predictive of  the quality 
of  the oocyte within. However, there is a suggestion that oocytes 
from smaller follicles are less likely to be mature (more likely to be 
GV oocytes) and are less likely to become quality blastocysts (more 
likely not to be quality blastocysts despite having been fertilized). 
This knowledge may be helpful in estimating the number of  mature 
oocytes that will be retrieved especially for programs performing 
oocyte cryopreservation or oocyte banking.

In the hypothesis of  follicular dominance for natural menstrual cy-
cles (Speroff and Fritz, 2005; Strauss and Barbieri, 2014), the domi-
nant follicle is generally believed to be the most developed (largest?) 
follicle with the most receptors for follicle stimulating hormone. The 
follicle with the most follicle-stimulating hormone receptors is capa-
ble of  continuing to grow as follicle stimulating hormone levels de-
cline from Day 3 onward. During COH with exogenous application 
of  follicle-stimulating hormone, follicle size hierarchy seems relative-
ly unchanged, with the largest follicle continuing as the largest follicle 
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and smaller follicles continuing to grow albeit as smaller follicles. The 
largest follicle at trigger is typically a follicle that was the largest folli-
cle or among the largest follicles throughout COH. The observation 
that larger follicles are not more likely to yield oocytes that develop 
into euploid blastocysts suggests that the follicular dominance is un-
related to the ploidy of  the oocyte within. Selection of  follicles for 
retrieval by size is unlikely to result in a higher or lower incidence of  
euploidy for blastocysts resulting from the retrieved oocytes.

Limitations
The study was limited to oocyte donors so that it could address 
differences in euploidy between centers (Munné et al., 2017) and be-
tween physicians within the same center (McCulloh et al., 2019). It is 
not clear whether these observations can be generalized to non-do-
nor patients who may have similar or lower incidences of  euploidy.

Follicle size was determined by direct ultrasound measurement 
during oocyte retrieval. We chose to perform ultrasound measure-
ments rather than determination of  follicular aspirate volumes be-
cause we wished to decrease the time required to determine the 
follicular volume, during which oocytes might be exposed to less 
controlled conditions. Others have demonstrated that direct mea-
surements are well correlated (r2 = 0.79; r = 0.89) with measure-
ments of  follicular volume, indicative that ultrasound measurements 
are comparable to measurements of  follicle volume (Wittmaack et 
al., 1994) with 79% of  the variability in follicle diameter attributed to 
variability of  follicle volume and only 21% of  the variability remaining 
as unexplained (residual) variability. Therefore, we believe that the 
follicle diameter measurements are sufficient to estimate follicle vol-
ume with reasonable errors.

We must temper our interpretations based on the direct observa-
tions made in our work. Follicle diameters were measured, and for 
the retrieved oocytes, maturity and developmental measures of  em-
bryos resulting from their fertilization were determined. Among the 
developmental measures was the ploidy of  biopsies sampled from 
embryos that became blastocysts. We directly assessed neither the 
ploidy of  oocytes nor the ploidy of  embryos that were not quality 
blastocysts. It is tempting to speculate that the ploidy of  blastocysts 
is attributable to meiotic errors in oocytes from which the blasto-
cysts arose since neither fertilization, nor blastocyst formation, nor 
blastocyst grades, nor ploidy of  blastocyst resulting from mature 
oocytes were associated with the size of  the follicles from which 
the oocytes were retrieved. However, we must acknowledge that 
aneuploidy, as diagnosed from several biopsied trophectoderm cells, 
could arise from sperm. The relatively low incidence of  aneuploidies 
originating in the sperm (McWilliams et al., 2015) can be a signifi-
cant contributor to aneuploidy, especially when using donor oocytes 
(noted for their low incidence of  aneuploidy) and when performing 
ICSI using sperm from men with elevated sperm aneuploidy in asso-
ciation with severe male factor (Levron et al., 2000; Tempest, 2011). 
Aneuploidy detected in trophectodermbiopsies analyzed by NGS 
can arise from mitotic errors (mosaicism) (Fragouli et al., 2013). The 
number of  euploid embryos on Day 3 is indistinguishable from the 
number of  euploid blastocysts on Days 5 and 6 (Adler et al., 2014; 
Demko et al., 2016), suggesting that extended culture of  embryos 
to Days 5 and 6 preferentially selects euploid embryos. However, 
the mechanisms leading to similar numbers of  euploid embryos may 
be more complex (Rabinowitz et al., 2012; Fragouli et al., 2013). 
Therefore, concluding that the observed ploidy of  trophectoderm 
biopsies was directly attributable to the ploidy of  oocytes retrieved 
remains disputable. Nevertheless, we have foundno evidence in our 
study to support the notion that differences in the sizes of  follicles 
retrieved could explain the differences in euploidy for different cen-

ters (Munné et al., 2017) or for different physicians within the same 
center (McCulloh et al., 2019).

The number of  larger follicles in a cycle as examined by Wittmack 
et al (1994) has not been evaluated in this study. In our study, the 
criterion for triggering was applied uniformly for all donors. This uni-
formity is supported by our observation that diameters of  the larg-
est follicles varied less than diameters of  the mean follicles (Table I). 
Further investigation with more donors will be needed to determine 
if  the diameters of  the lead follicles are associated with the ploidy 
for the donor’s cohort of  eggs retrieved or the embryos/blastocysts 
arising from those oocytes.

Follicle size was analyzed by two methods: direct measurement 
of  diameter and by Z values that expressed the follicle size relative 
to the mean follicle size of  that donor’s cycle. These two methods 
generally led to concordant results, indicating that either method is 
useful for prediction. ROC curves are relatively independent of  the 
distribution of  data and most transformations of  data (Kumar and 
Indrayan, 2011), since the data are dichotomized into true positives 
(sensitivity) and false positives (1-specificity) using a criterion value. 
However, in predicting trophectoderm scores, direct measurement 
led to a significant ability to predict whereas the Z values did not. It 
is unclear whether this discrepancy of  results is due to a lack of  inde-
pendence that may be present in diameters (mm) but that is adjust-
ed through the use of  Z values.We believe that the use of  Z values 
is the preferred method of  analysis since Z values correct for the 
follicle sizes’ dependence on the donor from which oocytes were 
retrieved. Neither method should be considered a good predictor 
(AUCs 0.55 for mm and 0.52 for Z values). Therefore, we consider 
this a concordant observation that follicle size is a poor predictor of  
trophectoderm score.

These data suggest that any follicle size is capable of  yielding a 
euploid oocyte at least using the stimulation methodology in this 
study. It is unclear if  pushing follicles to larger sizes or harvesting 
oocytes when follicles are smaller will influence the incidence of  eu-
ploid oocytes or will affect the size of  follicles from which euploid 
oocytes arise since only one stimulation paradigm was employed in 
this study. It must be noted that follicle sizes on the day of  oocyte re-
trieval are not clearly predicted by the size of  follicles on the day of  
triggering. Follicles may increase in diameter or decrease in diameter, 
and it is even further unclear as to whether some of  the triggered 
follicles in an individual patient may increase in diameter whereas 
others decrease in diameter between triggering and retrieval.

Summary
The sizes of  follicles from which oocytes were retrieved were ex-
amined. Mature oocytes are more likely to arise from follicles larger 
than 16 mm or with Z values larger than −0.32 with quite good 
sensitivity and specificity. GV oocytes are more likely to arise for 
follicles smaller than 14.6 mm or with Z values smaller than −1.0 
with excellent sensitivity and specificity. The progression of  fertilized 
oocytes to become quality blastocysts was more likely for larger 
follicles (using a similar threshold size), but follicle size is not a strong 
predictor of  blastocyst formation. For either MII oocytes or 2 PN 
oocytes achieving a quality blastocyst stage there was no indication 
that euploidy or blastocyst gradeswere strongly associated with size 
of  the follicles from which the oocytes arose that developed into 
these euploid blastocysts. Therefore, we feel confident to state that 
physicians may retrieve smaller follicles with confidence that if  they 
are mature and fertilized, they will become euploid blastocysts with 
the same incidence as mature oocytes from larger follicles.
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STUDY QUESTION: Does the risk of  low birth weight and premature birth increase with age among mothers who conceive through 
medically assisted reproduction (MAR)?

SUMMARY ANSWER: Among MAR mothers, the risk of  poorer birth outcomes does not increase with maternal age at birth except 
at very advanced maternal ages (40+).

WHAT IS KNOWN ALREADY: The use of  MAR treatments has been increasing over the last few decades and is especially diffused 
among women who conceive at older ages. Although advanced maternal age is a well-known risk factor for adverse birth outcomes in 
natural pregnancies, only a few studies have directly analysed the maternal age gradient in birth outcomes for MAR mothers.

STUDY DESIGN, SIZE, DURATION: The base dataset was a 20% random sample of  households with at least one child aged 0–14 at 
the end of  2000, drawn from the Finnish population register and other administrative registers. This study included children who were born 
in 1995–2000, because the information on whether a child was conceived through MAR or naturally was available only from 1995 onwards.

PARTICIPANTS/MATERIALS, SETTING, METHODS: The outcome measures were whether the child had low birth weight 
(LBW, <2500 g at birth) and whether the child was delivered preterm (<37 weeks of  gestation). Conceptions through MAR were iden-
tified by examining data on purchases of  prescription medication from the National Prescription Register. Linear probability models were 
used to analyse and compare the maternal age gradients in birth outcomes of  mothers who conceived through MAR or naturally before 
and after adjustment for maternal characteristics (i.e. whether the mother suffered from acute/chronic conditions before the pregnancy, 
household income and whether the mother smoked during pregnancy).

MAIN RESULTS AND THE ROLE OF CHANCE: A total of  56 026 children, 2624 of whom were conceived through MAR treat-
ments, were included in the study. Among the mothers who used MAR to conceive, maternal age was not associated with an increased risk of  
LBW (the overall prevalence was 12.6%) at ages 25–39. For example, compared to the risk of  LBW at ages 30–34, the risk was 0.22 percent-
age points lower (95% CI: −3.2, 2.8) at ages 25–29 and was 1.34 percentage points lower (95% CI: −4.5, 1.0) at ages 35–39. The risk of  LBW 
was increased only at maternal ages ≥40 (six percentage points, 95% CI: 0.2, 12). Adjustment for maternal characteristics only marginally 
attenuated these associations. In contrast, among the mothers who conceived naturally, the results showed a clear age gradient. For example, 
compared to the risk of  LBW (the overall prevalence was 3.3%) at maternal ages 30–34, the risk was 1.1 percentage points higher (95% 
CI: 0.6, 1.6) at ages 35–39 and was 1.5 percentage points higher (95% CI: 0.5, 2.6) at ages ≥40. The results were similar for preterm births.

LIMITATIONS, REASON FOR CAUTION: A limited number of  confounders were included in the study because of  the adminis-
trative nature of  the data used. Our ability to reliably distinguish mothers based on MAR treatment type was also limited.
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Introduction
The use of  medically assisted reproduction (MAR)—i.e. reproduc-
tion through treatments such as ovulation induction, intrauterine 
insemination, IVF and ICSI—has increased markedly over the last 
four decades. Since 1978, when the first IVF baby was born, more 
than 8 million babies have been born after MAR treatments, and the 
babies conceived through MAR now account for more than 7% of  
all births in some European countries, such as Denmark and Belgium 
(De Geyter et al., 2018).

Women who conceive through MAR are, on average, older than 
women who conceive naturally, as fertility treatments are often used 
in response to age-related infertility or subfertility problems (Luke 
and Brown 2007). Moreover, the average age of  women who con-
ceive through MAR has been increasing over time (author’s elabora-
tion of  data from the Finnish Medical Birth Register). For example, 
in Finland, the average age of  women who conceived through MAR 
rose from around 33 in 1991 to over 35 in 2017. This trend might 
raise concerns, as an advanced maternal age at birth (usually defined 
as a maternal age of  35 or older at the time of  birth), is a well-known 
risk factor for adverse birth outcomes. Older mothers were shown 
to be at higher risks of  low birth weight, preterm birth, perinatal 
mortality and more likely to use special care or respiratory care 
(Hemminki and Gissler, 1996; Aldous and Edmonson, 1993; Jolly et 
al., 2000; Carolan and Frankowska, 2011; Klemetti et al., 2013). As 
the existing evidence on the link between advanced maternal age 
and adverse birth outcomes largely reflects the patterns among 
mothers who conceive naturally, the extent to which these find-
ings can be applied to the patterns among MAR mothers is unclear. 
The meaning of  an advanced maternal age could differ depending 
on the mode of  conception, especially given the distinct health and 
subfertility conditions among women who conceive through MAR 
treatments at all ages (Pinborg et al., 2013; Wennberg et al., 2016).

The maternal age gradient in adverse birth outcomes in MAR 
pregnancies has received limited attention in the literature. The 
only two existing studies that have directly analysed the age gradi-
ent in adverse birth outcomes of  MAR-conceived children (Tough 
et al., 2000; Wennberg et al., 2016) showed that an advanced ma-
ternal age was not associated with worse birth outcomes among 
MAR-conceived children. However, a limitation of  these studies is 
that they were unable to control for the health and socio-econom-
ic characteristics of  the mothers. These are important to consider 
because olderMARmothers might represent a selected group of  
highly educated, higher income and healthier women compared to 
younger MAR mother and mothers conceiving naturally. This might 
confound the results, contributing to the absence of  excess risk 
observed in older MAR mothers (Wennberg et al., 2016; Barbuscia 
and Mills, 2017). Therefore, more evidence on the maternal age 
gradient in the risk of  poorer birth outcomes among MAR-con-
ceived children is needed.

Exploring the relationship between maternal age and birth out-
comes in MAR pregnancies is especially relevant, as studies that have 
examined this association have consistently shown that children 
conceived through MAR are at increased risk of  adverse birth out-

comes, such as low birth weight (LBW) or preterm birth (Hansen et 
al., 2005; Sutcliffe and Ludwig, 2007; Wilson et al., 2011; Pandey et 
al., 2012; Hart and Norman, 2013). Although a complete explana-
tion of  the mechanisms underlying the association between the use 
of  MAR and birth outcomes is still lacking, the existing research has 
identified certain risk factors. These include high rates of  multiple 
births (Kalra and Barnhart, 2011), the MAR treatment techniques 
themselves (Pinborg et al., 2013), and parental characteristics that 
might predispose the parents to undergo MAR and that are known 
risk factors for adverse birth outcomes, including subfertility and 
advanced maternal age (Basso and Baird, 2003; Romundstad et al., 
2008; Roseboom, 2018; Goisis et al., 2019).

Preterm birth and LBWare associated with lower cognitive abil-
ity in childhood as well as other negative outcomes later in life, 
such as poor health and cognitive development (Black, et al. 2007; 
Saigal and Doyle, 2008). It is, therefore, essential that we improve 
our understanding of  the relevant risk factors for poorer birth out-
comes among MAR children, as this knowledge can help women 
who are considering undergoing MAR treatments make better-in-
formed choices. Addressing the question of  whether and, if  so, to 
what extent giving birth at an advanced maternal age is associated 
with an increased risk of  LBW or preterm birth among women 
who conceive through MAR is of  considerable importance in light 
of  the widespread and increasing use of  MAR treatments, and of  
the increasing ages of  the women who conceive through MAR 
(Ferraretti et al., 2017).

In this study, we compare the association between maternal age 
and the risk of  adverse birth outcomes among mothers who con-
ceived thorough MAR and among mothers who conceived naturally 
using large-scale and representative population-based data from Fin-
land.We analyse the maternal age gradient in poorer birth outcomes 
before and after adjustment for child and maternal characteristics, 
such as twin status, parity and the health condition of  the mother 
before the pregnancy.

Materials and Methods
Study population
The study utilises data from the Finnish population register and other 
administrative registers. The base dataset is a 20% random sample 
of  households with at least one child aged 0–14 at the end of  2000, 
with individual-level information on all household members. The 
linkages between different registers were carried out by Statistics 
Finland using unique personal identification numbers (however, data 
remains anonymous). In this study, we restricted the data to children 
who were born in 1995–2000 because the information (described 
below) on whether the child was conceived through MAR or natu-
rally was only available from 1995 onwards.We excluded cases in 
which fertility drugs were used to treat other diagnosed medical 
conditions, such as cancer (as indicated by prescription medication 
purchases in the special refund category). We excluded births to 
mothers younger than age 25 (n =  11 041) or older than age 45 (n 
= 267) because the utilisation of  MAR among women younger than 

WIDER IMPLICATIONS OF THE FINDINGS: This is the first study to analyse the maternal age gradient in the risk of adverse birth out-
comes among children conceived through MAR using data from a nationally representative sample and controlling for important maternal health 
and socio-economic characteristics. This topic is of considerable importance in light of the widespread and increasing use of MAR treatments.
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age 25 was rare, and because women in both of  these age groups 
might have used the drugs for purposes other than the treatment 
of  infertility. We dropped families with triplets (n =  44). Our final 
sample consisted of  54 623 children, 2624 (4.9%) of  whom were 
conceived through MAR treatments.

Medically assisted reproduction
We identified children who were conceived through MAR from 
purchases of  prescription medication, which we retrieved from the 
National Prescription Register maintained by the Social Insurance 
Institution. The Prescription Register provides information on the 
day of  purchase, the name and the class of  the drug, and the size 
and the quantity of  the packages. By combining information on each 
woman’s purchases of  fertility drugs with her child’s date of  birth, 
which was retrieved from the Finnish Medical Birth Register (MBR), 
we were able to identify children conceived through MAR. Four 
main kinds of  treatments (ovulation induction, artificial insemination, 
IVF and ICSI) can be identified through a common pattern of  fertil-
ity drugs. We followed the method developed by Hemminki et al. 
(2003), which has been found to be reliable, and has been applied by 
Goisis et al. (2019). Detailed information on the data linkage can be 
found in the appendix of  Hemminki’s paper (Hemminki et al., 2003).

Birth outcomes
Information on birth outcomes was extracted from the Finnish MBR.

We used two dependent variables: whether the child had LBW 
(<2500 g at birth) and whether the child was delivered preterm 
(<37 weeks of  gestation).

Maternal age
The key explanatory variable was maternal age at the birth of  the 
child, which was also extracted from the MBR. Maternal age was 
divided into the following categories: 25–29, 30–34, 35–39 and 40+ 
years. The age group 30–34 was the reference category in our anal-
yses, since most of  the MAR births were to women in this age group.

Control variables
We controlled for the child’s characteristics: sex, twin status and 
birth order (first, second, third or higher). We controlled for a set 
of  the mother’s characteristics, which include the mother’s health 
before pregnancy (whether the mother had any diagnosed chronic 
or acute health conditions, and her number of  miscarriages before 
the pregnancy), the mother’s socio-economic status (deciles of  fam-
ily income) and whether the mother smoked during pregnancy. To 
identify the presence of  diagnosed chronic or acute health conditions 
in the mother before the pregnancy, we retrieved information from 
the Social Insurance Institution on the granting of  the right to special 
reimbursement for drugs that are used to treat severe long-term 
illnesses. Among these illnesses, we considered the conditions that 
could be associated with pregnancy outcomes and/or infertility or 
subfertility problems. These conditions were hypertension, thyroid 
dysfunction, epilepsy, diabetes, thrombosis, obesity, heart disease, 
arthritis, dialysis, transplants, behavioural disorders, coagulation dis-
orders, psychoses and anaemia. We constructed a binary variable 
that takes a value of  one if  the woman had any of  these chronic or 
acute health conditions before the pregnancy.

Statistical analysis
To analyse the association between maternal age and birth out-
comes, we estimated linear probability models because of  its ease 
of  interpretation of  the results. Coefficients are interpretable as 
marginal effects which means that the coefficient of  an age group 
indicates the percentage-point increase in the probability of  poor 
birth outcome associated to giving birth in that age group compared 
to the baseline (Wooldridge, 2012). Equivalent logistic models pro-

vided similar results, and the odds ratios are shown, for comparison, 
in Supplementary Tables SI and SII. We estimated separate models 
for the two birth outcomes, and for mothers who conceived either 
through MAR or naturally. For each outcome, we estimated four 
sets of  models. Model 1 introduced controls for the child’s charac-
teristics. Model 2 controlled for the child’s characteristics while also 
introducing controls for the woman’s health before pregnancy. Mod-
el 3 controlled for the child’s characteristics while also introducing 
controls for family income and maternal smoking during pregnancy. 
Model 4 included all of  the control variables. Table I shows mothers’ 
and infants’ characteristics by the way of  conception. The mater-
nal age coefficients resulting from the linear probability models with 
LBW or pre-term birth as the outcome variable are presented in 
Table II and Table III, respectively. The coefficients for the control 
variables included in the different model specifications are presented 
in Supplementary Tables SIII and SIV.

Results
The mothers’ characteristics and the infants’ characteristics and out-
comes differed considerably depending on whether the birth was after 
MAR or was naturally conceived (Table I). First, higher proportions of  
mothers who conceived through MAR gave birth at older ages than 
of  mothers who conceived naturally: among the MAR mothers, 24% 
gave birth at ages 35–39 and 7% gave birth at ages 40 and older, while 
among the mothers who conceived naturally, the corresponding 
shares were 17 and 3%. Second, in line with findings reported in the 
literature, the MAR children were more likely to be twins and were 
more likely to be first born. Third, in terms of  maternal socio-eco-
nomic characteristics, the MAR mothers had a higher average income 
and were less likely to have smoked during pregnancy than the moth-
ers who conceived naturally. The MAR mothers were also more likely 
to have experienced a miscarriage and to have suffered from a chronic 
disease than the mothers who conceived naturally.

The incidence of  both LBW and preterm was consistently high-
er among MAR-conceived children than among naturally conceived 
children higher (overall 12.6% LBW among MAR children compared 
to 3.4% among NC children; 14.2% preterm birth among MAR chil-
dren compared to 4.9% among NC children) at all maternal ages. 
However, while it increased with the age of  the mother among the 
naturally conceived children, the pattern was less clear among the 
MAR-conceived children (Tables II and III).

Linear probability models
The results from the linear probability models suggest that, despite 
the older maternal ages and the higher prevalence of  poor birth 
outcomes observed among the MAR pregnancies, maternal age was 
not associated with the probability of  LBW or preterm birth among 
the MAR births (Tables II and III and Figs 1 and 2).

Among the mothers who conceived through MAR, those at both 
younger maternal ages (25–29) and at maternal ages between 35 and 
39 had a lower risk of  giving birth to a LBW child than those in the ref-
erence age group (30–34). However, these associations were small in 
magnitude, and the differences in the risk ranged from slightly positive 
to negative associations (respectively β  = −0.22, 95% CI = −3.2 to 
2.8 and β  = −1.34, 95% CI = −4.5 to 1.8; Table II). The coefficients 
did not change with the inclusion of  maternal characteristics in Mod-
els 2 through 4. On the contrary, the risk of  LBW was substantially 
increased for mothers aged 40 or older (β  = 5.99, 95% CI = 0.2 to 
11.8). The association was only slightly attenuated after adjustment 
for the mother’s health before pregnancy and socio-economic indi-
cators: in the fully adjusted model, the probability of  giving birth to a 
LBW child after MAR was 5.47 (95% CI  = −0.2 to 11.2) percentage 
points higher at maternal ages 40+ than at ages 30–34.

By contrast, among mothers who conceived naturally, the results 
showed a clear age gradient in the probability of  giving birth to a LBW 
child. The probability of  giving birth to a LBW child was 0.55 (95% CI  
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Table I Background characteristics of mothers and infants born in 1995–2000 in Finland, by whether the child was
conceived through MAR1 or naturally.

MAR Natural conception.......................................................... ............................................................
25–29 30–34 35–39 40+ Total 25–29 30–34 35–39 40+ Total

.......................................................................................................................................................................................
Multiple births (%) 14.8 24.3 20.5 18.7 20.4 1.6 2.6 2.9 2.1 2.3

Girl (%) 46.3 48.9 50.9 47.2 48.6 48.8 49.0 48.8 50.9 48.9

First parity (%) 73.8 62.1 47.2 44.0 60.4 44.5 27.6 18.9 15.6 32.5

Smoking during pregnancy (%) 8.9 4.1 6.5 4.4 6.0 13.5 11.5 12.2 12.1 12

Income deciles (mean) 5.5 6.7 6.8 6.4 6.4 5.1 5.9 6.1 6.0 5.6

Number of miscarriages (mean) 0.2 0.3 0.5 0.6 0.4 0.2 0.3 0.4 0.6 0.3

Diagnosed chronic or acute health condition (%) 2.9 4.1 5.7 11.5 4.7 3.2 3.8 4.8 5.9 3.8
.......................................................................................................................................................................................
% 27 42 24 7 100 41 39 17 3 100

N 717 1091 634 182 2624 21 120 20 089 8989 1801 51 999

1MAR, medically assisted reproduction.

Table II Proportion of and % change in the predicted probability of low birth weight for children conceived through MAR
(n=2624) or naturally (n=51999).

Proportion Model 1: birth
order+multiple
birth+ child’s sex

Model 2:Model 1+
mother’s health
before pregnancy

Model 3:Model
1+ income+ smoking
during pregnancy

Model 4: fully adjusted

.......................................................................................................................................................................................
MAR (n=2624)

......................................................................................................................................................................................
Maternal age % B1 95% CI B 95% CI B 95% CI B 95% CI

25–29 10.7 −0.22 (−3.2 to 2.8) −0.17 (−3.2 to 2.9) −0.49 (−3.6 to 2.6) −0.34(−3.4 to 2.8)

30–34 (ref 1) 13.9 0.0 0.0 0.0 0.0

35–39 10.9 −1.34 (−4.5 to 1.8) −1.4 (−4.5 to 1.7) −1.35 (−4.5 to 1.8) −1.54(−4.7 to 1.6)

40+ 17.6 5.99 (0.49 to 2.57) 5.73 (0.0 to 11.5) 5.99 (0.2 to 11.8) 5.47 (−0.2 to 11.2)
......................................................................................................................................................................................

Natural conception (n=51 999)
......................................................................................................................................................................................
25–29 3.0 −0.55 (−0.91 to −0.19) −0.54 (−0.89 to −0.18) −0.7 (−1.06 to −0.33) −0.65(−1.02 to −0.29)

30–34 (ref ) 3.4 0.0 0.0 0.0 0.0

35–39 4.3 1.08 (0.58 to 1.58) 1.06 (0.55 to 1.56) 1.09 (0.59 to 1.60) 1.02 (0.52 to 1.52)

40+ 4.4 1.53 (0.49 to 2.57) 1.47 (0.43 to 2.51) 1.55 (0.52 to 2.59) 1.34 (0.29 to 2.38)

Results from linear probability models. Coefficients denote percentage point changes in the predicted probability of low birth weight.
1Reference groups for all models is maternal age between 30 and 34 years.

Results
The mothers’ characteristics and the infants’ characteristics and out-
comes differed considerably depending on whether the birth was after
MAR or was naturally conceived (Table I). First, higher proportions of
mothers who conceived through MAR gave birth at older ages than of
mothers who conceived naturally: among the MAR mothers, 24% gave
birth at ages 35–39 and 7% gave birth at ages 40 and older, while among
the mothers who conceived naturally, the corresponding shares were
17 and 3%. Second, in line with findings reported in the literature, the
MAR children were more likely to be twins and were more likely to be
first born. Third, in terms of maternal socio-economic characteristics,
the MAR mothers had a higher average income and were less likely
to have smoked during pregnancy than the mothers who conceived
naturally. TheMARmothers were also more likely to have experienced
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a miscarriage and to have suffered from a chronic disease than the
mothers who conceived naturally.
The incidence of both LBW and preterm was consistently higher

among MAR-conceived children than among naturally conceived chil-
dren higher (overall 12.6% LBW among MAR children compared to
3.4% among NC children; 14.2% preterm birth among MAR children
compared to 4.9% among NC children) at all maternal ages. However,
while it increased with the age of the mother among the naturally con-
ceived children, the pattern was less clear among the MAR-conceived
children (Tables II and III).

Linear probability models
The results from the linear probability models suggest that, despite
the older maternal ages and the higher prevalence of poor birth
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= −0.91 to −0.19) percentage points lower at maternal ages 25–29 
than at the reference group ages, while the probability of  giving birth 
to a LBW child was higher at maternal ages older than at the reference 
category ages (β  = 1.08, 95% CI = 0.58 to 1.58 for ages 35–39 and β 
= 1.53, 95% CI  = 0.49 to 2.57 for ages 40 or older in Model 1). The 
association was only slightly attenuated on adjustment for the moth-
ers’ health conditions and socio-economic indicators (for example, to 
β  = 1.02, CI = 0.52 to 1.52 for the 35–39 age group).

Among the MAR mothers, maternal age was not associated to 
an increased risk of  preterm birth at ages 25–39, while the risk of  
preterm birth was 2.59 percentage points higher at maternal ages 
40+ than at ages 25–39 (Table III). However, a relatively wide range 
of  risk differences, running from a negative association to a substan-
tial positive association, was compatible with our data (95% CI:−3.76 
to 8.94). The coefficients of  maternal age were only slightly reduced 
after adjustment for the mothers’ pre-pregnancy health conditions 
and socio-economic indicators. The age gradient for the mothers 
who conceived naturally was similar to that observed for LBW.

These results suggest that although an age gradient in the probabil-
ity of  poorer birth outcomes at birth was clearly observable among 
the mothers who conceived naturally, with the probability of  a LBW 
or a preterm birth increasing with maternal age across all age groups, 
no such age gradient was observable among the MAR mothers. The 
probability of  giving birth to a LBWor a preterm child was higher only 
for the MAR mothers aged 40 or older, while the risk of  an adverse 
birth outcome was not associated with maternal age for the MAR 
mothers younger than age 40.We also ran the same linear probability 
models (Model 1) on the whole sample and included the interactions 
between MAR and maternal age groups (Supplementary Table SV). 
The results of  joint tests on the interactions showed that the age gra-
dient of  the mothers who conceived through MAR and of the moth-
ers who conceived naturally differed significantly for low birth weight 
(P = 0.078), but not for premature birth (P  = 0.359).

As a robustness check, we estimated the models while excluding multi-
ple births. The results for both lowbirthweight and pretermbirths among 
singletons (Supplementary Table SVI) support the main study arguments.
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Table III Proportion of and % change in the predicted probability of preterm birth for children conceived through MAR
(n=2624) or naturally (n=51999).

Proportion Model 1: birth
order+multiple
birth+ child’s sex

Model 2:Model 1+
mother’s health
before pregnancy

Model 3:Model
1+ income+ smoking
during pregnancy

Model 4: fully adjusted

.......................................................................................................................................................................................
MAR (n=2624)

......................................................................................................................................................................................
Maternal age % B 95% CI B 95% CI B 95% CI B 95% CI

25–29 12.5 −0.32 (−3.91 to 3.27) −0.26 (−3.85 to 3.33) −0.44 (−4.10 to 3.22) −0.27 (−3.94 to 3.40)

30–34 (ref ) 15.6 0.0 0.0 0.0 0.0

35–39 13.2 −0.57 (−4.39 to 8.94) −0.65 (−4.47 to 3.17) −0.66 (−4.47 to 3.16) −0.86 (−4.69 to 2.97)

40+ 15.9 2.59 (−3.76 to 8.94) 2.24 (−4.09 to 8.56) 2.61 (−3.75 to 8.97) 2.02 (−4.30 to 8.33)
......................................................................................................................................................................................

Natural conception (n=51999)
......................................................................................................................................................................................
25–29 4.5 −0.27 (−0.70 to 1.16) −0.24 (−0.67 to 0.19) −0.43 (−0.87 to 0.01) −0.35 (−0.79 to 0.09)

30–34 (ref ) 4.6 0.0 0.0 0.0 0.0

35–39 5.8 1.30 (0.71 to 1.90) 1.26 (0.66 to 1.85) 1.33 (0.74 to 1.93) 1.21 (0.62 to 1.81)

40+ 6.1 1.91 (0.71 to 3.11) 1.81 (0.61 to 3.00) 1.95 (0.75 to 3.15) 1.61 (0.41 to 2.81)

Results from linear probability models.

outcomes observed among the MAR pregnancies, maternal age was
not associated with the probability of LBW or preterm birth among
the MAR births (Tables II and III and Figs 1 and 2).
Among the mothers who conceived through MAR, those at both

younger maternal ages (25–29) and at maternal ages between 35 and
39 had a lower risk of giving birth to a LBW child than those in the
reference age group (30–34). However, these associations were small
inmagnitude, and the differences in the risk ranged from slightly positive
to negative associations (respectively β =−0.22, 95% CI =−3.2 to 2.8
and β =−1.34, 95% CI =−4.5 to 1.8; Table II). The coefficients did
not change with the inclusion of maternal characteristics in Models
2 through 4. On the contrary, the risk of LBW was substantially
increased for mothers aged 40 or older (β =5.99, 95% CI = 0.2 to
11.8). The association was only slightly attenuated after adjustment for
the mother’s health before pregnancy and socio-economic indicators:
in the fully adjusted model, the probability of giving birth to a LBW
child after MAR was 5.47 (95% CI =−0.2 to 11.2) percentage points
higher at maternal ages 40+ than at ages 30–34.
By contrast, among mothers who conceived naturally, the results

showed a clear age gradient in the probability of giving birth to a LBW
child. The probability of giving birth to a LBW child was 0.55 (95%
CI =−0.91 to −0.19) percentage points lower at maternal ages 25–
29 than at the reference group ages, while the probability of giving
birth to a LBW child was higher at maternal ages older than at the
reference category ages (β =1.08, 95% CI = 0.58 to 1.58 for ages
35–39 and β =1.53, 95% CI = 0.49 to 2.57 for ages 40 or older in
Model 1). The association was only slightly attenuated on adjustment
for the mothers’ health conditions and socio-economic indicators (for
example, to β =1.02, CI = 0.52 to 1.52 for the 35–39 age group).
Among the MAR mothers, maternal age was not associated to an

increased risk of preterm birth at ages 25–39, while the risk of preterm
birth was 2.59 percentage points higher at maternal ages 40+ than
at ages 25–39 (Table III). However, a relatively wide range of risk
differences, running from a negative association to a substantial positive
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association, was compatible with our data (95%CI:−3.76 to 8.94). The
coefficients of maternal age were only slightly reduced after adjustment
for the mothers’ pre-pregnancy health conditions and socio-economic
indicators. The age gradient for the mothers who conceived naturally
was similar to that observed for LBW.
These results suggest that although an age gradient in the probability

of poorer birth outcomes at birth was clearly observable among the
mothers who conceived naturally, with the probability of a LBW or
a preterm birth increasing with maternal age across all age groups,
no such age gradient was observable among the MAR mothers. The
probability of giving birth to a LBW or a preterm child was higher only
for the MAR mothers aged 40 or older, while the risk of an adverse
birth outcome was not associated with maternal age for the MAR
mothers younger than age 40. We also ran the same linear probability
models (Model 1) on the whole sample and included the interactions
between MAR and maternal age groups (Supplementary Table SV).
The results of joint tests on the interactions showed that the age
gradient of the mothers who conceived through MAR and of the
mothers who conceived naturally differed significantly for low birth
weight (P =0.078), but not for premature birth (P =0.359).
As a robustness check, we estimated the models while excluding

multiple births. The results for both low birth weight and preterm births
among singletons (Supplementary Table SVI) support the main study
arguments.

Discussion
Our results, which are based on a large representative sample of
Finnish women, show that an increasing maternal age was not asso-
ciated with worse birth outcomes for MAR mothers who were aged
25–39 at the time of birth. These results are in line with Wennberg
et al. (2016), who found that there was no significant increase in the
risk of adverse birth outcomes with older maternal age among MAR
pregnancies. Differently from their results, which showed no increased
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Discussion
Our results, which are based on a large representative sample of  
Finnish women, show that an increasing maternal age was not asso-
ciated with worse birth outcomes for MAR mothers who were aged 
25–39 at the time of  birth. These results are in line with Wennberg 
et al. (2016), who found that there was no significant increase in 
the risk of  adverse birth outcomes with older maternal age among 
MAR pregnancies. Differently from their results, which showed no 
increased risk for the whole age range considered (up to 46 years), 
we also observed an increased risk for mothers aged 40 or older. 
However, in our sample, only a small proportion (7%, 182 women) 
of  all mothers who used MAR to conceive were aged 40+, which 
means that we only observe an age-related increase in the risk of  ad-
verse outcomes for a limited proportion of  the studied population. 
Importantly, in this study, we were able to show that these results 
are robust to adjustment for the mothers’ socio-economic charac-
teristics. This is important, in light of  the potential selected profile 
of  MAR mothers (Chambers et al., 2014; Barbuscia and Mills, 2017) 
and especially of  those who conceive at a more advanced age. Older 
MAR mothers might thus represent a group that has higher incomes, 
is better educated and adopt healthier lifestyles during pregnancy 
than many older SC mothers, which might explain why no adverse 
birth outcome risk excess was observed in previous studies (Wenn-
berg et al. 2016). We were also able to control for maternal health 
before the pregnancy. Although the available information did not 
allow us to control for all health characteristics that might be associ-
ated with both birth outcomes and the use of  MAR treatments, our 
measure was able to capture the presence of  a series of  important 
chronic or acute health conditions (Cleary-Goldman et al. 2005) that 
could confound the results.

The results indicate that there was a clear age gradient in birth 
outcomes among mothers who conceived naturally, with the prob-
ability of  poorer birth outcomes increasing with the age of  the 
mother; this finding is also in line with the existing literature (Ald-
ous and Edmonson, 1993; Hemminki and Gissler, 1996; Jolly et al., 
2000; Carolan and Frankowska, 2011, Klemetti et al., 2016; Goisis 
et al., 2017). For all births, the link between older maternal age and 
adverse birth outcomes is partly explained by subfertility (Leridon, 
2004; Thomson et al., 2005; Kondapalli and Perales-Puchalt, 2013; 
Somigliana et al., 2016). A possible interpretation of  our finding that 

there was no age gradient in adverse birth outcomes prior to age 40 
among the MAR mothers is that, within this group, subfertility was 
experienced at all ages, including at younger ages.

It is also possible that the women who seek MAR treatments at young-
er ages differ substantially from the women who seek MAR treatments 
at older ages. Moreover, the women’s reasons for accessing these treat-
ments might differ by age as well. The women who use MAR treatments 
at relatively young ages (35 or younger) may have health/subfertility con-
ditions that they were informed of early in life, which could indicate that 
they suffer from more serious health problems than the women who ac-
cess MAR treatments at older ages. This selection would bias our results 
by increasing the incidence of adverse birth outcomes among younger 
mothers and would therefore mask the more typical age gradient found 
for naturally conceived births. Unfortunately, we were not able to include 
any controls for the reproductive conditions linked to the use of MAR 
as they are not included in the category for special reimbursement, and 
information on the specific diagnoses behind other prescriptions is not 
available in the medication registry. However, our descriptive statistics 
suggest that this was not a serious issue in our analysis, as the women 
who conceived through MAR at younger ages do not seem to differ sub-
stantially from their counterparts who conceived at older ages in terms of  
their health conditions or experience of miscarriages.

However, the strongly increased risk of adverse birth outcomes 
found among the women who conceived through MAR at age 40 or 
older might be partly attributable to their more prolonged exposure 
to the stress associated with undergoing MAR treatment. Indeed, an 
older maternal age might be associated with having undergone a series 
of unsuccessful treatments before the treatment that resulted in a live 
birth. The link between maternal stress and the risk of a preterm birth 
or a LBW has been reported in the literature for naturally conceived 
births (e.g. Smits et al. 2006; Torche, 2011). Mothers aged 40 or older 
might also represent a particularly selected subgroup in terms of their 
health conditions or other characteristics not captured by our control 
variables. These characteristics might help to explain why these mothers 
took a long time to conceive, and why they faced a much higher risk of  
poorer birth outcomes. In addition, conceiving at an older age might 
imply that the mother used a more invasive treatment, such as IVF and 
ICSI, whereas a younger mother may have achieved pregnancy through 
ovulation induction. Finally, it is possible that the explanation for this 
association is multifactorial, and that the increased risk of adverse birth 
outcomes observed among MAR mothers aged 40 or older is the result 
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Figure 1 Predicted probability of low birth weight for children conceived through MAR (n=2624) and naturally (n=51 999) in
Finland in 1995–2000 by maternal age categories.Results from adjusted linear probability models. MAR, medically assisted reproduction; NC,
natural conception.

Figure 2 Predicted probability of preterm birth for children conceived through MAR (n=2624) and naturally (n=51 999) in
Finland in 1995–2000 by maternal age categories.Results from adjusted linear probability models.

risk for the whole age range considered (up to 46 years), we also
observed an increased risk for mothers aged 40 or older. However, in
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our sample, only a small proportion (7%, 182 women) of all mothers
who used MAR to conceive were aged 40+, which means that we only
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of the cumulative interactive effects of the use of MAR treatments and 
advanced maternal age. The medical literature has identified age 40 as 
a clinically meaningful threshold for a higher probability of adverse birth 
outcomes (Mills and Lavender, 2007; Klemetti et al., 2016).

Strengths and limitations
In the interpretation of the results, some methodological issues need to 
be considered. First, we could not reliably distinguish between the dif-
ferent kinds of MAR treatments used, which include less invasive treat-
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ments that are less strongly associated with adverse birth outcomes, 
(De Geyter et al., 2018), such as ovulation induction, as well as more 
invasive treatments, such as IVF. Because we did not have access to the 
National Procedure Register, we could not reliably distinguish IVF treat-
ments from the less invasive treatments, which led us to underestimate 
the percentage of children conceived by IVF by about 10% (Goisis et al. 
2019). Despite these data limitations, we conducted robustness checks 
to test whether our results could be driven by differences in the types 
of MAR treatments that younger and older mothers undergo. We es-
timated the models while adjusting for treatment type, and the results 
were unchanged. We estimated the models separately for the group 
of children conceived by IVF (40% of all MAR births), and the results 
supported the main study argument. This evidence suggests that our 
results are unlikely to be driven by differences in the types of treatment 
used by younger and older MAR mothers. Second, our measures of  
maternal health before pregnancy did not cover all of the health con-
ditions that might be relevant for both maternal age at birth and birth 
outcomes. This could explain why this measure only partially attenuated 
the increased risk at ages 40+. Third, we did not have information about 
the duration of the treatments, which might be associated with both 
maternal age and birth outcomes.

Overall, this study represents an important contribution to the liter-
ature on birth outcomes after MAR.We show that maternal age was 
not associated with adverse birth outcomes below age 40 but was 
strongly associated with adverse birth outcomes at ages 40+. We also 
show that this increased risk was only partly explained by the mother’s 
health condition or by other potentially crucial factors, such as the 
mother’s income and whether she smoked during pregnancy. Having 
a better understanding of  the birth outcomes of  MAR mothers at ad-
vanced ages is crucial in light of  the increasing number of  women and 
couples undertaking MAR at older ages. More conclusive evidence 
about the risks associated with very advanced maternal ages (≥40) 
will enable the many women and couples with infertility or subfertility 
problems to make well-informed choices about the use of  MAR treat-
ments. When interpreting our results, it is important to bear in mind 
that our sample only includes women who succeeded in conceiving 
through MAR, and who had a pregnancy that ended in a live birth. 
The live birth rate after MAR decreases dramatically with age (among 
others, see Ferraretti et al., 2017). Therefore, our results do not sug-
gest that maternal age is irrelevant for the outcomes of  MAR, or that 
it should not be considered when making decisions about MAR treat-
ments. Instead, our findings suggest that maternal age is not necessar-
ily associated with a higher incidence of  LBW or preterm deliveries in 
the MAR pregnancies of  women under age 40.

Supplementary data
Supplementary data are available at Human Reproduction online.
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STUDY QUESTION: Is there an association between peak serum estradiol (E2) level during controlled ovarian stimulation (COS) and 
neonatal birthweight in freeze-all cycles?

SUMMARY ANSWER: Peak serum E2 level during ovarian stimulation is not associated with neonatal birthweight in freeze-all cycles.

WHAT IS KNOWN ALREADY: Supraphysiologic E2 levels during COS have been demonstrated to generate a suboptimal peri-im-
plantation endometrial environment and thus lead to adverse neonatal outcomes in fresh embryo transfer cycles. Previous experimental 
studies also suggested a potential influence of  superovulation on oocyte epigenetic programming, but whether it translates into altered 
phenotypes of  fetal growth and development remains unclear in clinical practice. By segmenting the process of  COS and embryo transfer, 
the freeze-all policy provides a novel model to investigate the sole impact of  ovarian stimulation on oocytes after ruling out the effects of  
hyperestrogenic milieu on endometrium in fresh cycles.

STUDY DESIGN, SIZE, DURATION: A retrospective cohort study of  8501 patients who underwent their first COS cycles with a 
freeze-all strategy and delivered live-born singletons in subsequent frozen-thawed embryo transfer cycles from January 2007 to December 
2016 at a tertiary-care academic medical center.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Patients were categorized into six groups according to E2 level on trigger 
day in regular increments of  1000 pg/mL: < 1000, 1000–1999, 2000–2999, 3000–3999, 4000–4999 and ≥5000 pg/mL. Univariable and 
multivariable linear regression and logistic regression analysis were performed to assess the independent association between peak E2 level 
and measures of  neonatal birthweight including absolute birthweight, Z-score, low birthweight (LBW) and small-for-gestational age (SGA).

MAIN RESULTS AND THE ROLE OF CHANCE: The six groups did not differ significantly in birthweight, Z-score or the incidence 
of  LBW and SGA. Compared with the E2 < 1000 pg/mL group, the adjusted mean difference (95% confidence interval [CI]) of  stratified 
higher E2 groups was 17.2 (−31.0–65.5), 12.3 (−35.9–60.5), −4.1 (−51.9–43.7), −0.6 (−48.9–47.8) and −3.6 (−50.0–42.8) g for birth-
weight, and 0 (−0.11–0.10), 0.02 (−0.08–0.12), 0.04 (−0.06–0.14), −0.01 (−0.11–0.10) and −0.04 (−0.14–0.06) for Z-score, respectively. 
Regarding the outcomes of  LBW and SGA, no increased risks were observed in each E2 category, with the adjusted odds ratio (95% CI) 
being 1.21 (0.68–2.16), 1.0 (0.58–1.90), 0.90 (0.50–1.63), 0.93 (0.51–1.69) and 1.08 (0.61–1.90) for LBW, and 0.97 (0.58–1.64), 1.06 
(0.63–1.77), 0.77 (0.46–1.31), 0.71 (0.41–1.22) and 1.00 (0.60–1.65) for SGA, respectively.

LIMITATIONS, REASONS FOR CAUTION: The study was retrospective in design, and other unknown confounding factors may 
not be included for adjustment. Furthermore, the generalization of  the study finding could be limited to some extent by the majority of  
double cleavage-stage embryo transfer and difference in birthweight reference percentiles between Chinese and other populations.
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Introduction
Since the birth of  Louise Brown in the UK in 1978 (Steptoe 
and Edwards, 1978), the use of  IVF technology for infertility 
treatment has increased steadily with more than seven million 
children born worldwide (Adamson et al., 2017). However, 
compared with spontaneously conceived pregnancies, infants 
resulting from IVF, either multiples or singletons, are general-
ly associated with higher risks of  adverse perinatal outcomes 
including lowbirthweight (LBW)and small-for-gestational age 
(SGA) (Qin et al., 2017a, 2017b). The putative mechanisms still 
remain unclear whether these increased risks are attributable to 
intrinsic characteristics of  infertility, the IVF treatment per se, 
or a combination of  both factors (Berntsen et al., 2019).

Controlled ovarian stimulation (COS) is considered to be a 
key determinant in IVF success by recruiting multiple dominant 
follicles and thereby increasing the quantity of  oocytes retrieved 
within a single cycle. However, recent studies have suggested that 
the supraphysiologic estradiol (E2) levels during COS could gen-
erate a suboptimal periimplantation uterine environment, leading 
to abnormal placentation and ultimately adverse neonatal out-
comes such as preeclampsia, LBW and SGA (Farhi et al., 2010; 
Imudia et al., 2012; Pereira et al., 2015; Liu et al., 2017; Pereira et 
al., 2017). In addition to the influence on endometrium, super-
ovulation has also been reported to affect epigenetic program-
ming of  oocytes including global and imprinted DNA methylation, 
histone post-translational modifications and epigenetic modifiers 
(Horsthemke and Ludwig, 2005; Sato et al., 2007; Khoueiry et al., 
2008; Jiang et al., 2017; Market-Velker et al., 2010; Ventura-Junca 
et al., 2015; Marshall and Rivera, 2018), which may further con-
tribute to changed phenotypes of  fetal growth and development 
(Young et al., 2001; Christians et al., 2017).

By segmenting the process of  COS and embryo transfer, 
cryopreservation of  all viable embryos, namely the freeze-all 
strategy, provides a novel model to investigate the sole impact 
of  ovarian stimulation on oocytes after ruling out the influences 
of  hyperestrogenic milieu on endometrium in fresh IVF cycles. 
The aim of  the present study was to evaluate the association 
between peak serum E2 level during COS and singleton birth-
weight in freeze-all cycles.

Materials and Methods
Study design and participants
This was a retrospective cohort study conducted at the De-
partment of  Assisted Reproduction of  Shanghai Ninth People’s 
Hospital aff iliated with Shanghai Jiao Tong University School of  
Medicine. The study protocol was approved by the hospital’s 
Ethics Committee (Institutional Review Board). Patients who 
underwent their f irst IVF/ICSI cycles with a freeze-all strategy 
and delivered live-born singletons in subsequent frozen-thawed 
embryo transfer (FET) cycles were enrolled from January 2007 

to December 2016. A live birth was defined as a birth exhib-
iting life signs with ≥24 gestational weeks (Smith et al., 2015). 
Patients were excluded from the study if  they met any of  the 
following criteria: (i) moderate and severe ovarian hyperstimu-
lation syndrome (OHSS) during COS; (ii) pregnancy complica-
tions including gestational diabetes mellitus, hypertensive disor-
ders and thyroid diseases; (iii) vanishing twin syndrome, defined 
as a fetus with positive heart activity plus one or more gesta-
tional sacs or fetus without heartbeat (Magnus et al., 2017); 
(iv) multifetal pregnancy reduction; (v) lost to follow-up or core 
data missing in our electronic database (e.g. E2 level on the day 
of  trigger). In cases of  more than one delivery from the same 
patient during the study period, only the first live birth was in-
cluded for analysis.

Clinical treatment, laboratory protocols 
and newborn follow-up
All patients received one of  the four COS protocols as previous-
ly described (Chen et al., 2015; Kuang et al., 2015; Wang et al., 
2018): gonadotropin-releasing hormone (GnRH)-agonist short, 
GnRHantagonist, mild stimulation and progestin-primed ovarian 
stimulation (PPOS). When at least three follicles reached the di-
ameter of  18 mm or one dominant follicle reached 20 mm, final 
oocyte maturation was triggered with 5000 IU human chorionic 
gonadotropin (hCG) (Lizhu Pharmaceutical Trading Co., China) 
for the GnRHagonist short regimen, while 0.1–0.2 mg triptore-
lin (Decapeptyl, Ferring Pharmaceuticals, Germany) alone or 
combined with 1000–5000 IU hCG was applied for the other 
three protocols. Serum E2 concentrations were measured using 
chemiluminescence (Abbott Biologicals B.V., the Netherlands), 
with the intra- and inter-assay variation coefficients of  6.3 and 
6.4%, respectively. The analytical sensitivity was 10 pg/mL, and 
the upper limit for measurement was 5000 pg/mL. If  higher, the 
E2 levels were recorded as 5000 pg/mL without repeating the 
assay after sample dilution.

Oocyte retrieval was scheduled at 34–36 h after trigger. The 
aspirated oocytes were fertilized by IVF and/or ICSI based on 
the semen parameters. Notably, before 2013, the zygotes were 
transferred and cultured in Early Cleavage Medium (ECM; Irvine 
Scientif ic, USA) until Day 3, and in MultiBlast Medium (MBM; 
Irvine Scientif ic, USA) thereafter. Since 2013, all embryos were 
cultured in the Continuous Single Culture (CSC; Irvine Scien-
tif ic, USA) throughout the entire developmental stage. Among 
Day 3 embryos graded by the Cummins’s criteria (Cummins et 
al., 1986), top-quality embryos (Grades I and II) were select-
ed for vitrif ication while suboptimal embryos (Grades III and 
IV) were subjected to extended culture. Morphologically good 
blastocysts (grade≥3 BC) according to the Gardner and School-
craft scoring system (Gardner and Schoolcraft, 1999) were then 
vitrif ied on Day 5 or 6. The vitrif ication and thawing procedures 
were the same as those shown elsewhere (Kuang et al., 2015).

WIDER IMPLICATIONS OF THE FINDINGS: Our observations suggest that the hyperestrogenic milieu during COS does not 
seem to pose adverse effects on neonatal birthweight after frozen-thawed embryo transfer, which provides reassuring information for high 
ovarian responders in freeze-all cycles concerning their offspring’s health.

STUDY FUNDING/COMPETING INTEREST(S): This study was funded by the National Key Research and Development Program of  
China (SQ2018YFC100163) and National Natural Science Foundation of China (81571397, 81771533). The authors declare no conflict of interest.
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As previously presented (Kuang et al., 2015), endometrial prepa-
ration for FET was performed in modified natural cycle, stimulated 
cycle or artificial cycle, for women with regular menstruation, irreg-
ular menstruation or a history of  thin endometrium, respectively.Up 
to two embryos were transferred in each FET cycle. Luteal support 
continued to 10 weeks of  gestation once a pregnancy was achieved.

Through telephone surveys with standardized questionnaire, 
information was gathered from couples by specially trained 
nurses at our department during each stage of  pregnancy. 
These include a wide range of  pregnancy complications, birth 
date and locality, mode of  delivery, newborn gender, gestation-
al age and birthweight as well as neonatal diseases. For failed 
attempts to contact the couples, the local family planning ser-
vice agencies were further reached for data collection. Details 
of  the follow-up system have been demonstrated in our prior 
publications (Chen et al., 2015).

Outcome measures
The main outcomes of  the study were measures of  birthweight in-
cluding absolute birthweight, Z-score, LBW and SGA. Based on a set 
of  general population reference values for Chinese singletons (Dai 
et al., 2014), Z-score was adopted for the standardization of  birth-
weight after adjusting for gestational weeks and neonatal sex. LBW 
was defined as birthweight < 2500 g, while infants with birthweight 
< 10th percentile of  the Chinese singleton population were catego-
rized as SGA. Preterm birth (PTB) was defined as delivery before 37 
weeks of  gestation.

Statistical analysis
Patients were categorized into six groups according to the E2 lev-
els on trigger day in regular increments of  1000 pg/mL: < 1000, 
1000–1999, 2000–2999, 3000–3999, 4000–4999 and ≥5000 pg/
mL. For continuous variables, the normality was tested by the 
Shapiro–Wilk test as well as visual inspection of  histograms and 
Q–Q plots. Data were presented as mean with standard devia-
tion, and differences among groups were compared by one-way 
analysis of  variance or Kruskal–Wallis test. Categorical variables 
were described as number with percentage and compared by chi-
square test or Fisher’s exact test, as appropriate.

Linear regression analysis was performed to assess the asso-
ciation between E2 level and birthweight/Z-score, whereas lo-
gistic regression analysis was used to evaluate the effect on the 
incidence of  LBW/SGA. The same set of  potential confound-
ers was introduced into the regression models for adjustment 
by the enter method, whether or not statistical differences 
between groups were observed. These included maternal age 
(continuous), maternal body mass index (BMI) (continuous), 
gravidity (0 or ≥1), parity (0 or ≥1), infertility duration (con-
tinuous), infertility diagnosis (tubal factor, male factor, other, 
unexplained or combined), embryo culture media (ECM+MBM 
or CSC), basal follicle-stimulating hormone (continuous), bas-
al luteinizing hormone (continuous), total antral follicle count 
(AFC) (continuous), ovarian stimulation protocol (GnRH-an-
tagonist, GnRH-agonist short, mild stimulation or PPOS), du-
ration of  stimulation (continuous), total human menopausal 
gonadotropin (hMG) dose (continuous), sperm origin (ejacu-
lated, testicular or epididymal), fertilization method (IVF, ICSI 
or IVF+ICSI), previous FET attempts (0, 1–2 or ≥3), FET en-
dometrial preparation (modified natural cycle, artif icial cycle or 
stimulated cycle), endometrial thickness (continuous), duration 
of  embryo cryopreservation (continuous), number of  embry-
os transferred (single or double) and embryo stage at transfer 

(cleavage or blastocyst). Using the E2 < 1000 pg/mL group as 
reference, crude and adjusted mean difference (MD) of  birth-
weight/Z-score and odds ratio (OR) of  LBW/SGA were fur-
ther calculated for other categories.

Statistical analysis was performed with the Statistical Package 
for the Social Sciences (version 20.0; SPSS Inc., USA). All P < 0.05 
on twosided tests was considered to be statistically significant.

Results
The flowchart of  the study design and participant selection is dis-
played in Figure 1. Overall, 8501 singleton live births from first 
freeze-all IVF/ICSI cycles were included. The number of  patients 
with a peak serum E2 level of  < 1000, 1000–1999, 2000–2999, 
3000–3999, 4000–4999 and ≥5000 pg/mL was 593 (7.0%), 1063 
(12.5%), 1268 (14.9%), 1472 (17.3%), 1486 (17.5%) and 2619 
(30.8%), respectively.

Table I demonstrates the baseline demographics and cycle char-
acteristics of  the study cohort. Briefly, the mean maternal age and 
BMI was 30.9 ± 4.0 years and 21.48 ± 2.95 kg/m2, respectively. 
These patients, who had a mean AFC of  12.8 ± 6.6, underwent 
the PPOS protocol for ovarian stimulation in 62.3% of  cycles, with 
a mean duration of  8.8 ± 2.2 days and total hMG dose of  1753.0 
± 602.7 IU. The mean E2 level on the day of  trigger was 3546.2 
± 1460.5 pg/mL, with the mean number of  retrieved oocytes and 
viable embryos being 12.6 ± 7.7 and 5.2 ± 3.0, respectively.Of  all 
singleton live births, 70.2% were achieved in the first FET cycle. The 
majority of  patients underwent double-(82.8%) and cleavage-stage 
(84.9%) embryo transfer.

Neonatal outcomes categorized by E2 level on trigger day are 
shown in Table II. In total, 72.1% were born through Cesarean 
section and 52.2% were male. The mean birthweight was 3364.7 
± 476.2 g, and the mean Z-score was 0.39 ± 1.03. The propor-
tions of  PTB, LBW and SGA were 5.2, 3.0 and 4.0%, respectively. 
Comparison among the six groups did not reveal any statistically 
significant differences in gestational age, birthweight and Z-score 
(P = 0.144, 0.765 and 0.365, respectively). With regard to adverse 
neonatal outcomes, these groups were also similar in the rates of  
PTB, LBWand SGA (P = 0.715, 0.802 and 0.314, respectively).

Specifically, compared with the E2 < 1000 pg/mL group, higher 
peak serum E2 levels were not significantly associated with lower 
birthweight, with the adjusted MD (95% confidence interval [CI]) 
of  17.2 (−31.0–65.5), 12.3 (−35.9–60.5), −4.1 (−51.9–43.7), 
−0.6 (−48.9–47.8) and −3.6 (−50.0–42.8) g, for E2 levels of  
1000–1999, 2000–2999, 3000–3999, 4000–4999 and ≥5000 pg/
mL, respectively (Fig. 2A). Similarly, the adjusted MD of  Z-score 
did not show significant decrease with a range from −0.01 to 0.04 
(Fig. 2B). For the outcomes of  LBW and SGA, no increased risks 
were observed in each E2 increment of  1000 pg/mL, with the 
adjusted OR (95% CI) being 1.21 (0.68–2.16), 1.05 (0.58–1.90), 
0.90 (0.50–1.63), 0.93 (0.51–1.69) and 1.08 (0.61–1.90) for LB-
W(Fig. 2C), and 0.97 (0.58–1.64), 1.06 (0.63–1.77), 0.77 (0.46–
1.31), 0.71 (0.41–1.22) and 1.00 (0.60–1.65) for SGA (Fig. 2D), 
respectively. The non-significant associations between peak E2 
levels and measures of  birthweight were maintained when using 
the E2 ≥5000 pg/mL group as reference (Supplementary Fig. S1).

Subgroup analyses for different ovarian stimulation regimens, 
endometrial preparation protocols, embryo culture media, devel-
opmental stage and transfer number were demonstrated in Sup-
plementary Table SI and Supplementary Table SII. Throughout the 
five subanalyses, no statistical significances were found in adjusted 
MDs of  birthweight and Z-score, or adjusted ORs of  LBW and 
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Figure 1 Flow chart of the study. FET, frozen-thawed embryo transfer; OHSS, ovarian hyperstimulation syndrome.

1.08 (0.61–1.90) for LBW (Fig. 2C), and 0.97 (0.58–1.64), 1.06 (0.63–
1.77), 0.77 (0.46–1.31), 0.71 (0.41–1.22) and 1.00 (0.60–1.65) for SGA
(Fig. 2D), respectively. The non-significant associations between peak
E2 levels and measures of birthweight were maintained when using the
E2 ≥ 5000 pg/mL group as reference (Supplementary Fig. S1).
Subgroup analyses for different ovarian stimulation regimens,

endometrial preparation protocols, embryo culture media, devel-
opmental stage and transfer number were demonstrated in Sup-
plementary Table SI and Supplementary Table SII. Throughout the
five subanalyses, no statistical significances were found in adjusted
MDs of birthweight and Z-score, or adjusted ORs of LBW and
SGA for categories of higher peak E2 levels compared with the
E2 < 1000 pg/mL group.
Multiple linear regression analysis of possible determinants for Z-

score was detailed in Supplementary Table SIII. Maternal BMI was
found to the largest independent influencing factor, as reflected by the
value of standardized coefficients (β = 0.144, t= 12.858, P< 0.001).

Discussion
The results of this retrospective cohort study showed that peak
serum E2 level during ovarian stimulation was not related to neonatal
birthweight andZ-score in freeze-all cycles. Additionally, no association
was found between higher E2 level and increased risks of LBW and
SGA. Our observations suggest that the hyperestrogenic milieu during
COS does not seem to pose adverse effects on birthweight of offspring
after FET.
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A growing body of evidence has shown that supraphysiologic E2 level
during COS could lead to reduced endometrial and subendometrial
blood flow (Ng et al., 2004), advancement of endometrial matura-
tion (Kolibianakis et al., 2002) and disrupted gene expression profile
in endometrial receptivity (Haouzi et al., 2009). These detrimental
effects not only impair early embryo adhesion and implantation (Arslan
et al., 2007) but also extend into placentation and subsequent fetal
growth (Farhi et al., 2010; Imudia et al., 2012; Pereira et al., 2015; Liu
et al., 2017; Pereira et al., 2017). For example, using a cutoff value
of 3450 pg/mL, Imudia et al. (2012) found that patients with higher
peak serum E2 levels were 9.4 and 4.8 times more likely to deliver
SGA infants and develop preeclampsia, respectively. By retrospectively
analyzing 4071 singleton live births in fresh IVF cycles, Pereira et al.
(2017) confirmed that E2 > 2500 pg/mLwas an independent predictor
for term LBW with 6.1–7.9 times higher odds. On the contrary, our
study demonstrated no association between peak E2 level during COS
and adverse neonatal outcomes in freeze-all cycles, suggesting that the
pathogenesis of intrauterine high E2 exposure could be successfully
avoided by FET. This is also in line with the lower risks of PTB, LBW
and SGAwhen comparing children conceived from FET and those from
fresh embryo transfer (Alviggi et al., 2018).
Another hypothesis linking COS and less favorable perinatal out-

comes is based on its potential influence on the oocytes and ulti-
mately the embryos (Horsthemke and Ludwig, 2005; Sato et al., 2007;
Khoueiry et al., 2008; Market-Velker et al., 2010; Ventura-Junca et al.,
2015; Jiang et al., 2017; Marshall and Rivera, 2018). In this regard,
both FET and oocyte donation cycles are applicable models as the
endometrial environment is in a physiologic status compared with fresh
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SGA for categories of  higher peak E2 levels compared with the E2 
< 1000 pg/mL group.

Multiple linear regression analysis of  possible determinants for 
Zscore was detailed in Supplementary Table SIII. Maternal BMI 
was found to the largest independent influencing factor, as re-
flected by the value of  standardized coefficients (β = 0.144, t = 
12.858, P < 0.001).

Discussion
The results of  this retrospective cohort study showed that peak se-
rum E2 level during ovarian stimulation was not related to neonatal 
birthweight and Z-score in freeze-all cycles. Additionally, no associa-
tion was found between higher E2 level and increased risks of  LBW 
and SGA. Our observations suggest that the hyperestrogenic milieu 
during COS does not seem to pose adverse effects on birthweight 
of  offspring after FET.

A growing body of  evidence has shown that supraphysiologic E2 
level during COS could lead to reduced endometrial and subendo-
metrial blood flow (Ng et al., 2004), advancement of  endometrial 
maturation (Kolibianakis et al., 2002) and disrupted gene expression 
profile in endometrial receptivity (Haouzi et al., 2009). These detri-
mental effects not only impair early embryo adhesion and implanta-
tion (Arslan et al., 2007) but also extend into placentation and sub-
sequent fetal growth (Farhi et al., 2010; Imudia et al., 2012; Pereira 
et al., 2015; Liu et al., 2017; Pereira et al., 2017). For example, using 
a cutoff value of  3450 pg/mL, Imudia et al. (2012) found that pa-
tients with higher peak serum E2 levels were 9.4 and 4.8 times more 
likely to deliver SGA infants and develop preeclampsia, respectively. 
By retrospectively analyzing 4071 singleton live births in fresh IVF 
cycles, Pereira et al. (2017) confirmed that E2 > 2500 pg/mL was 

an independent predictor for term LBW with 6.1–7.9 times high-
er odds. On the contrary, our study demonstrated no association 
between peak E2 level during COS and adverse neonatal outcomes 
in freeze-all cycles, suggesting that the pathogenesis of  intrauterine 
high E2 exposure could be successfully avoided by FET. This is also 
in line with the lower risks of  PTB, LBW and SGA when comparing 
children conceived fromFET and those from fresh embryo transfer 
(Alviggi et al., 2018).

Another hypothesis linking COS and less favorable perinatal out-
comes is based on its potential influence on the oocytes and ultimately 
the embryos (Horsthemke and Ludwig, 2005; Sato et al., 2007; Khoue-
iry et al., 2008; Market-Velker et al., 2010; Ventura-Junca et al., 2015; 
Jiang et al., 2017; Marshall and Rivera, 2018). In this regard, both FET 
and oocyte donation cycles are applicable models as the endometrial 
environment is in a physiologic status compared with fresh autolo-
gous cycles. In 2015, Baker et al. (2015) first reported that the degree 
of  ovarian stimulation in donors, as represented by the number of  
retrieved oocytes, was not related with the birthweight of  neonates 
conceived by recipients. However, this finding was challenged by two 
very recent studies on FET cycles (Cai et al., 2019; Zhang et al., 2019). 
In the retrospective cohort study of  2066 patients, (Cai et al., 2019) 
showed that peak E2 levels during COS were negatively correlated 
with singleton birthweight in a dose-dependent manner, and patients 
with E2 > 3000 pg/mL had a nearly 2.5-fold increase in the incidence 
of  term SGA and LBW. With a smaller sample size of  431 patients, 
Zhang et al. (2019) demonstrated that every 100-pg/mL increase in 
peak E2 concentration could lead to a slight but significant decrease in 
term singleton birthweight by 5.0 g, while outcomes regarding LBW 
and SGA remained unavailable.

The contradictory results between the aforementioned FET 
studies and ours could be largely attributed to the underlying bias 
of  included FET cycles. In both studies, the main indication for 
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autologous cycles. In 2015, Baker et al. (2015) first reported that the
degree of ovarian stimulation in donors, as represented by the number
of retrieved oocytes, was not related with the birthweight of neonates
conceived by recipients. However, this finding was challenged by two
very recent studies on FET cycles (Cai et al., 2019; Zhang et al., 2019).
In the retrospective cohort study of 2066 patients, (Cai et al., 2019)
showed that peak E2 levels during COS were negatively correlated
with singleton birthweight in a dose-dependent manner, and patients
with E2 > 3000 pg/mL had a nearly 2.5-fold increase in the incidence
of term SGA and LBW. With a smaller sample size of 431 patients,
Zhang et al. (2019) demonstrated that every 100-pg/mL increase in
peak E2 concentration could lead to a slight but significant decrease in
term singleton birthweight by 5.0 g, while outcomes regarding LBW
and SGA remained unavailable.
The contradictory results between the aforementioned FET studies

and ours could be largely attributed to the underlying bias of included
FET cycles. In both studies, the main indication for FET was failed fresh
embryo transfer and OHSS risk, which implies that patients analyzed
were generally with worse prognosis in reproductive outcomes (Luke
et al., 2010; Yang et al., 2015). Moreover, high-quality embryos are
preferentially transferred in fresh IVF cycles to maximize the one-time
pregnancy chance, while embryos of lower quality and fetal growth
potential are left for subsequent FET cycles, thus leading to a substantial
selection bias in clinical practice. Instead, a non-elective freeze-all strat-
egy has been implemented at our center since 2007, and all included
patients in the study were from first IVF/ICSI cycles without repeated
COS. Secondly, gestational complications, representative of diabetes
mellitus and hypertensive disorders, were not reported or severely
underreported (<0.5%) in previous studies (Cai et al., 2019; Zhang
et al., 2019). Given their great influences on neonatal outcomes (Xiong
et al., 2002; Kc et al., 2015), we consider that these results deserve
further scrutiny and investigation due to this unignorable drawback.
It is postulated that superovulation could induce epigenetic alter-

ations in oocytes and cause changes in fetal growth patterns as a
consequence (Young et al., 2001; Horsthemke and Ludwig, 2005;
Sato et al., 2007; Khoueiry et al., 2008; Market-Velker et al., 2010;
Ventura-Junca et al., 2015; Christians et al., 2017; Jiang et al., 2017;
Marshall and Rivera, 2018). Much work has been carried out over the
last two decades but provided conflicting reports (Marshall and Rivera,
2018). For example, in both human and murine oocytes/embryos,
hormonal stimulation was observed to result in a loss of maternally
inherited imprinted DNAmethylation and a gain of methylation on the
paternal allele of imprinted differentially methylated regions (DMRs)
(Sato et al., 2007; Khoueiry et al., 2008; Market-Velker et al., 2010).
Nevertheless, other studies showed no change in levels of DMR
methylation at specific loci such as Peg3, Kcnq1ot1, Snrpn and H19
(Anckaert et al., 2009; Denomme et al., 2011; Fortier et al., 2014).
Contradictory results were also found in global DNA methylation sta-
tus, histone acetylation abundance and epigenetic modifier expression
(Marshall and Rivera, 2018). More importantly, assisted reproduction
procedures are cumulatively composed of ovarian stimulation scheme,
fertilization method and embryo culture, manipulation and transfer,
all of which could be responsible for disruptions in epigenetic repro-
gramming (Horsthemke and Ludwig, 2005; Ventura-Junca et al., 2015;
Jiang et al., 2017; Berntsen et al., 2019). While many studies reported
retarded placentation and adverse fetal outcomes after superovulation
in mouse models, it is still unclear which specific procedure contributes
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FET was failed fresh embryo transfer and OHSS risk, which im-
plies that patients analyzed were generally with worse prognosis 
in reproductive outcomes (Luke et al., 2010; Yang et al., 2015). 
Moreover, high-quality embryos are preferentially transferred 
in fresh IVF cycles to maximize the one-time pregnancy chance, 
while embryos of  lower quality and fetal growth potential are left 
for subsequent FET cycles, thus leading to a substantial selection 
bias in clinical practice. Instead, a non-elective freeze-all strategy 
has been implemented at our center since 2007, and all includ-
ed patients in the study were from first IVF/ICSI cycles without 
repeated COS. Secondly, gestational complications, representa-
tive of  diabetes mellitus and hypertensive disorders, were not 
reported or severely underreported ( < 0.5%) in previous studies 
(Cai et al., 2019; Zhang et al., 2019). Given their great influences 
on neonatal outcomes (Xiong et al., 2002; Kc et al., 2015), we 
consider that these results deserve further scrutiny and investiga-
tion due to this unignorable drawback.

It is postulated that superovulation could induce epigenetic al-
terations in oocytes and cause changes in fetal growth patterns 
as a consequence (Young et al., 2001; Horsthemke and Ludwig, 
2005; Sato et al., 2007; Khoueiry et al., 2008; Market-Velker et 
al., 2010; Ventura-Junca et al., 2015; Christians et al., 2017; Jiang 
et al., 2017; Marshall and Rivera, 2018). Much work has been 
carried out over the last two decades but provided conflicting 
reports (Marshall and Rivera, 2018). For example, in both hu-
man and murine oocytes/embryos, hormonal stimulation was 
observed to result in a loss of  maternally inherited imprinted 
DNA methylation and a gain of  methylation on the paternal al-
lele of  imprinted differentially methylated regions (DMRs) (Sato 
et al., 2007; Khoueiry et al., 2008; Market-Velker et al., 2010). 
Nevertheless, other studies showed no change in levels of  DMR 
methylation at specific loci such as Peg3, Kcnq1ot1, Snrpn and 
H19 (Anckaert et al., 2009; Denomme et al., 2011; Fortier et 
al., 2014). Contradictory results were also found in global DNA 
methylation status, histone acetylation abundance and epigenetic 
modifier expression (Marshall and Rivera, 2018). More impor-
tantly, assisted reproduction procedures are cumulatively com-
posed of  ovarian stimulation scheme, fertilization method and 
embryo culture, manipulation and transfer, all of  which could be 
responsible for disruptions in epigenetic reprogramming (Horst-
hemke and Ludwig, 2005; Ventura-Junca et al., 2015; Jiang et al., 
2017; Berntsen et al., 2019). While many studies reported re-
tarded placentation and adverse fetal outcomes after superovula-
tion in mouse models, it is still unclear which specific procedure 
contributes to these abnormalities. In fact, a recent study by de 
Waal et al. (2015) demonstrated that there were no drastic epi-
genetic changes in placental tissues after embryo transfer with 
or without superovulation, indicating a more profound impact 
of  other steps beyond hormonal stimulation. Therefore, further 
studies are warranted to clarify whether supraphysiologic E2 lev-
els during COS associates with oocyte epigenetic perturbations, 
and whether this association translates into the neonatal birth-
weight independent of  other procedures.

In the present study, no significant differences were found in 
birthweight measures between transfer of  cleavage- and blasto-
cyststage embryos that were cultured extendedly from subop-
timal Day 3 embryos. This result is contradictory to the higher 
proportion of  SGA deliveries after cleavage-stage compared with 
blastocyst-stage transfer in fresh cycles, but remains consistent 
with the pooled data from FET cycles (Alviggi et al., 2018). In 
addition, multiple regression analyses failed to demonstrate po-
tential effects of  embryo culture media on neonatal outcomes as 
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Figure 2 Changes of birthweight measures in higher estradiol (E2) categories using the E2 < 1000 pg/mL group as reference.
(A, B) Crude and adjusted mean difference (MD) for birthweight and Z-score. (C, D) Crude and adjusted odds ratio (OR) for low birthweight and
small-for-gestational age. CI, confidence interval.

to these abnormalities. In fact, a recent study by de Waal et al.
(2015) demonstrated that there were no drastic epigenetic changes in
placental tissues after embryo transfer with or without superovulation,
indicating a more profound impact of other steps beyond hormonal
stimulation. Therefore, further studies are warranted to clarify whether
supraphysiologic E2 levels during COS associates with oocyte epige-
netic perturbations, and whether this association translates into the
neonatal birthweight independent of other procedures.
In the present study, no significant differences were found in

birthweight measures between transfer of cleavage- and blastocyst-
stage embryos that were cultured extendedly from suboptimal Day 3
embryos. This result is contradictory to the higher proportion of SGA
deliveries after cleavage-stage compared with blastocyst-stage transfer
in fresh cycles, but remains consistent with the pooled data from FET
cycles (Alviggi et al., 2018). In addition, multiple regression analyses
failed to demonstrate potential effects of embryo culture media on
neonatal outcomes as evidenced by previous research (Zandstra et al.,
2015; Kleijkers et al., 2016). However, this should be interpreted with
caution as different culture media were used over consecutive periods
of time, which makes it difficult to correct for time-associated changes
in treatment protocols as well as population characteristics and thus
may introduce bias (Zandstra et al., 2015). Also, our study was limited
to the comparison between ECM+MBM and CSC and should not be
extrapolated to other culture media types. Well-designed randomized
controlled trials are still needed to confirm the finding in the future.
The main strength of the study is the large sample size of over

8500 live-born singletons within a single center. To optimize the quality
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of data, we meticulously applied a set of strict exclusion criteria
such as vanishing twin syndrome, multifetal pregnancy reduction and
pregnancy-related disorders. Only the first IVF/ICSI freeze-all cycles
were included for analysis, thus eliminating the possible confounders
from repeated COS cycles and selection bias underlying the choice of
FET. Furthermore, the robustness of our conclusion was reinforced
with multivariable regression analysis and subgroup analysis to account
for a wide variety of potential confounding variables.
Despite these strengths, there are also some limitations that should

be acknowledged. First, the study was retrospective in design and
other unknown or unavailable confounders were not included in the
regression model such as maternal dietary intake during pregnancy
(Crume et al., 2016). Secondly, considering the relatively small number
of missing data and high proportion of neonatal parameters among
missingness, complete case analysis was applied in the present study
to deal with missing observations. This method, though most widely
used, may yield bias of the results if data are not missing completely
at random (Pedersen et al., 2017; Papageorgiou et al., 2018). It could
also result in loss of data and thus affect the statistical power and
precision of the estimates (Pedersen et al., 2017; Papageorgiou et al.,
2018). Thirdly, the upper limit of E2 measurement is 5000 pg/mL in our
laboratory and therefore, we were unable to analyze it as a continuous
variable. Analysis by quintiles of peak E2 levels was also unavailable
because more than 30% of cases were recorded as 5000 pg/mL in
this dataset. While stratification in regular increments of 1000 pg/mL
reflects the real-world E2 distribution in freeze-all cycles, unequal
sample sizes among groups may lead to a general loss of statistical
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evidenced by previous research (Zandstra et al., 2015; Kleijkers 
et al., 2016). However, this should be interpreted with caution 
as different culture media were used over consecutive periods 
of  time, which makes it difficult to correct for time-associated 
changes in treatment protocols as well as population character-
istics and thus may introduce bias (Zandstra et al., 2015). Also, 
our study was limited to the comparison between ECM+MBM 
and CSC and should not be extrapolated to other culture media 
types.Well-designed randomized controlled trials are still needed 
to confirm the finding in the future.

The main strength of  the study is the large sample size of  over 
8500 live-born singletons within a single center. To optimize the 
quality of  data, we meticulously applied a set of  strict exclusion 
criteria such as vanishing twin syndrome, multifetal pregnancy re-
duction and pregnancy-related disorders. Only the first IVF/ICSI 
freeze-all cycles were included for analysis, thus eliminating the 
possible confounders from repeated COS cycles and selection 
bias underlying the choice of  FET. Furthermore, the robustness 
of  our conclusion was reinforced with multivariable regression 
analysis and subgroup analysis to account for a wide variety of  
potential confounding variables.

Despite these strengths, there are also some limitations that 
should be acknowledged. First, the study was retrospective in 
design and other unknown or unavailable confounders were not 
included in the regression model such as maternal dietary intake 
during pregnancy (Crume et al., 2016). Secondly, considering the 
relatively small number of  missing data and high proportion of  
neonatal parameters among missingness, complete case analysis 
was applied in the present study to deal with missing observa-
tions. This method, though most widely used, may yield bias of  
the results if  data are not missing completely at random (Peder-

sen et al., 2017; Papageorgiou et al., 2018). It could also result in 
loss of  data and thus affect the statistical power and precision of  
the estimates (Pedersen et al., 2017; Papageorgiou et al., 2018). 
Thirdly, the upper limit of  E2 measurement is 5000 pg/mL in our 
laboratory and therefore, we were unable to analyze it as a con-
tinuous variable. Analysis by quintiles of  peak E2 levels was also 
unavailable because more than 30% of  cases were recorded as 
5000 pg/mL in this dataset. While stratification in regular incre-
ments of  1000 pg/mL reflects the real-world E2 distribution in 
freeze-all cycles, unequal sample sizes among groups may lead 
to a general loss of  statistical power and also issues with con-
founding variables (Rusticus and Lovato, 2014). Finally, the gen-
eralization of  the study finding could be limited to some extent by 
the vast majority of  double cleavage-stage embryo transfer and 
difference in birthweight reference percentiles between Chinese 
and other populations (Dai et al., 2014). Since cycles with mod-
erate and severe OHSS were excluded for analysis, additional 
studies are also warranted to investigate the neonatal outcomes 
in these specific patients with very high E2 levels during COS.

Conclusion
In summary, we did not detect an association between peak se-
rum E2 level during ovarian stimulation and neonatal birthweight in 
freezeall cycles, suggesting that the hyperestrogenic milieu does not 
seem to pose adverse effects on oocyte quality. This novel finding 
provides reassuring information not only for patients with high ovar-
ian response but also for clinicians in a dilemma when choosing the 
appropriate COS protocol.
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Supplementary data
Supplementary data are available at Human Reproduction online.

Acknowledgements
The authors would like to express sincere gratitude to Dr Hengye 
Huang and Dr Sicheng Wu, Shanghai Jiao Tong University School of  
Medicine, for their support in data management and statistical analysis.

Authors’ roles
J.H., R.C. and Y.K. contributed to the conception and design of  
the study. J.H., X.L., J.L., Q.C., H.G. and Q.L. were responsible for 
the data collection and checking. J.H. and X.L. performed the data 
analysis, interpretation and manuscript drafting. J.L. and Q.C. were 
involved in data visualization. R.C. and Y.K. supervised the project 
administration. All authors read and approved the final manuscript.

Funding
National Key Research and Development Program of  China 
(SQ2018YF C100163); National Natural Science Foundation of  
China (81571397, 81771533).

Conflict of interest
The authors declare no conflict of  interest.

References
Adamson G, Zegers-Hochschild F, Dyer S, Chambers G, Ishihara O, Mansour R, Banker M, de J. International 

Committee for Monitoring Assisted Reproductive Technologies (ICMART) World Report on ART, 2014 
and The International Glossary on Infertility and Fertility Care, 2017. ICMART World Report 2017;2014.

Alviggi C, Conforti A, Carbone IF, Borrelli R, de G, Guerriero S. Influence of  cryopreservation on 
perinatal outcome after blastocystvs cleavage-stage embryo transfer: systematic review and meta-
analysis. Ultrasound Obstet Gynecol 2018;51:54–63.

Anckaert E, Adriaenssens T, Romero S, Dremier S, Smitz J. Unaltered imprinting establishment of  key 
imprinted genes in mouse oocytes after in vitro follicle culture under variable follicle-stimulating 
hormone exposure. Int J Dev Biol 2009;53:541–548.

Arslan M, Bocca S, Arslan EO, Duran HE, Stadtmauer L, Oehninger S. Cumulative exposure to high 
estradiol levels during the follicular phase of  IVF cycles negatively affects implantation. J Assist Re-
prod Genet 2007;24:111–117.

Baker VL, Brown MB, Luke B, Conrad KP. Association of  number of  retrieved oocytes with live birth rate 
and birth weight: an analysis of  231,815 cycles of  in vitro fertilization. Fertil Steril 2015;103:931–938.

Berntsen S, Soderstrom-Anttila V, Wennerholm UB, Laivuori H, Loft A, Oldereid NB, Romundstad 
LB, Bergh C, Pinborg A. The health of  children conceived by ART: ‘the chicken or the egg?’. Hum 
Reprod Update 2019;25:137–158.

Cai J, Liu L, Xu Y, Liu Z, Jiang X, Li P, Sha A, Ren J. Supraphysiological estradiol level in ovarian stim-
ulation cycles affects the birthweight of  neonates conceived through subsequent frozen-thawed 
cycles: a retrospective study. BJOG 2019;126:711–718.

Chen H,Wang Y, Lyu Q, Ai A, Fu Y, Tian H, Cai R, Hong Q, Chen Q, Shoham Z et al. Comparison of  
live-birth defects after luteal-phase ovarian stimulation vs. conventional ovarian stimulation for in 
vitro fertilization and vitrified embryo transfer cycles. Fertil Steril 2015;103:1194–1201.

Christians JK, Leavey K, Cox BJ. Associations between imprinted gene expression in the placenta, 
human fetal growth and preeclampsia. Biol Lett 2017;13.

Crume TL, Brinton JT, Shapiro A, Kaar J, Glueck DH, Siega-Riz AM, Dabelea D. Maternal dietary intake 
during pregnancy and offspring body composition: the Healthy Start Study. Am J Obstet Gynecol 
2016;215:e601–e609.

Cummins JM, Breen TM, Harrison KL, ShawJM, Wilson LM, Hennessey JF. A formula for scoring human 
embryo growth rates in in vitro fertilization: its value in predicting pregnancy and in comparison with 
visual estimates of  embryo quality. J In vitro Fert Embryo Transf 1986;3:284–295.

Dai L, Deng C, Li Y, Zhu J, Mu Y, Deng Y, Mao M,Wang Y, Li Q, Ma S et al. Birth weight reference 
percentiles for Chinese. PLoS One 2014;9:e104779.

de Waal E, Vrooman LA, Fischer E, Ord T, Mainigi MA, Coutifaris C, Schultz RM, Bartolomei MS. The 
cumulative effect of  assisted reproduction procedures on placental development and epigenetic 
perturbations in a mouse model. Hum Mol Genet 2015;24:6975–6985.

Denomme MM, Zhang L, Mann MR. Embryonic imprinting perturbations do not originate from super-
ovulation-induced defects in DNA methylation acquisition. Fertil Steril 2011;96:734–738.

Farhi J, Ben-Haroush A, Andrawus N, Pinkas H, Sapir O, Fisch B, Ashkenazi J. High serum oestradiol 
concentrations in IVF cycles increase the risk of  pregnancy complications related to abnormal pla-
centation. Reprod Biomed Online 2010;21:331–337.

Fortier AL, McGraw S, Lopes FL, Niles KM, Landry M, Trasler JM. Modulation of  imprinted gene 
expression following superovulation. Mol Cell Endocrinol 2014;388:51–57.

Gardner DK, Schoolcraft WB. In vitro culture of human blastocyst. In: Jansen R, Mortimer D (eds). Towards 
Reproductive Certainty: Infertility and Genetics Beyond, Vol. 1999. Carnforth: Parthenon Press, 1999, 378–388

Haouzi D, Assou S, Mahmoud K, Tondeur S, Reme T, Hedon B, De Vos J, Hamamah S. Gene expres-
sion profile of  human endometrial receptivity: comparison between natural and stimulated cycles 
for the same patients. Hum Reprod 2009;24:1436–1445.

Horsthemke B, Ludwig M. Assisted reproduction: the epigenetic perspective. Hum Reprod Update 
2005;11:473–482.

Imudia AN, Awonuga AO, Doyle JO, Kaimal AJ, Wright DL, Toth TL, Styer AK. Peak serum estradiol level 
during controlled ovarian hyperstimulation is associated with increased risk of  small for gestational age 
and preeclampsia in singleton pregnancies after in vitro fertilization. Fertil Steril 2012;97:1374–1379.

Jiang Z,Wang Y, Lin J, Xu J, Ding G, Huang H. Genetic and epigenetic risks of  assisted reproduction. 
Best Pract Res Clin Obstet Gynaecol 2017;44:90–104.

Kc K, Shakya S, Zhang H. Gestational diabetes mellitus and macrosomia: a literature review. Ann Nutr 
Metab 2015;66:14–20.

Khoueiry R, Ibala-Rhomdane S, Mery L, Blachere T, Guerin JF, Lornage J, Lefevre A. Dynamic CpG meth-
ylation of the KCNQ1OT1 gene during maturation of human oocytes. J Med Genet 2008;45:583–588.

Kleijkers SH, Mantikou E, Slappendel E, Consten D, van Echten-Arends J,Wetzels AM, vanWely M, 
Smits LJ, van Montfoort AP, Repping S et al. Influence of  embryo culture medium (G5 and HTF) on 
pregnancy and perinatal outcome after IVF: a multicenter RCT. Hum Reprod 2016;31:2219–2230.

Kolibianakis E, Bourgain C, Albano C, Osmanagaoglu K, Smitz J, Van Steirteghem A, Devroey P. Effect 
of  ovarian stimulation with recombinant follicle-stimulating hormone, gonadotropin releasing hor-
mone antagonists, and human chorionic gonadotropin on endometrial maturation on the day of  
oocyte pick-up. Fertil Steril 2002;78:1025–1029.

Kuang Y, Chen Q, Fu Y, Wang Y, Hong Q, Lyu Q, Ai A, Shoham Z. Medroxyprogesterone acetate is 
an effective oral alternative for preventing premature luteinizing hormone surges in women un-
dergoing controlled ovarian hyperstimulation for in vitro fertilization. Fertil Steril 2015;104:62–70.

Liu S, Kuang Y, Wu Y, Feng Y, Lyu Q, Wang L, Sun Y, Sun X. High oestradiol concentration after ovarian 
stimulation is associated with lower maternal serum beta-HCG concentration and neonatal birth 
weight. Reprod Biomed Online 2017;35:189–196.

Luke B, Brown MB, Morbeck DE, Hudson SB, Coddington CC 3rd, Stern JE. Factors associated with 
ovarian hyperstimulation syndrome (OHSS) and its effect on assisted reproductive technology 
(ART) treatment and outcome. Fertil Steril 2010;94:1399–1404.

Magnus MC, Ghaderi S, Morken NH, Magnus P, Bente Romundstad L, Skjaerven R, Wilcox AJ, Eldevik 
Haberg S. Vanishing twin syndrome among ART singletons and pregnancy outcomes. Hum Reprod 
2017;32:2298–2304.

Market-Velker BA, Zhang L, Magri LS, Bonvissuto AC, Mann MR. Dual effects of superovulation: loss of ma-
ternal and paternal imprinted methylation in a dose-dependent manner. Hum Mol Genet 2010;19:36–51.

Marshall KL, Rivera RM. The effects of  superovulation and reproductive aging on the epigenome of  the 
oocyte and embryo. Mol Reprod Dev 2018;85:90–105.

Ng EH, Chan CC, Tang OS, Yeung WS, Ho PC. Comparison of  endometrial and subendometrial 
blood flow measured by three-dimensional power Doppler ultrasound between stimulated and 
natural cycles in the same patients. Hum Reprod 2004;19:2385–2390.

Papageorgiou G, Grant SW, Takkenberg JJM, Mokhles MM. Statistical primer: how to deal with missing 
data in scientific research? Interact Cardiovasc Thorac Surg 2018;27:153–158.

Pedersen AB, Mikkelsen EM, Cronin-Fenton D, Kristensen NR, Pham TM, Pedersen L, Petersen I. Miss-
ing data and multiple imputation in clinical epidemiological research. Clin Epidemiol 2017;9:157–166.

Pereira N, Elias RT, Christos PJ, Petrini AC, Hancock K, Lekovich JP, Rosenwaks Z. Supraphysiologic 
estradiol is an independent predictor of  low birth weight in full-term singletons born after fresh 
embryo transfer. Hum Reprod 2017;32:1410–1417.

Pereira N, Reichman DE, Goldschlag DE, Lekovich JP, Rosenwaks Z. Impact of  elevated peak serum 
estradiol levels during controlled ovarian hyperstimulation on the birth weight of  term singletons 
from fresh IVF-ET cycles. J Assist Reprod Genet 2015;32:527–532.

Qin JB, Sheng XQ, Wang H, Chen GC, Yang J, Yu H, Yang TB. Worldwide prevalence of adverse pregnancy 
outcomes associated with in vitro fertilization/intracytoplasmic sperm injection among multiple births: a 
systematic review and meta-analysis based on cohort studies. Arch Gynecol Obstet 2017a;295:577–597.

Qin JB, Sheng XQ, Wu D, Gao SY, You YP, Yang TB, Wang H. Worldwide prevalence of  adverse 
pregnancy outcomes among singleton pregnancies after in vitro fertilization/intracytoplasmic sperm 
injection: a systematic review and meta-analysis. Arch Gynecol Obstet 2017b;295:285–301.

Rusticus S, Lovato C. Impact of  sample size and variability on the power and type I error rates of  
equivalence tests: a simulation study. Pract Assess Res Eval 2014;19.

Sato A, Otsu E, Negishi H, Utsunomiya T, Arima T. Aberrant DNA methylation of  imprinted loci in 
superovulated oocytes. Hum Reprod 2007;22:26–35.

Smith A, Tilling K, Nelson SM, Lawlor DA. Live-birth rate associated with repeat in vitro fertilization 
treatment cycles. JAMA 2015;314:2654–2662.

Steptoe PC, Edwards RG. Birth after the reimplantation of  a human embryo. Lancet 1978;2:366.
Ventura-Junca P, Irarrazaval I, Rolle AJ, Gutierrez JI, Moreno RD, Santos MJ. In vitro fertilization (IVF) in 

mammals: epigenetic and developmental alterations. Scientific and bioethical implications for IVF 
in humans. Biol Res 2015;48:68.

Wang Y, Kuang Y, Chen Q, Cai R. Gonadotropin-releasing hormone antagonist versus progestin for the 
prevention of  premature luteinising hormone surges in poor responders undergoing in vitro fertili-
sation treatment: study protocol for a randomised controlled trial. Trials 2018;19:455.

Xiong X, Demianczuk NN, Saunders LD,Wang FL, Fraser WD. Impact of  preeclampsia and gestational 
hypertension on birth weight by gestational age. Am J Epidemiol 2002;155:203–209.

Yang R, Yang S, Li R, Chen X,Wang H, Ma C, Liu P, Qiao J. Biochemical pregnancy and spontaneous 
abortion in first IVF cycles are negative predictors for subsequent cycles: an over 10,000 cases 
cohort study. Arch Gynecol Obstet 2015;292:453–458.

Young LE, Fernandes K, McEvoy TG, Butterwith SC, Gutierrez CG, Carolan C, Broadbent PJ, Robinson 
JJ, Wilmut I, Sinclair KD. Epigenetic change in IGF2R is associated with fetal overgrowth after sheep 
embryo culture. Nat Genet 2001;27:153–154.

Zandstra H, Van AP, Dumoulin JC. Does the type of  culture medium used influence birthweight of  
children born after IVF? Hum Reprod 2015;30:530–542.

Zhang W, Ma Y, Xiong Y, Xiao X, Chen S, Wang X. Supraphysiologic serum estradiol impacts oocytes 
and is negatively related to birth weight in full term singletons born after frozen embryo transfer: a 
retrospective cohort study. Reprod Biomed Online 2019.



33Anti-Müllerian hormone assay evaluation

For information and registration: 
www.eshre.eu or contact us 

at info@eshre.eu

MARK YOUR CALENDAR
FOR THESE ESHRE EVENTS

The new international PCOS 
guideline: tying up loose ends? 

Bilbao, Spain
 www.eshre.eu/bil19

The impact of physical and 
chemical factors on human 
embryo culture

Salzburg, Austria
 www.eshre.eu/sal19

Gene editing tools in 
reproductive medicine

Lisbon, Portugal
 www.eshre.eu/lis19

Endoscopy in reproductive 
medicine

Leuven, Belgium
 www.eshre.eu/endo/nov19

Endoscopy in reproductive 
medicine

Leuven, Belgium
 www.eshre.eu/endo/apr19

Fertility preservation in 
children and adolescents: 
the next frontier

Edinburgh, United Kingdom
 www.eshre.eu/edi19

Fertility care and sexuality - 
dilemmas and guidelines for 
daily practice

Berlin, Germany

Top quality in micromanipu-
lation: everything you always 
wanted to know about ICSI and 
embryo biopsy
Ghent, Belgium

 www.eshre.eu/ghm19

Deep endometriosis – from 
pathophysiology to clinic

Münster, Germany
 www.eshre.eu/mun19

Genomics and embryo selection 
in assisted reproduction

Athens, Greece
 www.eshre.eu/ath19

Quality Management in ART: new 
and practical insights from old 
concepts 

Palermo, Italy

23-24
May 
2019

4-6 
April 
2019

19-21
November 

2019

2-3
May 
2019

9-10
May
2019

24-26
April
2019

12-13
April
2019

16-18
May
2019

12-14
September

2019

16-17
September

2019

24-26
October

2019



34 Welsh et al.

Choriomon-M (gonadotropina coriônica) - pó liófilo injetável. Indicações: Ativação da função das gônadas. Indicado para a indução da 
ovulação após um tratamento com menotropina destinado à manutenção do folículo ou após um tratamento com FSH (urofolitropina) 
nos casos de esterilidade funcional. Também é indicado no tratamento da esterilidade decorrente da redução da fase luteínica do ciclo. 
Contraindicações: gravidez, esterilidade sem maturação normal do folículo (exceto para mulheres que estejam participando em pro-
gramas de tecnologia de reprodução assistida), cistos ovarianos não relacionados com síndrome de ovários policísticos, sangramento 
ginecológico de origem desconhecida, hiperprolactinemia, carcinoma ovariano, endometrial ou mamário, hipersensibilidade conhecida 
ao HCG ou outras gonadotropinas (HMG, FSH), hiperprolactinemia, tumor da glândula pituitária, endocrinopatia não-tratada da tire-
óide ou de origem adrenal. Cuidados e Advertências: Advertências: Choriomon-M só deverá ser administrado após a idade da maturi-
dade sexual. Antes de iniciar o tratamento com menotropina (urofolitropina)/gonadotropina coriônica, a paciente deve ser submetida 
a exames ginecológicos e endocrinológicos. A fertilidade do parceiro deve ser verificada e ambos devem ser informados de que o tra-
tamento envolve riscos de hiperestimulação ovariana, bem como risco de gravidez múltipla ou aborto espontâneo. O tratamento com 
menotropina (ou FSH) deve ser imediatamente interrompido se a concentração hormonal mostrar uma reação estrogênica excessiva ou 
na ocorrência de sintomas clínicos ou ultrassonográficos de uma hiperestimulação ovariana. Pode haver formação de cistos nos ovários 
em pacientes que sofram de interrupção da menstruação devido à síndrome de ovário policístico. Isso pode causar dores abdominais 
de várias intensidades e requer a interrupção do tratamento. Interações medicamentosas: Até o momento, não existem registros de in-
terações com outros medicamentos. Reações adversas: Reação comum: reações alérgicas ao local de injeção, dor de cabeça, síndrome 
de hiperestimulação ovariana moderada, fadiga. Reação incomum: depressão, agitação, irritabilidade, síndrome de hiperestimulação 
ovariana grave, edema, cansaço. Reação rara: edema angioneurótico, tromboembolismo, oclusão vascular, ginecomastia, puberdade 
precoce. Reação muito rara: reação alérgica sistêmica, reações cutâneas. Posologia: Gonadotropinas são administradas em duas fases, 
sendo que na 1ª fase, a injeção intramuscular diária da gonadotropina é de 75 UI durante 7 – 12 dias até o aumento nos níveis de 
estrógenos. Já na 2ª fase, uma dose única de 10000 UI de Choriomon-M é administrada por via intramuscular ou subcutânea, de 24 
a 48 horas após a última injeção de HMG ou FSH. USO ADULTO. ADMINISTRAÇÃO INTRAMUSCULAR OU SUBCUTÂNEA. Para maiores 
informações, consulte a bula completa do produto. (0302003036R3). Reg. MS – 1.2361.0078

Fostimon-M (urofolitropina) – pó liófilo injetável. Indicações: Tratamento de mulheres que apresentam maturação folicular insuficien-
te e não apresentam ovulação espontânea; desenvolvimento de vários folículos em mulheres que participam de programa médico de 
reprodução assistida. Contraindicações: Hipersensibilidade a qualquer dos componentes, em caso de suspeita ou gravidez confirmada, 
durante a lactação e em caso de menopausa precoce. Além disto, não deve ser utilizado em casos que o paciente sofra de esterilidade 
não relacionada a fatores hormonais, presença de cistos ovarianos, sangramento ginecológico de origem não determinada, tumor nos 
ovários, útero ou mamas, tumor no cérebro, disfunção da tireóide ou adrenal, fibroma de útero ou anomalia ovariana congênita ou 
malformação dos órgãos sexuais. Cuidados e Advertências: Advertências: As injeções aplicadas pela paciente devem ser realizadas 
apenas por pacientes treinadas e bem informadas. É necessário ensinar a paciente como se realiza a injeção subcutânea, mostrando o 
local de aplicação e como preparar a solução a ser injetada. A primeira injeção de Fostimon-M deve ser realizada mediante supervisão 
médica. Em pacientes com hipersensibilidade conhecida a gonadotropinas, reações anafiláticas podem ocorrer. Antes de iniciar o tra-
tamento, a infertilidade do casal e supostas contraindicações para gravidez devem ser avaliadas. Em particular, as pacientes devem ser 
avaliadas para hipotireoidismo, deficiência adrenocortical, hiperprolactinemia e tumores pituitários ou hipotalâmicos, para os quais 
tratamentos específicos apropriados são fornecidos. Interações medicamentosas: Nenhum estudo da interação de Fostimon-M com ou-
tros medicamentos foi realizado em humanos. Embora não haja experiência clínica, deve-se considerar que o uso de Fostimon-M junto 
com citrato de clomifeno pode aumentar a resposta folicular. É aconselhável não misturar Fostimon -M com outros medicamentos na 
mesma seringa. Reações adversas: Reação: dor de cabeça, constipação, distensão abdominal, artralgia, síndrome de hiperestimulação 
ovariana, dores no corpo, pirexia. Reação incomum: hipertireoidismo, alterações bruscas de humor, letargia, tontura, dispnéia, epista-
xe, náuseas, vômitos, dor abdominal, dispepsia, rash cutâneo, eritema, prurido, cistite, crescimento dos seios, dor nos seios, sensação 
de calor, fadiga, tempo de sangramento prolongado. Reação rara: embolismo, reação alérgica no local de injeção. Reações no local da 
injeção (dor, vermelhidão e hematoma) foram raramente observadas. A incidência de aborto durante o tratamento é comparável a inci-
dência em mulheres com outros problemas de fertilidade. Ocorre um leve aumento no risco de gravidez ectópica e gestações múltiplas 
durante o tratamento. Posologia: Há uma grande variação intra e interindividual na resposta dos ovários a gonadotropinas exógenas. 
Isto torna impossível o ajuste de um esquema de dosagem uniforme. A dosagem deve ser ajustada individualmente dependendo da 
resposta ovariana. Este ajuste requer ultrassonografia e monitoramento do nível de estradiol. USO ADULTO. ADMINISTRAÇÃO POR VIA 
SUBCUTÂNEA. Para maiores informações, consulte a bula completa do produto. (0302003039R3). Reg. MS – 1.2361.0080
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• HMG altamente purificada1

• Opção completa, segura 
e eficaz de FSH + LH para 
estimulação ovariana1

• Proporciona melhor 
otimização no 
gerenciamento da ART2

Apresentação: 75 UI
1 frasco-ampola acompanhado 
de 1 ampola de diluente

Merional® HG
menotropina

Referências: 1. A prospective, randomised, controlled clinical study on the assessment of tolerability and of clinical e	  cacy of Merional (hMG-IBSA) administered subcutaneously versus Merional admin-
istered intramuscularly in women undergoing multifollicular ovarian stimulation in an ART programme (IVF). Alviggi C, Revelli A et al. Reproductive Biology and Endocrinology 2007, 5:45. 2. A prospective, 
randomised, investigator-blind, controlled, clinical study on the clinical e	  cacy and tolerability of two highly purifi ed hMG preparations administered subcutaneously in women undergoing IVF. Alviggi C, 
Cognigni et al. 2013; Gynecol Endocrinol, Early Online: 1–5.

MERIONAL HG (menotropina) Pó liófi lo injetável. Indicações: estímulo de desenvolvimento folicular no tratamento de infertilidade. Amenorreia hipo e normogonadotrópica, oligomenorreia, ciclos anovulatórios 
e insufi ciência lútea com baixa resposta ao tratamento com clomifeno. Indicação de superovulação controlada em pacientes participando de técnicas de reprodução assistidas medicamente. Contraindicações:
gravidez, lactação, falha primária do ovário, hipersensibilidade a gonadotropina menopáusica humana (hMG) ou outras gonadotropinas (FSH, hCG) ou a qualquer um dos excipientes na formulação, esterilidade 
sem comprometimento do desenvolvimento folicular normal, cistos ovarianos não relacionados à síndrome do ovário policístico, sangramento ginecológico patológico, carcinoma ovariano, uterino ou nos seios, 
tumor na glândula pituitária ou no hipotálamo, hiperprolactinemia, endocrinopatia não tratada de origem tireóidea ou adrenal. Cuidados e Advertências: Síndrome de hiperestimulação ovariana: a paciente deve 
ser monitorada com cuidado durante toda a duração do tratamento e por duas semanas após a administração de hCG. Caso ocorram sintomas como dor abdominal e/ou tensão abdominal, hipertrofi a ovariana, 
ou caso os níveis de estrogênio ou de exame de ultrassom sugiram reação ovariana excessiva, o tratamento com Merional HG deve ser interrompido. Neoplasias no sistema reprodutor: ainda não está estabe-
lecido se o tratamento com a gonadotropina aumenta o risco destes tumores em mulheres inférteis. Múltiplas gravidezes: a incidência de múltiplas gravidezes após a administração de Merional HG/hCG é de 
cerca de 20% e na maioria dos casos resulta em gêmeos. Perdas gestacionais: maior que na população geral, mas comparável àquela de mulheres com distúrbios de fertilidade. A gravidez ectópica pode ocorrer 
particularmente em mulheres com histórico de doença tubária. Gravidez/Lactação: o produto é contraindicado para mulheres grávidas. Não é conhecido se o HMG é excretado no leite e quais efeitos pode ter 
em bebês sendo amamentados. Efeitos na capacidade de dirigir e usar máquinas: Merional HG não tem efeitos sobre a habilidade de dirigir e usar máquinas. Interações medicamentosas: interações clinicamente 
signifi cantes com outros produtos não foram relatadas até o momento. Reações adversas: Efeitos e reações comum gerais no local de injeção: sintomas similares à gripe, como febre, dor nas articulações, dor 
abdominal, sensibilidade nos seios. Distúrbios no sistema reprodutor: hiperestimulação ovariana moderada a média, expansão ovariana, cistos no ovário, gravidez múltipla não desejada (comuns); hiperestimulação 
ovariana grave com ascites, hidrotórax, sangramento abdominal, diarreia, hemoconcentração, oligúria e hipotonia (raras). Distúrbios gastrointestinais: distensão, náusea, vômito (comuns). Distúrbios cardiovascula-
res: tromboembolismo arterial, oclusão das veias periféricas e cerebrais, embolismo pulmonar ou infarto (raras). Os ingredientes ativos deste produto são extraídos da urina humana, portanto, riscos potenciais de 
transmissão de agentes infecciosos não podem ser completamente descartados. Posologia: Estímulo folicular simples: o tratamento começará durante a primeira semana do ciclo com 75 UI por dia (ou 150 UI a 
cada dois dias). O tratamento continuará até que os níveis de estrogênio e o desenvolvimento folicular adequado sejam alcançados. Em caso de falta de resposta ovariana, o tratamento pode ser descontinuado 
ou tentado com uma dose maior de 2 frascos de Merional HG 75 UI/dia (=150 UI hMG). Geralmente, um ciclo de tratamento com Merional HG dura 7-12 dias (máximo). Estímulo folicular múltiplo: geralmente, 
uma dose de 150 – 300 UI é injetada após o 2º ou 3º dia do ciclo até que o desenvolvimento folicular sufi ciente seja alcançado. Na maioria dos casos, a duração máxima do tratamento é de 10 dias. Indução de 
ovulação: após 24 a 48 horas da última injeção de Merional HG, uma dose única de 5000 a 10000 UI de hCG é administrada. A ovulação ocorre 32 a 48 horas mais tarde. Apresentação: pó liófi lo em frasco-am-
pola de vidro incolor contendo 75 UI de menotropina. USO ADULTO. VIA SUBCUTÂNEA OU INTRAMUSCULAR. VENDA SOB PRESCRIÇÃO MÉDICA. SE PERSISTEREM OS SINTOMAS, O MÉDICO DEVERÁ SER 
CONSULTADO.  Para maiores informações, consulte a bula completa do produto. SAC: 0800-166613. www.ucb-biopharma.com.br Reg MS – 1.2361.0089 – R0_Fevereiro 2018
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Evento adverso: hiperestimulação ovariana moderada
Contraindicação: Gravidez, lactação, falha primária do ovário
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