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BACKGROUND: Efficient and safe embryo vitrification techniques have contributed to a marked worldwide increase in the use of elec-
tive frozen embryo transfer (FET). Pinpointing the day of ovulation, more commonly by documentation of the LH surge and less commonly
by ultrasonography, is crucial for timing of FET in a true natural cycle (t-NC) to maximize the reproductive outcome.
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OBJECTIVE AND RATIONALE: The definition of the onset of the LH surge should be standardized in t-NC FET cycles; however, a
clear definition is lacking in the available literature. The first search question concerns the definition of the onset of the LH surge in a natu-
ral cycle. The second search question relates to the duration between the onset of the LH surge and ovulation.

SEARCH METHODS: We searched PubMed, Web of Science and Cochrane Library databases for two search questions from inception
until 31 August 2021. ‘Luteinizing hormone’[MeSH] OR ‘LH’ AND ‘surge’ terms were used to identify eligible articles to answer the first
question, whereas ‘Luteinizing hormone’[MeSH] OR ‘LH’ AND ‘surge’ OR ‘rise’ AND ‘ovulation’[MeSH] OR ‘follicular rupture’ OR ‘follic-
ular collapse’ were the terms used regarding the second question. The included publications were all written in the English language, con-
ducted in women of reproductive age with regular ovulatory cycles and in whom serial serum or urine LH measurement was performed.
For the quality and risk of bias assessment of the included studies, the Strengthening the Reporting of Observational Studies in
Epidemiology and modified Newcastle Ottawa Scale were used.

OUTCOMES: A total of 10 and 8 studies were included for search Questions 1 and 2, respectively. Over the years, through different
studies and set-ups, testing in either serum or urine, different definitions for the onset of the LH surge have been developed without a con-
sensus. An increase in LH level varying from 1.8- to 6-fold above the baseline LH level was used in seven studies and an increase of at least
two or three standard deviations above the mean of the preceding LH measurements was used in two studies. An LH level exceeding the
30% of the amplitude (peak-baseline LH level) of the LH surge was defined as the onset day by one study. A marked inter-personal varia-
tion in the time interval between the onset of the LH surge and ovulation was seen, ranging from 22 to 56 h. When meta-analysis was per-
formed, the mean duration in hours between the onset of the LH surge and ovulation was 33.91 (95% CI ¼ 30.79–37.03: six studies, 187
cycles).

WIDER IMPLICATIONS: The definition of the onset of the LH surge should be precisely defined in future well-designed studies
employing state-of-art laboratory and ultrasonographic equipment. The window of implantation in a natural cycle is still a black box, and fu-
ture research is warranted to delineate the optimal interval to time the embryo transfer in t-NC FET cycles. Randomized controlled trials
employing different precise endocrine and/or ultrasonographic criteria for timing of FET in a t-NC are urgently required.

Key words: LH surge, window of implantation, natural cycle, true natural cycle, ultrasound, ovulation, frozen embryo transfer

Introduction
Efficient and safe vitrification techniques in IVF have contributed to a
marked worldwide increase in elective frozen embryo transfer (FET)
cycles during the last decade (Roque et al., 2019b; De Geyter et al.,
2020). Currently, low-quality evidence indicates that the hormone re-
placement treatment protocol is associated with a lower live birth rate
(LBR), when compared with the natural cycle (NC) for endometrial
priming during FET (Mumusoglu et al., 2021; Wu et al., 2021).
Moreover, recent evidence indicates a more favorable maternal, ob-
stetric and perinatal outcome when NC is used (Litzky et al., 2018;
Ginström Ernstad et al., 2019; Makhijani et al., 2020; Asserhøj et al.,
2021; Hu et al., 2021). On this basis, some authors have suggested a
‘back to nature’ attitude, advocating the NC over the hormone re-
placement cycle for FET (Roque et al., 2019a; Lawrenz et al., 2020).

Pinpointing the day of ovulation is crucial for timing FET in a true-
NC (t-NC) to maximize the LBR. The current practice is mixed and
relies on LH surge documentation by daily/frequent endocrine moni-
toring, including serum LH, estradiol (E2) and progesterone (P4), com-
bined or not with serial ultrasound assessments to confirm ovulation
once the leading follicle attains a mean diameter of 15 mm (Bartels
et al., 2019; Mumusoglu et al., 2021). While the definition of the onset
of the LH surge should be standardized in t-NC FET cycles to optimize
reproductive outcomes, a consensus definition is lacking in the avail-
able literature. Currently, some clinics rely on the onset and others on
the peak of the LH surge (Irani et al., 2017). Importantly, there is a
paucity of data concerning reproductive outcomes when employing dif-
ferent criteria for timing of FET in t-NC (Irani et al., 2017; Bartels
et al., 2019).

This systematic review aims at discussing the heterogeneity as
regards the definition of the LH surge during an NC. The primary out-
come measures are: the definition of the onset of the LH surge; and
the duration between the onset of the LH surge and ovulation in an
NC. The configuration, amplitude, duration, inter- and intra-personal
variability of the LH surge are reviewed, and the pros and cons for LH
surge determination in either serum or urine and the value of ultraso-
nographic signs for documenting ovulation are explored. Lastly, the ev-
idence concerning timing of FET in t-NC, based on existing criteria, is
presented.

Methods

Protocol and registration
This systematic review followed the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines. The pro-
tocol for the review was registered (CRD42021277365) on the inter-
national prospective register for systematic reviews, PROSPERO
(www.crd.york.ac.uk/prospero).

Eligibility criteria
Manuscripts were included if they met all of the following criteria:
articles were written in the English language; studies were based on
human subjects; studies comprised women of reproductive age and
with regular ovulatory cycles; and serial serum or urine LH measure-
ments were performed to define the onset of the LH surge or assess
the duration between the onset of the LH surge and ovulation.
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..Articles were excluded if they were abstracts, conference proceedings,
reviews, or publications without original data, or animal studies.

Information sources and search strategy
A comprehensive search of PubMed, Web of Science and Cochrane
Library databases was performed to identify relevant studies. These
databases were searched from inception until 31 August 2021. Two
searches were performed. The first search was performed to elucidate
the definition of the onset of the LH surge, whereas the second search
related to the duration between the onset of the LH surge and ovula-
tion. The full search strategies are provided in Supplementary Tables
SI and SII. The filters used during the searches were manuscripts writ-
ten in the English language and human subjects. Reference lists of the
full-text articles were also checked in order to identify additional rele-
vant studies.

Study selection and data extraction
All retrieved publications from databases were imported into EndNote
X9 (Clarivate Analytics, Philadelphia, PA, USA). Duplicate publications
were removed automatically via EndNote or manually when EndNote
could not detect differences in the titles. Studies were screened using
the eligibility criteria described above for titles via EndNote and their
abstracts via Covidence (Covidence systematic review software,
Veritas Health Innovation, Melbourne, Australia). Full-text articles
were assessed for possible eligibility and several were excluded for
reasons given in Figs 1 and 2. A total of 10 and 8 studies were in-
cluded for search Questions 1 and 2, respectively.

The following data were extracted from each study: first author’s
last name, year of publication, country of study, sample size (No. of
women or No. of cycles), female age range, inclusion–exclusion crite-
ria, method and frequency of LH level sampling. In addition, for the
first search question, data regarding the definition of baseline LH levels
and the onset of the LH surge were extracted. Likewise, assessment
of ovulation by various tools (laparoscopy, histologic dating of the cor-
pus luteum and ultrasonography) and the duration between the onset
of the LH surge and ovulation were extracted for the second search
question.

The study selection and data extraction process were performed in-
dependently by two authors (M.E. and S.M.) and disagreements were
resolved by discussion or consensus, involving a third investigator
(H.Y.).

Quality assessment of included studies
The Strengthening the Reporting of Observational Studies in
Epidemiology and modified Newcastle Ottawa Scale (m-NOS) were
used for the quality assessment of studies included. The m-NOS
assesses the risk of bias in three domains, i.e. participant selection,
comparability of groups and outcome assessment; this system rates a
score of 0 for the lowest quality and 8 for the highest quality
(Supplementary File S1). The quality assessment of the included studies
was performed independently by two authors (M.E. and S.M.), and dis-
agreements were resolved by discussion or consensus involving a third
investigator (H.Y.) (Supplementary File S1).

Synthesis of results
Given that the first search question did not permit a quantitative syn-
thesis to be carried out, results are provided in a narrative format.
A meta-analysis was performed for the second search question.
Specifically, the meta-analysis was performed, using the Metafor pack-
age version 4.1.1 in R 3.0-2 software (R Foundation for Statistical
Computing, Vienna, Austria). Cochran’s Q-test, and Higgins’ I2 statistics
were used to assess the heterogeneity among studies. Since heteroge-
neity was observed among studies, the random-effects model was
used to estimate the pooled mean and 95% CI. For studies reporting
median (minimum–maximum) values, the values were converted to
mean and SD using the formula as suggested by Hozo et al. (2005).
Sensitivity analyses were performed by removing individual studies to
assess each study’s influence on the pooled mean duration between
the onset of the LH surge and ovulation.

Results

Definition of the onset of the LH surge
The main characteristics of the included studies are summarized in
Table I (Johansson et al., 1971; Moghissi et al., 1972; Testart et al.,
1981; Wetzels and Hoogland, 1982; Hoff et al., 1983; Fritz et al.,
1992; Kesner et al., 1998; Reutman et al., 2002; Park et al., 2007;
Direito et al., 2013). These studies used their own data to develop
the criteria for the onset of the LH surge. Of the 10 included studies,
six were carried out in the USA (Moghissi et al., 1972; Hoff et al.,
1983; Fritz et al., 1992; Kesner et al., 1998; Reutman et al., 2002; Park
et al., 2007), two in France (Testart et al., 1981; Direito et al., 2013),
one in the Netherlands (Wetzels and Hoogland, 1982), and one in
Sweden (Johansson et al., 1971). Furthermore, five of the studies were
published between four and five decades ago, dating back to either be-
fore (Johansson et al., 1971; Moghissi et al., 1972) or to the first days
of IVF (Testart et al., 1981; Wetzels and Hoogland, 1982; Hoff et al.,
1983), whereas the remaining studies were published more recently
(Fritz et al., 1992; Kesner et al., 1998; Reutman et al., 2002; Park
et al., 2007; Direito et al., 2013).

Serum was used to measure the LH surge in five studies; the fre-
quency of serum LH level sampling was once a day in two studies
(Moghissi et al., 1972; Wetzels and Hoogland, 1982), and multiple
daily measurements in three studies (Testart et al., 1981; Hoff et al.,
1983; Fritz et al., 1992). Urine samples were used in five studies with
once-daily assessment in all five (Johansson et al., 1971; Kesner et al.,
1998; Reutman et al., 2002; Park et al., 2007; Direito et al., 2013).

Different criteria were proposed to define the onset of the LH surge
across the 10 included studies. A different fold increase in LH level
from the baseline LH measurements, ranging from 1.8- to 6-fold, was
used to define the onset of the LH surge in seven studies (Johansson
et al., 1971; Moghissi et al., 1972; Testart et al., 1981; Wetzels and
Hoogland, 1982; Fritz et al., 1992; Reutman et al., 2002; Park et al.,
2007). The baseline LH level used to define the fold increase differed
across studies; the LH level on the preceding day (Johansson et al.,
1971), all preceding days (Wetzels and Hoogland, 1982), follicular
phase levels (Moghissi et al., 1972), the mean of the preceding four
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(Testart et al., 1981) or six measurements (Fritz et al., 1992) and the
mean of the preceding 5 (Park et al., 2007) or 7 days (Reutman et al.,
2002).

The definition for the onset of the LH surge, as described by
Testart et al. (1981), is the most commonly employed criterion in the
literature. Twenty-seven women (30 cycles), 25–40 years of age,
underwent frequent serum sampling followed by laparoscopy. Of the
included 30 cycles, 22 were NCs, and in 8 patients, clomiphene citrate
was administered. Serum sampling for LH was performed four times
daily from the time point when LH release was considered imminent.
The authors introduced the term LH ‘surge-initiating rise’ (SIR), which
corresponded to the onset of the LH surge, as any LH level equal to
or exceeding 180% of the mean value from the preceding four

measurements (e.g. mean LH of the four preceding values¼ 3.2 mIU/
ml; LH SIR concentration ¼ 1.8 � 3.2¼ 5.8 mIU/ml).

Rather than a fold-increase, two studies used an increase of at least
two (Hoff et al., 1983) to three (Kesner et al., 1998) SDs above the
mean of the preceding measurements to define the onset of the LH
surge. Hoff et al. (1983), in five women (seven cycles), assessed serum
E2, P4, FSH and LH levels at 2-h intervals for five consecutive days dur-
ing the periovulatory phase. These authors defined the onset of the
LH surge as the first LH value exceeding the mean þ2 SD of six pre-
ceding values (Hoff et al., 1983). In the study by Kesner et al. (1998),
with once-daily urinary LH sampling, an increase >3 SD over the
mean of the seven preceding days was used to define the onset of the
LH surge.

Figure 1. The PRISMA flow diagram for the definition of the onset of the LH surge. PRISMA, Preferred Reporting Items for Systematic
Reviews and Meta-Analyses.
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..A different criterion was developed by Direito et al. (2013), using
once-daily urinary LH sampling. The authors drew a horizontal line at
30% of the LH peak amplitude. The amplitude was calculated by sub-
tracting the mean of the five daily LH levels immediately before the
onset of the LH surge from the LH peak, which was the maximum LH
level attained during the surge. According to these authors, the onset
of the LH surge was recorded as the first day when the LH surge was
above the 30% line.

Risk of bias assessment
Of the 10 studies included, one had an m-NOS score of 3 (Wetzels
and Hoogland, 1982), three had a score of 4 (Moghissi et al., 1972;
Testart et al., 1981; Kesner et al., 1998), one had a score of 5
(Johansson et al., 1971), four had a score of 6 (Hoff et al., 1983;

Reutman et al., 2002; Park et al., 2007; Direito et al., 2013) and one
had a score of 7 (Fritz et al., 1992). The main contributor to a higher
score was the frequency of LH sampling; the only study with an m-
NOS score of 7 had serum sampling every 3 h (Fritz et al., 1992)
(Supplementary File S1; Table I).

Duration between the onset of the LH
surge and ovulation
The main characteristics of the eight studies included are summarized
in Table II (Yussman and Taymor, 1970; WHO, 1980; de Crespigny
et al., 1981; Garcia et al., 1981; Lemay et al., 1982; Testart and
Frydman, 1982; Taymor et al., 1983; Fritz et al., 1992). The included
studies were conducted in five different countries: USA (n¼ 4), France

Figure 2. The PRISMA flow diagram for the duration between the onset of the LH surge and ovulation. PRISMA, Preferred
Reporting Items for Systematic Reviews and Meta-Analyses.
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..(n¼ 1), Canada (n¼ 1), Switzerland (n¼ 1) and Australia (n¼ 1). Six
were published in the early 1980s (WHO, 1980; de Crespigny et al.,
1981; Garcia et al., 1981; Lemay et al., 1982; Testart and Frydman,
1982; Taymor et al., 1983), one in 1970 (Yussman and Taymor, 1970)
and the latest in 1992 (Fritz et al., 1992).

Serum was used in seven studies (Yussman and Taymor, 1970;
WHO, 1980; Garcia et al., 1981; Lemay et al., 1982; Testart and
Frydman, 1982; Taymor et al., 1983; Fritz et al., 1992) and urine in a
single study (de Crespigny et al., 1981). A sampling frequency of every
3–8 h was used to measure LH levels in all eight studies. The tools
used to detect ovulation were histologic dating of the corpus luteum
(Yussman and Taymor, 1970), laparoscopy (Garcia et al., 1981;
Testart and Frydman, 1982; Taymor et al., 1983) or ultrasonography
(de Crespigny et al., 1981; Lemay et al., 1982; Fritz et al., 1992).
Furthermore, the histology of the corpus luteum and the impression of
the surgeon were used in one study (WHO, 1980).

In the earliest study, the duration between the onset of the LH
surge and ovulation was estimated by histologic dating of the corpus
luteum (Yussman and Taymor, 1970). By studying the serum concen-
trations of FSH, LH and P4 in 8-h intervals from eight subjects during

the mid-cycle, the authors reported that ovulation occurred 32.8 h,
with a range of 28–44 h, following the onset of the LH surge (Yussman
and Taymor, 1970). In this study, ovulation occurred at 17.6 h, with a
range of 16–24 h following the LH peak.

The World Health Organization Task Force study, with the largest
sample size, studied the duration between the onset of the LH surge
and ovulation in 177 women (WHO, 1980). Serum samples were
taken every 8-h to measure levels of E2, LH, FSH and P4. The first sig-
nificant rise in LH, denoting the onset of a surge, was the first value
which was 1.5 times the mean of the preceding baseline values; how-
ever, the definition of ‘preceding baseline values’ was not provided. In
the study, the surfaces of the ovaries were examined at laparotomy,
and the mature follicle or corpus luteum were excised for histologic
examination in 97 women. Whether ovulation had or had not oc-
curred was assessed by the impression of the operating surgeon and
verified by histology. The median duration between the onset of the
LH surge and ovulation was 32.0 h (95% CI ¼ 23.6–38.2 h), ranging
from 24 to 56 h. The respective figure for the time between the LH
peak and ovulation was 16.5 (95% CI ¼ 9.5–23.0), with a range of 8–
40 h. The authors concluded that the onset of the LH surge, rather

............................................................................................................................................................................................................................

Table I Studies reporting the definition of the onset of the LH surge.

Author (Year) No. of women Age,
years

Method and
frequency of

LH level sampling

Definition of onset of the LH
surge

m-NOS
quality
score

Country (No. of cycles)

Johansson et al. (1971) 25 (25) 20–31 Urine 4-fold increase from the previous day
level

5

Once dailySweden

Moghissi et al. (1972) 10 (10) 19–40 Serum 6-fold increase from the follicular
phase levels

4

Once dailyUSA

Testart et al. (1981) 27 (30) 25–40 Serum �180% of the mean of the preceding
4 values

4

4-times dailyFrance

Wetzels and Hoogland (1982) 11 (28) N/A Serum The first value, more than two times
higher than all foregoing values

3

Once dailyNetherlands

Hoff et al. (1983) 5 (7) N/A Serum First LH value exceeding the mean þ
2 SD of the 6 preceding values

6

Every 2 hUSA

Fritz et al. (1992) 7 (7) 21–35 Serum �100% increment over a running
mean of the 6 preceding values

7

Every 3 hUSA

Kesner et al. (1998) 9 (14) 25–36 Urine First rise of >3 SD above the mean of
the previous 7 days

4

Once dailyUSA

Reutman et al. (2002) 98 (98) <42 Urine First rise of >2.5-fold above the
mean of the previous 7 days

6

Once dailyUSA

Park et al. (2007) 46 (46) 20–35 Urine 2.5-fold increase from the mean of
the preceding 5 days

6

USA Once daily

Direito et al. (2013) 107 (283) 18–45 Urine The first day when LH is above the
30% of the amplitudea

6

Once dailyFrance

m-NOS, Modified Newcastle–Ottawa Quality Assessment Scale; N/A, not available.
aAmplitude was defined as the difference between the peak and the baseline LH levels.
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..than the peak, would be the best indirect parameter of impending
ovulation.

Of the eight studies, six were included in the meta-analysis
(Yussman and Taymor, 1970; WHO, 1980; de Crespigny et al., 1981;
Testart and Frydman, 1982; Taymor et al., 1983; Fritz et al., 1992),
whereas two studies were not eligible (Garcia et al., 1981; Lemay
et al., 1982) (Table II). Thus, the study by Lemay et al. (1982) was ex-
cluded because mean, median or individual data were not available.
The study by Garcia et al. (1981) was excluded after the sensitivity
analysis because it markedly decreased the pooled mean duration be-
tween the onset of the LH surge and ovulation. When a meta-analysis
was performed, the mean duration between the onset of LH surge
and ovulation was 33.91 h (95% CI ¼ 30.79–37.03: six studies, 187
cycles) (Fig. 3).

Risk of bias assessment
The m-NOS scores of the included studies are presented in Table II.
One study was assigned an m-NOS score of 2 (Lemay et al., 1982),
three studies a score of 3 (Yussman and Taymor, 1970; Garcia et al.,
1981; Taymor et al., 1983), two studies a score of 4 (de Crespigny
et al., 1981; Testart and Frydman, 1982) and the remaining two studies
a score of 7 (WHO, 1980; Fritz et al., 1992). The frequency of sampling
(Fritz et al., 1992) and sample size (WHO, 1980) were the two main
contributors for a high scoring (Supplementary File S1; Table II).

Discussion

Main findings
Definition of the onset of the LH surge
Over the years, through several studies using different designs, mainly
measuring LH levels either in serum or urine, different definitions for
the onset of the LH surge were developed without reaching a consen-
sus. The onset of the LH surge definitions can be summarized as: an
increase of 1.8- to 6-fold from the baseline LH level (Johansson et al.,
1971; Moghissi et al., 1972; Testart et al., 1981; Wetzels and
Hoogland, 1982; Fritz et al., 1992; Reutman et al., 2002; Park et al.,
2007); an increase of at least two (Hoff et al., 1983) or three (Kesner
et al., 1998) SD above the mean of the preceding measurements; and
an LH level of 30% of the amplitude of the LH surge (Direito et al.,
2013).

When the ‘LH surge’ is referred to, it is critical to specify the time
point during the surge, as to whether it may be detected at the on-
set/ascending limb, peak or descending limb of the LH surge.
Unfortunately, the definition of the onset or peak of the LH surge has
not been standardized in t-NC FET cycles. Since the LH peak is
detected after ovulation in �25% of women, the onset rather than the
peak is more reliable to predict impending ovulation (Roos et al.,
2015). Thus, the onset of the LH surge should be used for timing in t-
NC FET cycles.

............................................................................................................................................................................................................................

Table II Studies reporting the duration between the onset of the LH surge and ovulation.

Author (Year)
Country

No. of
cycles

Age,
years

Method and
frequency of
LH sampling

Ovulation detection
method

Time between the
onset of LH surge and

ovulation, hours

m-NOS
quality
score

Yussman and Taymor (1970) 8 N/A Serum Histologic Mean¼ 32.8 3

Every 8 h Range ¼ 28–44USA

WHO (1980) 97 21–40 Serum Histology and surgeon’s
impression

Median¼ 32.0 7

Every 8 h 95% CI ¼ 23.6–38.2Switzerland

Range ¼ 24–56

Garcia et al. (1981) 21 30.5 6 3.0 Serum Laparoscopic follicle
aspiration

Mean 6 SD¼ 27.2 6 6.24 3

Every 4 h Range ¼ 26.3–31USA

de Crespigny et al. (1981) 4 N/A Urine Ultrasound Median¼ 34.5 4

Every 3 h Range ¼ 28–35Australia

Lemay et al. (1982) 20 23–35 Serum Ultrasound Range ¼ 18–48 2

Every 3–5 hCanada

Testart and Frydman (1982) 26 24–40 Serum Laparoscopic follicle
aspiration

Median¼ 37 4

Range ¼ 35–474 times dailyFrance

Taymor et al. (1983) 4 N/A Serum Laparoscopic follicle
aspiration

Median¼ 37 3

Range ¼ 36–38Every 4 hUSA

Fritz et al. (1992) 7 21–35 Serum Ultrasound Mean 6 SEM¼ 37.6 6 4.2 7

Every 3 hUSA Range ¼ 22–43.5

m-NOS, Modified Newcastle–Ottawa Quality Assessment Scale; N/A, not available; WHO, World Health Organization study.
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Currently, since the timing of FET in a t-NC is most commonly
based on the onset of the LH surge, i.e. þ4 days and þ6 days for
warmed cleavage stage or stage blastocyst transfer, respectively
(Mackens et al., 2017), differences in definitions of the onset of the LH
surge may impact the timing of embryo transfer. Of note, different def-
initions for the onset of the LH surge have been used in NC studies,
including: first attainment of LH �17 mIU/ml during the follicular
phase with a �30% drop in E2 levels the following day (Irani et al.,
2017); LH >10 mIU/ml (Groenewoud et al., 2012); LH> 15 mIU/ml
(Kahraman and Sahin, 2020); and LH> 20 mIU/ml (Bartels et al.,
2019; Johal et al., 2021). Apart from those included in the current sys-
tematic review, the above definitions were based on single and arbi-
trary LH level thresholds, which might be misleading. Moreover, single
point arbitrary thresholds may not be entirely correct because there
might be an overlap in LH levels between the 90th percentile of the
pre-surge levels (e.g. 10–15 mIU/ml) and 10th percentile of surge lev-
els (9.9 mIU/ml) (Johnson et al., 2015). To our knowledge, there is
no comparative study evaluating the differences in embryo transfer
timing and their impact on reproductive outcomes in a t-NC FET cy-
cle, using different definitions for the onset of the LH surge.

Duration between the onset of the LH surge and ovulation
Most available studies were conducted several decades ago, employing
tools to detect ovulation (e.g. histological dating of the corpus luteum,

laparoscopy) which are currently more of historical interest. Only
three studies used frequent endocrine and ultrasound monitoring (de
Crespigny et al., 1981; Garcia et al., 1981; Fritz et al., 1992). On the
basis of the available data, it appears that there is a marked inter-
individual variation in the time interval between the onset of the LH
surge and ovulation; the mean duration in hours was 33.91 (95% CI ¼
30.79–37.03: six studies, 187 cycles), ranging from 22 to 56 h (Fig. 3).
This considerable variation could be relevant for planning and timing of
FET in t-NC because the standard practice for scheduling FET in a t-
NC is to rely on the onset of the LH surge rather than documentation
of ovulation by ultrasound.

The profile of the LH surge
Physiology
During an NC, the rise of E2 originating from the dominant follicle, ex-
ceeding 200–300 pg/ml for a minimum of 50 h, triggers the LH surge
(Young and Jaffe, 1976). Although an increase in serum P4, 12 h before
the onset of the LH surge was defined approximately four decades
ago (Hoff et al., 1983), it has not been considered to play a critical
role in the physiology of ovulation. However, a recent interest in the
LH-independent rise in circulating P4, characterized by a precipitous in-
crease in serum P4 to 0.5 ng/ml, as the trigger for the LH surge has
emerged (Dozortsev and Diamond, 2020).

The mid-cycle LH surge is indispensable for ovulation, resumption
of the first meiotic division and luteinization of mural granulosa cells.
Although the role of the mid-cycle FSH surge in the NC is not fully
clear, it has been shown to promote LH receptor formation on the
luteinizing granulosa cells, thus securing the function of the corpus
luteum during the luteal phase, as well as nuclear maturation and cu-
mulus expansion (Strickland and Beers, 1976; Eppig, 1979; Zelinski-
Wooten et al., 1995; Yding Andersen et al., 1999; Yding Andersen,
2002).

Configuration of the LH surge
LH surges resulting in ovulation are not of one type only; instead, they
seem to be highly variable in configuration, amplitude and duration
(Park et al., 2007; Alliende, 2013; Direito et al., 2013). Thomas et al.
(1970) were the first to describe a midcycle bi-phasic pattern of the
LH surge. Of the eight cycles evaluated by daily serum LH measure-
ments, seven were noted to be bi-phasic (Thomas et al., 1970). The
first surge lasted for about 20 h and was followed by a decrease in se-
rum LH; after that, a second peak was noted, �24 h following the first
surge (Thomas et al., 1970).

The various configurations of the LH surge and their frequencies
have been reported in studies using urine testing (Park et al., 2007;
Alliende, 2013; Direito et al., 2013). According to these studies three
LH surge configurations have been defined as spike, biphasic and pla-
teau. The definitions and frequencies of these three types of LH surge
configurations are given in Table III.

A natural question to be addressed in this context is the relevance
of different types of LH surge configurations for reproductive out-
comes in a natural or t-NC FET cycle. Direito et al. (2013), in the only
available study assessing urinary samples, reported that cycles in which
multiple peak LH surges were seen were associated with a smaller fol-
licle size (P¼ 0.01) just before rupture and significantly lower urinary
LH levels on the ultrasonographically verified day of ovulation

Figure 3. The mean duration (95% CI) between the onset
of the LH surge and ovulation, in hours. Of the eight studies in-
cluded in the systematic review, six were included for the meta-
analysis. For studies reporting median (minimum–maximum) values,
the values were converted to mean and SD using the formula as sug-
gested by Hozo et al. (2005). Since heterogeneity was observed
among studies, the random-effects model was used to estimate the
pooled mean and 95% CI.
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(P¼ 0.03) when compared with single peak or plateau surges.
Moreover, the authors reported that prolonged LH surges (lasting
>3 days after documentation of ovulation by ultrasound) were charac-
terized by lower urinary pregnanediol 3-alpha glucuronide levels (a me-
tabolite of serum P4), and a smaller corpus luteum, which could
indicate luteal phase insufficiency. Importantly, with multiple peaks of
LH, the use of the initial LH peak (pseudo-peak) could be misleading
for the timing of FET in t-NC.

Urinary LH surge assay
LH surge assays measure different components of LH and its metabo-
lites. The type of assay is critical to define the different LH surge pro-
files. In a study by Johnson et al. (2015), urinary LH was measured
using two different assays in a total of 40 fertile women, aged 18–
40 years, by collecting daily urine samples during the menstrual cycle.
Of the two urinary LH assays, the Perkin Elmer assay detected intact
LH, free-beta LH (LH-beta) and LH beta core fragment (LH-bcf). Of
importance, LH-bcf is a degradation product of LH. The in-house uri-
nary LH assay, on the other hand, measured only intact LH. In six
patients, the in-house assay showed a single peak, whereas two peaks
were noted with the Perkin-Elmer kit. The authors speculated that the
variability in the LH surge configuration, amplitude and duration, as
reported by Direito et al. (2013) and Park et al. (2007), both

employing urinary kits measuring all three components (intact LH, LH-
beta and LH-bcf), could be an artifact, as the inconsistency was not
noted when only intact urinary LH was measured (Johnson et al.,
2019). Considerable inter-individual variation in the degradation pat-
tern of LH might contribute to marked differences in urinary LH-bcf
secretion and hence configuration of the LH surge (Johnson et al.,
2019).

The amplitude and duration of the LH surge
In an NC, an optimal P4 output from the corpus luteum, originating
from mono-follicular development, is crucial to establish and support a
pregnancy (Hull et al., 1982). In this aspect, it was recently shown that
the serum P4 level on the day or 1 day prior to warmed blastocyst
embryo transfer in t-NC cycle impacts the LBR (Gaggiotti-Marre et al.,
2020). In theory, differences in the amplitude and duration of the LH
surge might result in differences in the AUC for LH as the driving force
of P4 production by the corpus luteum and, hence, may have implica-
tions for the reproductive outcome in t-NC FET.

Regarding the duration of the LH surge, in a study by Hoff et al.
(1983), using serum samples at 2-h intervals, the mean duration of the
LH surge was found to be 48 h divided into three phases. The first
phase consisted of a short ascending phase lasting for 14 h, followed
by a rapid decline in E2 and a continued rise in P4. The second phase

............................................................................................................................................................................................................................

Table III Types and frequencies of urinary LH surge configurations.

Configuration Park et al. (2007) Direito et al. (2013) Alliende (2013) Alliende (2013)
(n 5 46) (n 5 107) (n 5 25)a (n 5 25)b

Spike 42% 48% 58% 42%

All values subsequent to the
LH peak were less than that

of the LH peak

LH peak was maintained over
the horizontal line at 30% of
the amplitude of the LH peak

for �5 days

Bi-phasic 44% 41% 25% 42%

First significant LH rise was
followed by a decrease, then
an increase in LH level which
may or may not be greater
than that of the first LH rise

LH surge was marked by
troughs, i.e. days with a LH

level below the 30% line

Double-peaked (23%);
multiple-peaked (2%)

Double-peaked (33%);
multiple-peaked (9%)

Double-peaked (33%); multi-
ple-peaked (8%)

Plateau 14% 11% 17% 15%

LH levels remained at peak
values for 2–3 days before

decreasing

LH level was maintained over
the 30% line for >5 days

aSecondary analysis of data according to criteria defined by Direito et al. (2013).
bSecondary analysis of data according to criteria defined by Park et al. (2007).
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.
was characterized by a peak plateau phase lasting for 14 h with a tran-
sient leveling of P4, whereas during the third phase, a long descending
phase lasting 20 h was associated with a second rapid rise in P4.

The impact of the amplitude and duration of the LH surge on preg-
nancy rates was evaluated in 127 patients (382 cycles), undergoing IUI
during an NC (Cohlen et al., 1993). An LH surge was defined as a rise
to �25 mlU/ml, and IUI was performed the next day. Cycles with LH
surges lasting for 2 days (n¼ 152) were associated with higher preg-
nancy rates (22.4% versus 8.3%, respectively; P< 0.001) when com-
pared with surges of 1-day duration (n¼ 230). Regarding the
amplitude of the LH surge, the pregnancy rates in the low (LH< 43
mlU/ml; n¼ 131 cycles), middle (LH¼ 43–63 mlU/ml; n¼ 128) and
high (LH> 63 mlU/ml; n¼ 123) LH groups were 8.4%, 14.8% and
18.7%, respectively (P¼ 0.055). The authors concluded that the dura-
tion of the LH surge was more important than its amplitude.

Soules et al. (1988) studied factors controlling corpus luteum func-
tion in 14 volunteers during the NC. The LH surge was quantified by
determining the AUC of the LH levels on the day, 1 day before and
1 day after the LH peak. The integrated serum P4 was calculated by
multiplying the mean daily serum P4 level per number of days from the
mid-cycle LH peak to the first day of the next menstrual period.
Although there was a significant positive correlation between mean fol-
licle diameters and serum E2 in the late follicular phase, these parame-
ters did not correlate with P4 production during the luteal phase.
Moreover, there was no correlation between the AUC-LH surge and
luteal P4 secretion. These findings suggest that the size of the follicle
and the amplitude of the LH surge are not quantitative determinants
of corpus luteum function during NC. Concordant with the study by
Soules et al. (1988) and Johnson et al. (2015), using urinary LH kits,
reported that the LH amplitude differed between individuals, however,
the variation was neither related to follicular phase length nor to the
likelihood of pregnancy (Johnson et al., 2015).

Collectively, data are limited and conflicting regarding the impact of
the amplitude and duration of the LH surge on P4 output by the cor-
pus luteum and reproductive outcome of an NC.

The intra-personal variability of the LH surge
A diurnal rhythm exists for the onset of the LH surge, mainly occurring
from 11 p.m. to 8 a.m. (Krotz et al., 2005) with no particular variation
by day of the week (Cahill et al., 1998), and LH surge characteristics
do not seem to be influenced by age (Direito et al., 2013; Johnson
et al., 2019) or BMI (Johnson et al., 2019). In the study by Direito
et al. (2013), LH surge characteristics remained consistent from cycle
to cycle in regularly cycling women. In contrast, Alliende (2013), did
not find a clear repetition of the same LH profile, as only 44% of
cycles showed the same profile.

Urinary testing versus serum testing for
the LH surge: does it make a difference?
From a practical standpoint, detecting ovulation in urine is more con-
venient and patient-friendly than testing in serum. However, several
disadvantages exist for urine testing, as discussed below.

Testing LH in urine is dependent on the assay used, as different uri-
nary LH assays measure different molecules (Johnson et al., 2015).
Urinary assays measuring intact LH-only provide physiologically more
relevant information than those measuring intact LH, LH-beta or LH-

bcf. Moreover, inter-individual differences in the LH metabolism may
contribute to differences in the LH-bcf level (Johnson et al., 2015).

A wide variation exists in the sensitivity of the urinary LH assays.
The lowest threshold levels of five different urinary LH assays have
been reported to range from 25.5 to 48.7 mIU/ml (Ghazeeri et al.,
2000). Accordingly, for those assays with detection limits <40 mIU/
ml, false-negative results will be encountered in patients with low peak
LH levels (<40 mIU/ml), which might affect up to 35% of ovulatory
cycles (Arici and Byrd, 1992).

When urinary testing is compared with serum testing, a time delay
should be taken into account owing to the prolonged urinary clearance
of LH (Frydman et al., 1984). In one study (Roger et al., 1980), peaks
and nadirs of the individual profiles of urinary estrogens and LH were
always delayed by at least 1 day and often 2 days compared with the
corresponding serum profiles. In contrast, in another study including a
total of 33 patients, the detection of the onset of the LH surge was si-
multaneous in serum and urine in 11 of 33 patients (Frydman et al.,
1984), whereas in the remaining 22 patients, the onset of the LH surge
in urine was delayed by 3–21 h when compared with the onset of the
serum LH surge.

In a recent prospective study of 40 regularly cycling women, aged
18–40 years, with no history of infertility, the inter-individual variations
in urinary and serum LH levels relative to ultrasound-observed ovula-
tion were investigated (Roos et al., 2015). Unlike, the studies discussed
above (Roger et al., 1980; Frydman et al., 1984), urinary and serum
LH showed an excellent agreement with a short delay for the urinary
signal. The authors concluded that LH testing might be used inter-
changeably in serum and urine. The use of transvaginal ultrasound daily
to confirm ovulation rather than laparoscopy (Roger et al., 1980;
Frydman et al., 1984) was the strength of the study by Roos et al.
(2015). Further studies are warranted to delineate whether a critical
time delay exists for the detection of the onset of the LH surge when
tested in serum or urine and, if a delay exists, whether it impacts re-
productive outcomes in t-NC FET.

Urinary LH-kits may also demonstrate LH surges in the absence of
ovulation, the so-called premature LH surges (Miller and Soules,
1996); these premature urinary LH surges appear to be a common
phenomenon in regularly cycling women (Chan et al., 1989; Ponto
et al., 1990; Miller and Soules, 1996; Krotz et al., 2005). When com-
paring once-daily urinary LH testing with ultrasound, as many as 18%
of women demonstrate LH surges in the absence of ovulation (Chan
et al., 1989; Ponto et al., 1990; Miller and Soules, 1996). FET timing
will be suboptimal if a premature LH surge is mistaken for a true ovu-
latory surge, decreasing pregnancy rates. Along these lines, the fre-
quency and impact of a premature urinary LH surge on the
reproductive outcome was evaluated in 188 regularly cycling IVF
patients who underwent cleavage-stage t-NC FET (Krotz et al., 2005).
Timing of embryo transfer was calculated by adding 13 h and the em-
bryonic age to the onset of the urinary LH surge. When a leading folli-
cle >16 mm was identified, daily urinary specimens were collected at
2- to 4-h intervals from 6 a.m. to 11 p.m. LH secretion, expressed by
milliunits/hour, was calculated by use of the formula ‘LH level (mIU/
ml) � total collection volume (ml)/total collection time (h)’. An ovula-
tory (or true) LH surge was defined as a urinary LH value of >800
mIU/h during three consecutive collections. However, a premature
LH surge was defined as one urinary LH value of >800 mIU/h that
was not sustained at repeat measurements. Eighty-eight (47%) of 188
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.
regularly cycling women had premature LH surges, and 33 (37%) of
those 88 women had multiple premature LH surges. Importantly,
pregnancy rates per embryo transfer were similar between women
with and without premature LH surges. Moreover, neither the pres-
ence nor the number of premature surges were independent predic-
tors of pregnancy at logistic regression analysis (Krotz et al., 2005).

Taking the transvaginal ultrasound as the gold standard to predict
ovulation, the sensitivity, specificity and accuracy for urine LH testing
have been reported to be 1.00, 0.25 and 0.97, respectively
(Guermandi et al., 2001). The positive predictive values of positive
urine LH testing for follicular collapse within 24 or 48 h were 73% and
92%, respectively (Miller and Soules, 1996).

Different frequencies of urinary LH testing, ranging from one to
three times daily, to detect ovulation is employed in current practice.
As expected, increased frequency of urinary testing will improve the
efficiency of identification of the urinary LH surge. A urinary LH surge
was observed in nine out of 10 ovulatory cycles using twice daily test-
ing (Nulsen et al., 1987). Had morning-only daily testing been done, a
urinary LH surge would have been observed in only six out of 10 ovu-
latory cycles. Conversely, if testing had been performed in the after-
noon only, a urinary LH surge would have been observed in seven out
of 10 ovulatory cycles (Nulsen et al., 1987).

Collectively, there are pros and cons for the urinary versus serum
testing for the LH surge. Future randomized controlled trials are war-
ranted to compare these two methods regarding reproductive out-
comes in t-NC.

Documentation of ovulation by ultrasound
Documentation of ovulation by ultrasound may be used instead of or
in addition to detection of the LH surge for FET timing in t-NC. The
LH surge is an indirect surrogate for ovulation as not all LH surges re-
sult in ovulation and, in fact, 3–4% of women with regular cycles and
documented LH surges are anovulatory (Guermandi et al., 2001; Park
et al., 2007). Furthermore, the absence of a secretory endometrium in
endometrial histological specimens following urinary LH surges has
been reported in a total of 7% of cycles (McGovern et al., 2004).

In contrast, documentation of ovulation by ultrasound is a direct
measurement and as such, highly reliable. The ultrasonographic signs
of ovulation have been closely related to ovulation (Wetzels and
Hoogland, 1982), and follicular collapse is the most predictive sign of
ovulation (Marinho et al., 1982), resulting in either disappearance of
the follicle, reduction of its volume with thickening of the follicle wall,
or replacement of the follicle by an area of ‘spongy’ appearance
(Wetzels and Hoogland, 1982). However, other ultrasonographic signs
of ovulation have also been described, as discussed below.

Ecochard et al. (2000) evaluated the sensitivity and specificity of ul-
trasonographic signs of ovulation in a multicenter study enrolling 107
fertile women (271 cycles). Transvaginal ultrasound was performed in
58% of the cycles, whereas transabdominal ultrasound was performed
in the remaining 42%. The estimated day of ovulation as determined
by ultrasound (US-EDO) was defined as the day of maximal follicular
enlargement, followed by rupture the following day. However, in
some cases, the largest follicle persisted for 2 days before rupture; the
US-EDO was assumed to be the first day of these 2 days for those fol-
licles �8 mm in diameter and the second day for leading follicles
<18 mm. The mean diameter of the leading follicle on US-EDO was

21.94 mm (90% CI, 21.33–22.55) with a maximum diameter of
39 mm. Ultrasonographic signs of ovulation included: disappearance or
sudden decrease in size; increased echogenicity; irregularity of follicular
walls; and appearance of free fluid in the pelvis. The sensitivity and
specificity of disappearance or sudden decrease in size were 84.3%
and 89.2%, respectively; the respective figures were 38.4% and 79.7%
for increased echogenicity, 61.6% and 87.1% for irregularity of follicular
walls and 71.0% and 88.2% for the appearance of free fluid in the pel-
vis. Increased echogenicity inside the follicle was not a reliable marker
of ovulation because echoes were noted in 7%, 13% and 20% of the
third-, second- and first-day preceding ovulation, respectively.
Interestingly, a good correlation was noted between transabdominal
and transvaginal ultrasound.

Luteinized unruptured follicle
In some cycles, a typical accelerated growth pattern compatible with a
luteinized unruptured follicle (LUF) is noted instead of rupturing. LUF
can be encountered in 9.4–46.7% fertile (Vanrell et al., 1982; Donnez
et al., 1983) and 10.0% unselected infertile women (Hamilton et al.,
1985). However, LUF is usually not repetitive and may occur infre-
quently in every woman (Evers, 1993).

Although Stein and Leventhal (1935) first described the failure of fol-
licle rupture in their classical manuscript on PCOS, only in 1978 was
evidence of LUF as the absence of ovulation stigma suggested by lapa-
roscopy performed during the early luteal phase (Koninckx et al.,
1978; Marik and Hulka, 1978). The three physiological events occur-
ring following the LH surge in a natural ovulatory cycle are: resumption
of the first meiotic division; luteinization of granulosa cells, culminating
in the formation of a corpus luteum; and rupture of the follicle wall
resulting in ovulation. These three events are all LH-dependent (Evers,
1993). However, the LH levels required for each of these three events
differ. Resumption of meiosis occurs at low LH levels whereas ade-
quate luteinization requires higher LH levels. In contrast, follicle rup-
ture is only achieved at very high LH levels (Evers, 1993). In a rat
model, the threshold LH level required for resumption of meiosis and
P4 secretion was only 5% of the peak level, whereas the threshold was
>85% of the peak level for follicular rupture (Peluso, 1990). This hier-
archic level-response effect of LH explains the lack of follicle wall rup-
ture with blunted LH surges, despite luteinization and hence serum P4

rise (Hamilton et al., 1985; Schenken et al., 1986; Hamilton et al.,
1987; Koskimies et al., 1987). Moreover, LUF cycles are typically char-
acterized by luteal phases of normal duration, however with lower
mid-luteal serum P4 levels (Murdoch and Dunn, 1983; Schenken et al.,
1986; Hamilton et al., 1987; Koskimies et al., 1987). Apart from a
blunted LH surge, diminished LH receptor expression of the corpus lu-
teum may also contribute to the development of LUF. Thus, in a study
by Koskimies et al. (1987), a 60% lower LH receptor expression in the
corpus luteum was reported in LUF patients compared to corpora lu-
tea of fertile controls.

Documentation of ovulation by ultrasound is not a common prac-
tice during t-NC cycles for the timing of FET, and serum P4 assess-
ment on the day, or 1 day prior to warmed blastocyst transfer until
now is rarely performed in t-NC FET, assuming that once ovulation
occurs the resultant P4 production by the corpus luteum would suffice
in all cases, which might indeed not be the case. Since LUF is associ-
ated with decreased mid-luteal serum P4 levels (Murdoch and Dunn,
1983; Schenken et al., 1986; Hamilton et al., 1987; Koskimies et al.,
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..1987), delineation of LUF cycles by ultrasound, although posing addi-
tional workload, could be of benefit. If serum P4 levels are sub-optimal
on the day or 1 day prior to warmed blastocyst transfer, either cycle
cancellation or rescue protocols using exogenous progesterone sup-
plementation might be employed, however, studies are needed to ex-
plore the efficacy of rescue protocols in t-NC FET.

The window of implantation
Embryo implantation involves the close interaction between a ‘compe-
tent’ blastocyst and a receptive endometrium, occurring during the
‘window of implantation’ (WOI). In most women, the WOI is open
during the mid-luteal phase, 8–10 days after ovulation, driven by the
sequential actions of estrogen and P4 (Wilcox et al., 1999).

To pinpoint the WOI in an NC, Wilcox et al. (1999) collected daily
urine samples for up to 6 months from 221 women with no history of
infertility, attempting to conceive. Timing of ovulation was identified by
the ratio of urinary E2 metabolite (estrone 3-glucuronide) to P4 metab-
olite (pregnanediol 3-glucuronide) (Baird et al., 1991). The timing of
implantation was defined as the first detection of hCG in maternal
urine. Of the 199 conceptions, sufficient data for analysis was present
in 189 pregnancies. Of these 189 pregnancies, 141 (75%) lasted for at
least 6 weeks past the last menstrual period, and the remaining 48
pregnancies (25%) ended before 6 weeks. Among the 141 pregnancies
lasting 6 weeks or more, implantation occurred 6–12 days after ovula-
tion; in particular, most (118 women; 84%) implantations occurred 8,
9 or 10 days after ovulation. Among the 102 conceptuses that
implanted 9 days after ovulation, the early pregnancy loss rate was
13%. In contrast, the early pregnancy loss rates were 26%, 52% and
82% (P< 0.001) for pregnancies occurring 10, 11 and more than
11 days after ovulation. The authors discussed several reasons for the
high early loss rates of late-implanting conceptuses, such as decreased
receptivity during the luteal phase, a less hCG responsive corpus lu-
teum or intrinsic embryonic factors resulting in a lower production of
hCG. In most successful ongoing pregnancies, the embryo implanted
8–10 days after ovulation, coinciding with days 22–24 of the cycle
(Wilcox et al., 1999). A large sample size with a 6-month follow-up
for each patient is the strength of this milestone study; however, de-
termining the day of ovulation using urinary E2 and P4 metabolites
without transvaginal ultrasound is a limitation.

In summary, the WOI continues to be a black box. However, based
on the existing evidence, the WOI for best reproductive performance
appears to be narrow, �2 days coinciding with 8–10 days after ovula-
tion, and an accurate determination of the WOI is essential to opti-
mize the reproductive outcomes of frozen and warmed embryo
transfer in t-NC FET.

Implications for clinical practice
Timing of thawed embryo transfer in a t-NC
Considering the day of the LH surge as Day 0, the usual practice to
perform t-NC FET at the cleavage and blastocyst stages is LH sur-
geþ 4 days and LH surgeþ 6 days, respectively (Mackens et al., 2017;
Mumusoglu et al., 2021). Of note, only three retrospective studies
compared reproductive outcomes employing different criteria for tim-
ing of FET in t-NC (Irani et al., 2017; Bartels et al., 2019; Lovrec et al.,
2021). Of those three studies, LH surge testing was performed in

serum in two studies (Irani et al., 2017; Bartels et al., 2019) and in
urine in the remaining one study (Lovrec et al., 2021). In a retrospec-
tive setting, t-NC was performed in patients who underwent warmed
blastocyst transfer after either pre-implantation genetic testing for an-
euploidy (PGT-A) (n¼ 365 women, 407 cycles) or without PGT-A
(n¼ 247 women, 284 cycles) (Irani et al., 2017). No luteal phase sup-
port was administered. Patients in the PGT-A and non-PGT-A groups
were further divided into two sub-groups. Group A included patients
in whom the LH surge was defined as the first attainment of LH �17
mIU/ml with a �30% drop in E2 levels the following day. Group B in-
cluded patients whose LH level continued to rise, and the surge was
defined as the highest serum LH level occurring 1 day after LH �17
mIU/ml, despite a �30% drop in E2 levels. Among the non-PGT-A
cycles, Group A was associated with significantly higher implantation
rates (48.7% versus 38.1%; P¼ 0.01; adjusted odds ratio (OR): 1.6
(95% CI, 1.1–2.3)) and LBRs (52.9% versus 40.1%; P¼ 0.01; adjusted
OR: 1.7 (95% CI, 1.1–2.8)) compared to Group B. In contrast, among
the PGT-A cycles, Groups A and B had comparable implantation rates
(57.4% versus 63%, respectively; P¼ 0.39) and LBRs (56.7% versus
63.4%, respectively; P¼ 0.37). The authors speculated that the lower
success rate among non-PGT-A patients in Group B might be attrib-
uted to a higher rate of embryo-endometrial asynchrony owing to a
relatively lengthy exposure of the endometrium to P4. The authors fur-
ther speculated that the lack of a negative impact on LBR in PGT-A
cycles could be caused by earlier implantation of tested blastocysts fol-
lowing zona breaching during biopsy (Liu et al., 1993). The retrospec-
tive study design, single-point assessment for the LH surge and lack of
cluster analysis are important limitations of the study.

In another retrospective study, the impact of timing of warmed blas-
tocyst transfer in t-NC was evaluated in 341 cycles (Bartels et al.,
2019). As in the previous study (Irani et al., 2017), heterogeneity
existed in the timing of FET, as for some cycles a serum LH �20
mIU/ml was used to define the LH surge while in other cycles the LH
peak was used. Each cycle was classified by the timing of FET accord-
ing to the LH surge, which was defined as the first attainment of serum
LH �20 mIU/ml: Group 1 (n¼ 211; 61.9%), LH �20 mIU/ml lasting
for 1 day in whom FET was performed 6 days later; Group 2 (n¼ 60;
17.6%), LH �20 mIU/ml lasting for two consecutive days in whom
FET was performed 6 days after the LH surge; Group 3 (n¼ 70;
20.5%), LH �20 mIU/ml lasting for two consecutive days in whom
FET was performed 7 days after the LH surge. Vaginal progesterone
was used for luteal phase support 3 or 4 days prior to FET, while a mi-
nority received intramuscular progesterone based on patient prefer-
ence and provider practice. The authors reported that in the three
groups implantation, clinical and ongoing pregnancy rates were compa-
rable. Owing to the arbitrary nature of choosing an LH cut-off point of
20 mIU/ml, the authors explored various other thresholds. For exam-
ple, the transfer 6 or 7 days after the LH surge achieved comparable
ongoing pregnancy rates in relation to LH cut-off points of 15, 16, 17,
18, 19, 20 and 25 mIU/ml. It was concluded that timing of blastocyst
transfer in t-NC after the LH surge is flexible within 24 h as outcomes
were equally good with embryo transfers performed on days 6 or 7
after the LH surge. Limitations of the study relate to the retrospective
design, lack of serum hormone measurements 1 day after LH �20
mIU/ml in some patients, and a single-point assessment for the LH
surge.
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..The reproductive outcomes of vitrified warmed blastocyst transfer
performed 5, 6 or 7 days after detecting the LH surge in urine were
compared in a retrospective study enrolling 2080 cycles (Lovrec et al.,
2021). Urine LH testing every morning was commenced when the
leading follicular diameter was 15 mm. Although warmed blastocyst
transfer was performed most commonly 6 days after the urinary LH
surge (1610 cycles, 77.4%), it was also scheduled 5 (380 cycles,
18.3%) or 7 (90 cycles, 4.3%) days after the LH surge, to avoid trans-
fer on busy days or workload during weekends. Luteal phase support
was administered as 400 mg/day of micronized vaginal progesterone
immediately after FET. The clinical pregnancy, miscarriage, implantation
and delivery rates of the vitrified-warmed blastocyst transfers per-
formed 5, 6 and 7 days after the urinary LH surge were all compara-
ble. The retrospective study design and lack of cluster analysis to
account for the inclusion of more than one cycle for a patient are the
limitations of this study.

Collectively, until now conflicting and limited data are available, com-
paring the effect of different timings of FET in t-NC on the reproduc-
tive outcome. Further randomized controlled trials evaluating the
impact of different timings on reproductive outcomes in t-NC FET
cycles are clearly required.

Strengths, limitations and future research
To our knowledge, this is the first systematic review and meta-analysis
evaluating the definition of the onset of the LH surge and the duration
between the onset of the LH surge and ovulation. Unfortunately, most
included studies were old and did not use state-of-art technology for
endocrine and ultrasound work-up. Studies including a large sample
size employing high-resolution transvaginal ultrasound and endocrine
monitoring are required to precisely define the onset of the LH surge
and the duration between the onset of the LH surge and ovulation.
Future research is also warranted to delineate the optimal P4 level, ex-
posure time and duration needed to open the WOI.

Conclusion
Testing either in serum or urine, different definitions for the onset of
the LH surge have been developed without reaching a consensus. A
marked inter-personal variation exists for the time interval between
the onset of the LH surge and ovulation, with a mean duration of
33.91 h (95% CI ¼ 30.79–37.03: six studies, 187 cycles) and ranging
from 22–56 h. LH surges resulting in ovulation are not necessarily one
type; rather, they may be extremely variable in configuration, ampli-
tude and duration, which might have consequences for reproductive
outcomes in t-NC FET. Urinary and serum testing of LH may be used
interchangeably. Ultrasonographic documentation of ovulation and se-
rum P4 assessment on the day or 1 day prior to warmed blastocyst
transfer is not a common practice worldwide during t-NC FET cycles.
Since LUF is associated with decreased mid-luteal serum P4 levels, de-
lineation of LUF cycles by ultrasonography, although posing additional
workload, might be of importance. Conflicting and limited data are
available comparing the effect of different timings of FET in t-NC on

the reproductive outcomes, warranting further randomized controlled
trials.

Supplementary data
Supplementary data are available at Human Reproduction Update
online.
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