
Vol.:(0123456789)1 3

Journal of Assisted Reproduction and Genetics (2023) 40:1897–1903 
https://doi.org/10.1007/s10815-023-02864-2

ASSISTED REPRODUCTION TECHNOLOGIES

Serial progesterone levels more accurately predict the time 
of ovulation in subfertile women: a prospective cohort study

Turgut Aydin1   · Nadiye Koroglu1   · Nazli Albayrak1   · Mert Akin Insel2 

Received: 20 February 2023 / Accepted: 15 June 2023 / Published online: 23 June 2023 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2023

Abstract
Purpose  To predict ovulation in subfertile women using serial follicular growth (FG) and serum hormone measures (estradiol 
(E2), luteinizing hormone (LH), and progesterone (P) levels) in mathematical models.
Methods  This was a prospective observational study of 116 subfertile women aged between 18 and 40 years. FG was assessed 
by serial transvaginal ultrasonography starting from cycle days 8–12, depending on cycle length. Once the dominant follicle 
reached 15–16 mm, hormone levels were assessed daily. The primary outcome measure was ovulation (Ov), with a serum 
LH level ≥15 IU/l defining the start of the LH surge (the day prior to ovulation) and a serum P level >1 μg/ml concurrent 
with a drop in serum E2 levels indicating Ov. To determine Ov, mathematical models were generated using FG, LH, E2, and 
P measurements.
Results  A mathematical model was constructed using exponential regression to relate days until and after ovulation with P 
levels. The Ov(P) model was found to be superior to the Ov(LH) model in the prediction of Ov, with high R2 and low RMSE 
values of 0.9983 and 0.2454, respectively. In the range of [−2, 2] days, the net accuracy of the Ov(P) model was 63.0%, while 
with an allowed one-day error, the accuracy was 99.6%.
Conclusion  Serum P levels display a highly predictable linear curve in natural cycles, which enables the prediction of 
ovulation. The Ov(P) model can be independently used to schedule embryo transfer in natural frozen-thaw cycles and could 
therefore replace the Ov(LH) model in clinical practice.
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Introduction

Subfertility, defined as the inability to conceive after 1 year 
of unprotected regular intercourse, is reported among one in 
six couples planning pregnancy [1]. Ovulatory disorders are 
present in 50% of subfertile women; hence, confirming the 
occurrence of ovulation is critical for their evaluation [2]. 
Although it is thought that women with regular menstrual 
cycles have corresponding ovulatory cycles, nearly one-
third of these women experience anovulation [3, 4]. Ovula-
tion may be confirmed by various methods reported in the 

literature, such as ultrasonographic detection, determining a 
luteinizing hormone (LH) surge in peripheral blood or urine 
samples, or measuring the progesterone levels in peripheral 
blood samples taken in the mid-luteal phase [5–7]. Since no 
consensus exists on the definition of an LH surge, defined 
cutoff values differ, and ovulation detection may be impre-
cise [8].

In the last decade, natural frozen-thaw cycles (NC-FETs) 
have gained popularity due to greater patient friendliness 
as well as better maternal, obstetric and perinatal outcomes 
compared to programmed cycles [9]. In NC-FETs, the ovu-
lation time is the critical parameter to improve implanta-
tion rates. Embryo-endometrial synchronicity on the day of 
embryo transfer is the determinant of pregnancy, so deter-
mining the time of embryo transfer by the ovulation time is 
crucial. The LH surge is the most commonly used indica-
tor to define the ovulation time [10]. In clinical practice, 
imprecise results derived from patients’ LH surges cause 
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ambiguity in clinical decisions, and plateaus in LH levels 
obscure the optimal timing of embryo transfer.

The synchronicity of a good-quality embryo and a recep-
tive endometrium is essential to achieve pregnancy [11]. The 
progesterone secreted from the ovaries is required for the 
endometrium to be receptive. In patients with low proges-
terone levels and/or insufficient receptivity of the secretory 
endometrium, luteal phase defects arise, which may lead 
to decreased fertility rates and, ultimately, subfertility [12]. 
Therefore, to detect ovulatory disorders in patients, ovula-
tion physiology must be well understood, and the cutoff val-
ues of reproductive hormone levels should be established.

Since such data are limited in the literature, identifying 
the optimal transfer time for NC-FETs and detecting ovula-
tory dysfunction in subfertile women should be guided by 
focusing on the hormone changes around the time of ovula-
tion. In this study, we aimed to establish cutoff values of 
progesterone levels to detect ovulation in subfertile women 
by performing serial ultrasonography and blood sampling to 
observe changes in the serum levels of estradiol (E2), LH, 
and progesterone (P). Also, prediction of ovulation using 
serial hormone measurements may provide an opportunity 
to generate ovulatory prediction mathematical models that 
can be used in the prediction of ovulation in NC-FET.

Materials and methods

Study design

This was a prospective, observational, single-center clini-
cal trial. The study was approved by the Institutional Ethics 
Committee of Acibadem Mehmet Ali Aydinlar University 
(Institutional review board protocol no: 2021-23/04) and 
registered with clinicaltrials.gov  (NCT05211583 https://​
clini​caltr​ials.​gov/​ct2/​show/​NCT05​211583).

Study subjects

Subfertile women with regular menstrual cycles who had 
not conceived after 1 year of unprotected intercourse were 
included. Patients aged from 18 to 39 years were recruited 
from the population who presented to the In Vitro Fertiliza-
tion Unit at the Acibadem Mehmet Ali Aydinlar University 
Atakent Hospital. Patients who had a menstrual cycle length 
between 24 and 38 days were not receiving any hormone 
therapy and would comply with the scheduled ultrasound 
visits and blood sampling for hormone analysis that were 
followed up. One hundred thirty-six women were initially 
included. Twenty women dropped out: 4 due to prema-
ture ovulation before hormone level evaluation, 5 due to a 
detected progesterone level >1 μg/l, 6 due to the absence of 
follicular development, and 5 due to noncompliance with 

the hospital visits. The data of 116 subfertile women were 
analyzed to model the progesterone, E2 and LH levels, and 
follicle size (FS) relative to the ovulation day (Ov).

Menstrual cycle monitoring

The participants were invited for the first evaluation on the 
second or third day of their menstrual cycle. Blood samples 
were obtained to detect baseline serum E2 and progesterone 
levels together with transvaginal ultrasound examinations to 
exclude ovarian cysts. Women with persistent ovarian cysts 
or progesterone levels > 1 μg/ml were excluded. Follicular 
development was examined on the 8th–12th days of the men-
strual cycle via ultrasonography, considering the variance in 
menstrual cycle length among women. Once the dominant 
follicle had reached a diameter of 15–16 mm, blood samples 
were collected early in the morning each day. Serum E2, pro-
gesterone, and LH levels were measured at Acibadem Mehmet 
Ali Aydinlar University Atakent Hospital Biochemistry Labo-
ratory using an enzyme-linked immunosorbent assay (ELISA) 
kit (Atellica IM Analyzer Estradiol, progesterone and LH, Sie-
mens Healthineers, Germany). The assay for progesterone had 
a within-laboratory precision of ≤ 0.13 ng/ml SD for samples 
<1.0 ng/ml, a coefficient of variation (CV) ≤ 13% for samples 
from 1.0 to 6.50 ng/ml, a CV ≤ 6% for samples from 6.6 to 
20 ng/ml, and a CV ≤ 6.5 for samples >20 ng/ml. The assay 
sensitivity for progesterone was ≤0.21 ng/ml.

Ovulation time was detected using serial ultrasonography 
and consecutive serum hormone analysis. To identify the time 
to ovulation, a serum LH level ≥15 IU/l was defined as “the 
day prior to ovulation” or the “LH surge.” A serum progester-
one level >1 μg/ml and an observed concurrent drop in serum 
E2 levels were adopted to indicate the ovulation day. In cases 
not meeting the defined criteria, the ovulation time was identi-
fied by taking the serum hormone levels from 1 day prior or the 
day after into consideration. Five days after the defined ovula-
tion day, serum progesterone levels were evaluated with refer-
ence to the day-5 blastocyst embryo transfer time in NC-FETs.

Data analysis

The data of 116 subfertile women were utilized to model P 
level, LH and E2 levels, and FS with respect to Ov.

The demographic data of the patients and the statistical 
information about the P level and LH, E2, and FS data are 
given in Tables 1 and 2, respectively.

Mathematical modeling

Nonlinear regression approaches were utilized to model P 
level and FS, LH, and E2 data as a function of Ov. When the 
data were examined, exponential and power functions, whose 
general forms are given in Eqs. 1 and 2, were determined to 
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be the most suitable for P level and FS data, respectively. The 
LH and E2 data exhibited a Gaussian distribution; thus, the 
fit function was selected as the Gaussian function for these 
data, which is expressed in Eq. 3. Furthermore, LH and P 
level data were utilized together for the determination of Ov 
by using multinonlinear regression in the form given in Eq. 4.

where a, b, c, and d are the arbitrary constants to be deter-
mined by regression, and t is the shifting constant that 
ensures that the term (x + t) is positive.

After function selection, the functions were fitted to the 
daily mean data of the patients by using the nonlinear least 
squares method with the trust-region algorithm [13]. The 
performance of the functions was evaluated by comput-
ing the R2 and root mean square error (RMSE) values [14], 
which are given in Eqs. 4 and 5, respectively. MATLAB 
R2022a (license number 40578168) was used to perform all 
calculations (Table 3).

(1)f (x) = aebx

(2)f (x) = a(x + t)b

(3)f (x) = ae
−

(

x−b

c

)2

(4)f (x, y) = ax + by + cxy + d

Results

To determine Ov from the P level and FS, LH, and E2 data, 
the models were obtained as explained in the mathemati-
cal modeling section. The obtained models are illustrated 
in Fig. 1. Here, it is clearly shown that when the measured 
P level was >2 μg/l, ovulation likely occurred. When the 
P level was approximately 5 μg/l, the patients were highly 
likely to be between days 2 and 3 postovulation. The mod-
eling with respect to FS yielded less reliable results, but 
when the FS was above 18 mm, Ov = −1 was reached. While 
the Gaussian fit was shown to be appropriate for the mean 
values of the LH and E2 data, the standard deviation was 
noticeably higher when compared to that of prior models. 
Here, it was also shown that the LH level peaked at the day 
of ovulation, as expected, while the E2 level peaked 1–1.5 
days prior to the day of ovulation. Hence, the only period 
in which LH increased and E2 decreased was the interval 
between Ov =1.5 and Ov =0. Overall, it was shown that the 
most suitable model for the estimation of Ov was obtained 
from P data. The high R2 and low RMSE values clearly 

(5)R2 = 1 −

�
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Table 1   Statistical information of the participants’ demographic data

Data are presented as the mean (±SD)

Mean Std

Age (years) 30.75 4.19
Menstrual cycle length (days) 28.80 2.05
Body mass index (kg/m2) 23.66 3.08
Baseline estradiol (E2) (ng/l) 47.88 19.16
Baseline progesterone (PL) (μg/l) 0.70 0.27

Table 2   Serial analysis of changes in hormone levels and follicle size with respect to the ovulation day (OV)

Data are presented as the mean (±SD). N/A, not applicable

OV = −4 OV = −3 OV = −2 OV = −1 OV = 0 OV = 1 OV = 2 OV = 5

Progesterone 
levels (μg/l)

N/A 0.49 ∓ 0.22 0.61 ∓ 0.21 0.77 ∓ 0.19 1.34 ± 0.29 2.19 ± 0.52 4.28 ± 1.41 15.66 ± 5.66

Estradiol  
levels (ng/l)

N/A 262.23 ∓ 84.59 294.81 ∓ 122.21 353.97 ∓ 144.20 278.43 ∓ 151.2 134.49 ∓ 84.39 104.82 ∓ 35.88

Luteinizing  
hormone 
levels  
(mIU/mL)

N/A 12.06 ∓ 4.2 36.96 ∓ 24.2 52.68 ∓ 28.57 23.28 ∓ 16.25 9.7 ∓ 1.62

Follicle  
size (mm)

13.5 ∓ 4.1 15.8 ∓ 1.8 17.6 ∓ 1.5 19. ∓ 1.3 18.9 ∓ 1.4

Table 3   Performance metrics of 
the fitted functions

Model R2 RMSE

P(Ov) 0.9983 0.2454
FS(Ov) 0.9686 0.4772
LH(Ov) 0.9848 3.217
E2(Ov) 0.9308 33.05
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indicated that the constructed mathematical models accu-
rately represented the data.

Furthermore, the multinonlinear relationship among Ov, 
the LH level, and the P level is shown in Eq. 7 and illustrated 
in Fig. 2. The R2 and RMSE values were 0.9711 and 0.5374, 
respectively, which proved the success of the regression:

where a = −0.01029, b = 0.8318, c = 0.02917, and d = 
−2.378. The outcome of the function is multiplied by 24 to 
obtain the result in hours.

While Eq. 7 combines the effects of the P level and LH 
level on Ov, the claim of this paper is that P level data provide 
precise information about Ov, with a small RMSE value.

While high levels of LH could directly indicate the day 
of ovulation, the model could not be utilized by itself since 

(7)O
v(LH,P level) = aLH + bPL + cLH ⋅ PH + d

it gave two outputs for the day relative to ovulation. Even 
if the correct output of the Ov(LH) model was selected, it 
was shown that the Ov(P level) model was superior, with 
lower RMSE and higher R2 values. To decisively validate 
this claim, 364 P level and 176 LH measurements obtained 
from the 116 patients were utilized for accurate estimation 
analysis. Figure 3 shows the confusion matrix of the models. 
Here, it is shown that the Ov(P level) model was accurate 
in most cases because the diagonal of the matrix was suf-
ficiently brighter. While the net accuracy was 53.8%, if an 
error of 1 day was allowed, the accuracy became 95.9%. 
This shows that the model is highly accurate. The Ov(LH) 
model also performed sufficiently well, with a net accuracy 
of 64.8% and an allowed 1-day error accuracy of 98.9%. 
However, these results may be misleading since to determine 
if the day is −2 or +2 or −1 or +1, the Ov(P) or Ov(FS) 

Fig. 1   Changes in progesterone levels (a), follicular size (b), LH levels (c), and estradiol levels (d) according to the day of ovulation. PL, proges-
terone level; FS, follicular size; LH, luteinizing hormone; ES, estrogen; Ov, ovulation
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models must be utilized for the patients. Furthermore, in 
the range of [−2, 2] days, the net accuracy of the Ov(P) 
model was 63.0%, while when a 1-day error was allowed, 
the accuracy was 99.6%. Thus, it was shown that the Ov(P) 
model was superior to the Ov(LH) model since it could be 
used independently, could yield accurate outputs in a wider 
range, and was more accurate than the Ov(LH) model in the 
same output range.

Discussion

In this study, our goal was to identify ovulation in natural 
cycles by measuring serial FG and serum hormone LH, 
E2, and P levels in subfertile women. A mathematical 
model was constructed to determine the time of ovulation 
and elapsed time after ovulation. While it was shown that 
Ov could be satisfactorily determined by the P level and 
FS, in the literature, LH levels are utilized more commonly 

in Ov prediction. Hence, by using the collected data, we 
also developed a mathematical model combining the rela-
tionship of LH levels and P levels for Ov estimation. By 
using this mathematical model, the optimal time to trans-
fer an embryo in NC-FETs can be determined specifically 
based on the P level.

NC-FET is increasing in popularity since it is associ-
ated with favorable obstetric and perinatal outcomes [15]. 
However, the challenge related to NC-FETs is the accurate 
measurement of the time to ovulation, which is essential 
to improve the cumulative live birth rates of natural cycle/
frozen-thaw cycles. In the literature, the day relative to 
ovulation is generally determined by the LH level. How-
ever, in this study, it was shown that the P level can be 
more reliable in the determination of the day relative to 
ovulation. Although the LH surge is the most commonly 
used tool to identify ovulation in the literature, there are 
several definitions of the LH surge, with no consensus 
[16]. Since the time between the LH surge and ovulation 
differs among women, the time interval ranges from 22 
to 56 h [8]. However, it is known that the configuration 
and amplitude of the LH surge may differ among women, 
even between an individual’s menstrual cycles. Moreover, 
another challenge is whether the LH level is obtained on 
the ascending or descending limb of the surge. In addition 
to these issues, approximately 25% of women have an LH 
surge after ovulation [6]. Correlatively, LH values at Ov = 
−1, Ov=0, and Ov = +1 LH, obtained from our data, were 
the same cutoff values as those from the literature, sug-
gesting that the timing of embryo transfer as determined 
by LH levels may only lead to missed implantation win-
dows. Therefore, with the help of a mathematical model 
utilizing levels of both LH and progesterone, it is possible 
to precisely determine the ideal time of embryo transfer.

Several studies of natural frozen-thaw cycles considered 
follicular collapse as a criterion for ovulation detection to 
determine the transfer time. However, the sensitivity and 
specificity of follicular collapse for ovulation detection are 
84.3% and 89.2%, respectively [17]. Undetected follicular 

Fig. 2   Multinnonlinear modeling of Ov with respect to the PL and LH 
level. The effects of the PL and LH level on Ov are combined in this 
model. PL, progesterone level; LH, luteinizing hormone; Ov, ovulation

Fig. 3   Confusion matrix for 
validation of the performance of 
the Ov(PL) (a) and Ov(LH) (b) 
models
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collapse in some women and the presence of luteinized 
unruptured follicles are limiting factors of follicle follow-
up. In our study, increases in progesterone levels did not 
coincide with follicular collapse in some participants. There-
fore, uncollapsed follicles may mislead practitioners in the 
detection of the ovulation time.

According to the American Society for Reproductive 
Medicine Committee Opinion, the evaluation of ovulatory 
function is a basic test to assess infertile couples [2]. P level 
analysis during the luteal phase represents objective and 
reliable evidence of ovulation. A serum P level >3 μg/ml 
measured a week prior to the expected start of menstruation 
confirms ovulation [5]. However, it remains unclear whether 
these values are sufficient to confirm adequate endometrial 
receptivity to form a functional secretory endometrium for 
implantation [12]. Therefore, in subfertile women, insufficient 
P levels in the luteal phase may be the reason for infertility. 
Midluteal P levels are <10 μg/ml in women diagnosed with 
luteal phase insufficiency [18], clinically defined as a luteal 
phase lasting <10 days. Similarly, higher cumulative live birth 
rates are associated with a P level >10 μg/l on the day of or 1 
day prior to embryo transfer in frozen-thaw cycles.

P levels in the luteal phase are correlated with follicle 
stimulating hormone, E2, and LH levels in the follicular 
phase of the same cycle. Insufficient follicular hormone 
production may therefore result in progesterone 
deficiency during the luteal phase. In this sense, data 
not fitting the logarithmic curve suggested in this study 
may raise suspicion of luteal phase dysregulation in a 
patient. Low P levels after ovulation might be the cause 
of infertility and failed implantation, so monitoring the 
P level beyond that of ovulation is also important. Given 
that progesterone secretion is thought to be pulsatile 
and that, consequently, values measured in short periods 
may fluctuate between 5 and 40 ng/ml [19], we did not 
observe f luctuations in relation to the early days of 
ovulation, and the linear curve relating P levels to the 
ovulation day was consistent. In the literature, serum 
P levels are not commonly used to detect ovulation 
in NC-FETs. However, in the current study, serum 
P levels show a highly predictable linear curve that 
enabled the accurate prediction of ovulation. Therefore, 
P levels could be used to schedule embryo transfer in 
NC-FETs by accurately predicting the ovulation day and 
ensuring embryo-endometrial synchronicity on the day 
of transfer.

A strength of this study was the identification of changes 
in serum hormone levels to detect ovulation in subfertile 
women, with a proposed mathematical model to predict 
the time to ovulation. The study limitations include the 
exclusion of women aged >40 years from the study. Another 
limitation is that the sample was limited to volunteers and 

subfertile women. It would be interesting to validate this 
predictive model in fertile women with regular menstrual 
cycles and compare the differences related to hormonal 
changes.

Conclusions

Our proposed mathematical model may be used in clini-
cal practice to detect the ovulation time, especially for NC-
FETs, and enables the use of progesterone as a tracking bio-
marker alongside LH. This model and serum progesterone 
levels as an important indicator in NC-FETs suggest a poten-
tial space to investigate pregnancy outcomes of NC-FETs in 
future studies.
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