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Objective: To develop a machine learning model designed to predict the time of ovulation and optimal fertilization window for
performing intrauterine insemination or timed intercourse (TI) in natural cycles.
Design: A retrospective cohort study.
Setting: A large in vitro fertilization unit.
Patient(s): Patients who underwent 2,467 natural cycle–frozen embryo transfer cycles between 2018 and 2022.
Intervention(s): None.
Main Outcome Measure(s): Prediction accuracy of the optimal day for performing insemination or TI.
Result(s): The data set was split into a training set including 1,864 cycles and 2 test sets. In the test sets, ovulation was determined
according to either expert opinion, with 2 independent fertility experts determining ovulation day (‘‘expert’’) (496 cycles), or according
to the disappearance of the leading follicle between 2 consecutive days' ultrasound examinations (‘‘certain ovulation’’) (107 cycles). Two
algorithms were trained: an NGBoost machine learningmodel estimating the probability of ovulation occurring on each cycle day and a
treatment management algorithm using the learning model to determine an optimal insemination day or whether another blood test
should be performed. The estradiol progesterone and luteinizing hormone levels on the last test performed were the most influential
features used by the model. Themean numbers of tests were 2.78 and 2.85 for the ‘‘certain ovulation’’ and ‘‘expert’’ test sets, respectively.
In the ‘‘expert’’ set, the algorithm correctly predicted ovulation and suggested day 1 or 2 for performing insemination in 92.9% of the
cases. In 2.9%, the algorithm predicted a ‘‘miss,’’meaning that the last test day was already ovulation day or beyond, suggesting avoid-
ing performing insemination. In 4.2%, the algorithm predicted an ‘‘error,’’ suggesting performing insemination when in fact it would
have been performed on a nonoptimal day (0 or �3). The ‘‘certain ovulation’’ set had similar results.
Conclusion(s): To our knowledge, this is the first study to implement a machine learning model, on the basis of the blood tests only, for
scheduling insemination or TI with high accuracy, attributed to the capability of the algorithm to integrate multiple factors and not rely
solely on the luteinizing hormone surge. Introducing the capabilities of the model may improve the accuracy and efficiency of ovulation
prediction and increase the chance of conception.
Clinical Trial Registration Number: HMC-0008-21. (Fertil Steril� 2023;120:1004–12. �2023 by American Society for Reproductive
Medicine.)
El resumen está disponible en Español al final del artículo.
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P redicting ovulation is an impor-
tant unmet need in fertility
care. Although accurate predic-

tion of ovulation can benefit several
populations trying to conceive,
including patients undergoing intra-
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are lacking.
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The demand for IUI has increased
in recent years, especially with the use
of donor sperm (1). The first-line treat-
ment for young women using donor
sperm for conception, as well as for
couples with isolated mildly reduced
sperm quality, is the spontaneous cycle
combined with IUI to avoid multiple
pregnancy (2, 3). The time of ovulation
following a naturally occurring lutei-
nizing hormone (LH) surge is subject
to higher variability than following hu-
man chorionic gonadotropin (hCG)
administration. Available data show
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that ovulation can occur within a wide time frame, ranging
from 22 to 56 hours after the onset of the LH surge (4–8).
This can be explained by the lack of consensus as to the
definition of the LH surge and the methods used for its
detection (9, 10). The variable timing of ovulation,
combined with the need to closely monitor the levels to
detect the spontaneous LH surge, makes correct scheduling
of IUI based solely on the detection of the spontaneous LH
surge a challenging procedure. On the basis of previous
studies, the optimal timing for IUI in natural cycles is
thought to be 1 day after the LH surge (3, 8).

The window of opportunity in timing of intercourse or
self-ICI is wider and more flexible because of the possibility
of repeated exposure. The fertile window, in which a women
may become pregnant, lasts approximately 6 days and may
vary considerably even in women with regular cycles (11).
Therefore, a Cochrane review concluded that couples using
TI have higher chances of conceiving (12). The chances for
conception reach 30% 1–2 days before ovulation, 7% on the
day of ovulation, and only 1.5% on the day after ovulation
(13, 14).

Several acceptedmethods for timing of insemination or TI
are used. Available fertility awareness methods, such as
ovulation detection kits on the basis of urine LH and estrogen
and cervical mucus monitoring, have been shown to increase
the probability of conceiving but are considered less accurate,
present false-positive and false-negative results (15), andmay
not be suitable for all couples. Another more resource-
intensive method requires follow-up by a fertility expert
with repeated ultrasound (US) examinations combined with
the blood levels of LH.

In recent years, the artificial intelligence (AI) techniques
have emerged as objective standardized methods to improve
the outcome of fertility treatments, mostly in personalized
ovarian stimulation (16–19). To our knowledge, no study
has developed an AI model to assist scheduling the best
time for IUI, ICI, or intercourse on the basis of ovulation
prediction. The lack of a reliable scheduling method,
combined with several populations in demand for such,
triggered our current study. We have implemented a
machine learning technology, using natural cycle–frozen
embryo transfer (NC-FET) cycles with the possibility of
retrospectively determining accurate ovulation timing, to be
able to determine the optimal fertile window for each
method of conception. This study aimed to show whether
this technology can predict optimal timing for IUI, self-ICI,
or intercourse in spontaneous cycles, based solely on blood
test results without the need for sonographic data, providing
a novel tool to assist caregivers and patients.
MATERIALS AND METHODS
This is a retrospective cohort study conducted at Herzliya
Medical Center, Israel. The study was approved by the institu-
tional review board (HMC-0008-21). The data set consisted of
all NC-FET cycles with adequate documentation, performed
between September 2018 and July 2021. Each cycle included
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information about the patients’ age at the time of transfer;
body mass index (BMI); hormonal levels including estradiol,
progesterone, and LH from at least 2 blood tests; and size of
the follicles from at least 2 US scans.
Data Preparation

Filtering The data set was filtered to include only cycles in
which the patient was ovulating between days 7 and 21, re-
sulting in a total of 2,467 of 2,719 cycles.

Missing Values Blood tests without all 3 hormone levels were
removed. The missing values of weight and height were
handled by the NGBoost's sparsity aware split finding algo-
rithm, which determines the optimal value according to its
training data (20).

Augmentation Several dozen features, comprising basic
characteristics and computed values that may improve the
accuracy of the model because of the biologic or model-
related mathematical reasons were created after discussion
between expert physicians and data scientists. An automatic
tuning process determined which features were beneficial to
the model by repeatedly testing its performance using
different combinations. The combination of 16 final features
resulted in the optimal performance on a holdback valida-
tion set: ovulation day; blood tests’ cycle days; patients’
age, weight, height, and BMI; and 3 features per hormone
(LH, estradiol, and progesterone)—its absolute value, differ-
ence from the previous test, and deviation from the previous
test (the difference divided by the number of days between
tests).

Train/test split A total of 107 cycles in the data set had 2
consecutive US examinations demonstrating the disappear-
ance of a leading follicle. These cycles were set aside as a
‘‘certain ovulation’’ test set, resulting in 2,360 remaining
cycles.

The remaining cycles were randomly split into a training
set with 1,864 cycles and an ‘‘expert’’ test set with 496 cycles,
resulting in an approximate 76/20/4 split with 76% of the
data in the training set, 20% in the random test set, and 4%
in the ‘‘certain ovulation’’ test set.

To train and evaluate the algorithms, it was necessary to
determine the ovulation day for each cycle in the data set. For
the training set, a learning approach called student-teacher
was employed. This approach entailed a previously trained,
and accurate, ovulation prediction algorithm (the ‘‘teacher’’)
that was used to predict the ovulation day in each cycle using
all available cycle data, whereas the new algorithm (the ’’stu-
dent’’) used these predictions as a target in its training. The
teacher algorithm in this case was a FET ovulation prediction
algorithm that used all available cycle data, including both
blood and US tests before and after ovulation, to determine
the ovulation day as accurately as possible. On the other
hand, the student algorithm was trained using only 1–2 blood
tests from each cycle, without sonographic data.

To eliminate any bias, a different method was used to
determine the day of ovulation in the 2 test sets. In the
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FIGURE 1

A simplified treatment management algorithm logic.
Youngster. AI for IUI and timed intercourse in NC. Fertil Steril 2023.

FIGURE 2

weight
Estradiol1 - Estradiol2

Progesterone1 - Progesterone2
BMI

LH1 - LH2
Estradiol 1 to estradiol 2 devia�on

cycle day1
LH1

Progesterone1
Estradiol1

Fe
at

ur
e

Feature importance - Total gain

ORIGINAL ARTICLE: ARTIFICIAL INTELLIGENCE
‘‘expert’’ test set, 2 fertility experts reviewed each chart and
independently determined the ovulation day. The final result
was then determined by majority decision between the 3 phy-
sicians (the 2 experts who retrospectively reviewed the data
and the original decision of the physician performing the
transfer). There were no instances without majority agree-
ment. In the ‘‘certain ovulation’’ test set, ovulation timing
was determined according to the disappearance of the leading
follicle between 2 consecutive days of US examinations.

Algorithm Design

We aimed to determine whether a machine learning algo-
rithm can effectively manage the IUI treatment process,
relying on the blood test results only. The management
included suggesting the optimal timing for the next blood
test, until a reliable prediction of ovulation can be made
and providing a reliable suggestion for the optimal insemina-
tion day. The algorithms’ suggestion was considered ‘‘cor-
rect’’ if it was given in advance and suggested a day
exactly 1 or 2 days before ovulation (day �1 or �2). A
‘‘missed’’ ovulation was defined when the algorithm predicted
the latest blood test at the day of ovulation or later (day 0,þ1,
or þ2), meaning that the algorithm predicted that it may be
too late for performing IUI. An ‘‘error’’ was defined when
the algorithm suggested an insemination day at or after
ovulation or >2 days before ovulation, meaning that insem-
ination would not be performed within the optimal defined
insemination window.

For the purpose of the study, 2 algorithms were devel-
oped: an ovulation prediction model and a treatment man-
agement algorithm. A detailed explanation of the
algorithms is shown in the Supplemental Materials (available
online)—materials and methods—indicating the following, in
brief:

� An ovulation prediction model: An NGBoost machine
learning model that estimated the probability of ovulation
occurring on each cycle day on the basis of the available
visit’s data.

� A treatment management algorithm that used the learning
model after receiving a new visit’s data to determine
whether an optimal insemination day can be determined
or another blood test should be performed, in which case
the optimal day to perform the additional test is provided.
The goal was to predict ovulation with a minimum number
of tests while avoiding missing the ovulation day. A simpli-
fied treatment management algorithm is presented in
Figure 1.

Confidence intervals (CIs) were calculated using the Wil-
son score and Monte Carlo method. Multiclass calibration
using 1 vs. rest methodology was performed as a part of the
models’ development.
0 4000 8000 12000 16000

F score

Feature importance. The number 1 indicates the last test, whereas 2
indicates the previous test. BMI ¼ body mass index; LH ¼ luteinizing
hormone.
Youngster. AI for IUI and timed intercourse in NC. Fertil Steril 2023.
RESULTS
The mean age of participants in the data set was 36.3 � 5.8
years. The mean BMI was 23.8 � 5.0. The mean number of
past pregnancies was 0.7, with the past numbers of retrievals
and transfers of 1.3 and 1.6, respectively.
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Ovulation Prediction Model

The 10 most influential features used by the ovulation predic-
tion model to accurately determine ovulation day are
presented in Figure 2. The estradiol and progesterone levels
on the last test day were the most influential parameters,
followed by the LH levels.

The ovulation prediction model results are presented
separately for the ‘‘expert’’ and ‘‘certain ovulation’’ test sets.
They can best be displayed as a series of confusion matrices
(Supplemental Materials and Supplemental Fig. 2A and B).
Treatment Management Algorithm

Treatment management algorithm performance is presented
separately for the ‘‘expert’’ and ‘‘certain ovulation’’ test sets.
The model performed best when calling in the patient for
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the first blood test on day 8 of her menstrual cycle (the
cycle length from previous cycles of the same patient
was not available). Table 1 presents the performance of al-
gorithms for each possible ovulation day for both test sets,
given that the patient undergoes the initial blood test on
day 8 of her cycle.

‘‘Expert’’ test set The mean number of tests for all instances
included was 2.85 (95% CI, 2.83–2.87) (Table 1). The longer
the cycle, the more tests needed before an ovulation could
be accurately predicted. If a patient arrived for her first test
on day 8 and ovulated on day 7 or 8, the success rates were
0% because ovulation had already occurred (probability rates
for ovulation, 0.4% and 0.7%, respectively). The highest
ovulation probability was on days 13–15 of the menstrual cy-
cle (12.3%–12.4%). Ovulation prediction was successful in
91%–97% for most of the cycles.

‘‘Certain ovulation’’ test set The mean number of tests for all
instances included was 2.78 (95% CI, 2.73–2.82) (Table 1). The
highest ovulation probability was on days 13–15 of the men-
strual cycle (12.3%–12.4%). Ovulation prediction was suc-
cessful in 88%–99% for most of the cycles.
TABLE 1

The algorithm performance for each possible ovulation day: ‘‘expert’’ and

‘‘Expert’’ test set

Ovulation day Ovulation probability

7 0.4%
8 0.7%
9 1.8%
10 3.3%
11 5.8%
12 9.3%
13 12.4%
14 12.4%
15 12.3%
16 10.7%
17 9.8%
18 7.1%
19 5.8%
20 5.2%
21 2.9%

‘‘Certain ovulation’’ test set
Ovulation day Ovulation probability
7 0.4%
8 0.7%
9 1.8%
10 3.3%
11 5.8%
12 9.3%
13 12.4%
14 12.4%
15 12.3%
16 10.7%
17 9.8%
18 7.1%
19 5.8%
20 5.2%
21 2.9%
Note: The first test performed on day 8 of the menstrual cycle.
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The probability distribution of our algorithmic predic-
tions and distributions of the true values for each predicted
value for both test sets are presented in Table 2.

‘‘Expert’’ test set The algorithm could correctly predict
ovulation and suggest day �1 or �2 for performing IUI in
92.9% of the cases (95% CI, 92.3–93.6) (Table 2). In
approximately 70% of the cases, the last blood test predicted
the day to be�2 or�3, suggesting an IUI next day. Of these,
57% were actually �2, meaning that IUI was scheduled the
next day at �1. Approximately 41% were �3, meaning
that IUI was performed on day �2. In approximately a
quarter of all cases, the prediction of the last blood test
was day�2 or�1, with IUI suggested the same day, because
approximately half were, indeed, day �1. In 2.9% of the
cases (95% CI, 2.6–3.2), the algorithm predicted the last
test day to be ovulation day or beyond. These were consid-
ered ‘‘missed,’’ with a suggestion to avoid performing IUI
in that cycle. In 4.2% of the cycles (95% CI, 3.6–4.8), the al-
gorithm predicted the last test day to be�2 or�3 with a sug-
gestion to perform IUI the next day, when in fact it was a
different day and IUI would have been performed on a
‘‘certain ovulation’’ test sets.

Success rate Mean tests

0% 1.01
0% 1.01

95% 1.01
98% 1.07
91.3% 1.52
90.9% 2.16
93.5% 2.43
97.1% 2.37
94.9% 2.74
97% 3.36
95.4% 3.53
91.9% 3.68
91.8% 4.07
91.1% 4.41
89.6% 4.60

Success rate Mean tests
0% 1.02
0% 1.02
94.8% 1.00
100% 1.00
89.8% 1.57
84.4% 1.96
97.7% 2.62
98.4% 2.20
92.8% 2.76
89.6% 3.22
91.8% 3.59
98. 4% 3.35
98.7% 3.77
88.0% 4.21
94.1% 4.64
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TABLE 2

Probability distribution of algorithmic predictions and distributions of the true values for each predicted value: ‘‘expert’’ and ‘‘certain ovulation’’
test sets.

Expert True value

Predicted class Probability £L6 L5 L4 L3 L2 L1 ‡0

L3:L2 69.6% 0.9% 0.2% 1% 40.6% 56.9% 0.4% 0%

L2:L1 24.8% 0.9% 0.6% 0.3% 1.8% 47.0% 49.2% 0.1%

L1 2.8% 16.3% 0% 0% 29.8% 6.3% 44.3% 3.2%

R0 2.9% 0% 5.1% 2.9% 1.1% 17.1% 19.3% 54.5%

Certain ovulation True value
Predicted class Probability £L6 L5 L4 L3 L2 L1 ‡0

L3:L2 61.6% 0% 0% 1.9% 53.1% 44.8% 0.2% 0%

L2:L1 32.9% 0% 0% 0% 3.4% 81.1% 15% 0.5%

L1 1.4% 0% 0% 23.6% 0% 0% 62.1% 14.4%

R0 4.1% 0% 0% 43.6% 0% 0% 7.3% 49.1%

Note: The predicated class was defined as the class predicted by the algorithm on the last test day. Probability was defined as the probability of arriving at the predicted class when following the
treatment management suggestions. The true value was defined as the distribution of the actual days relative to ovulation for a given predicted day of the algorithm. The green highlight indicates
success. The red highlight indicates error. The yellow highlight indicates missed,

Youngster. AI for IUI and timed intercourse in NC. Fertil Steril 2023.
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nonoptimal day (0 or �3). These cases were considered ‘‘er-
ror.’’ When IUI was to be scheduled the same day of the last
test (predicted day �1 or �1:�2), the model provided an
early indication for it in 71% (prediction day �1:�2) and
63% (day �1) of the cases, with a mean of 70% of the cases
overall when taking into account the probability of each
prediction.

‘‘Certain ovulation’’ test set The success rate was similar
(92.4%; 95% CI, 91.3–93.6) with a mean test count of 2.78
(95% CI, 2.73–2.82) (Table 2). The miss rate was 4.5% (95%
CI, 3.8–5.1), with an error rate of 3.1% (95% CI, 2.2–4.1).
When IUI was to be scheduled the same day of the last test
(day �1 or �2), the model provided an early indication in
63% (day �1:�2) and 42% (day �1) of the cases, with a
mean of 62% of the cases overall.

Alternative configurations The same prediction model can be
applied to different management algorithms’ configurations
according to the institutional preferences. For example, if
same-day IUI is less feasible, then more frequent blood tests
may significantly reduce the chance of its occurrence
(Supplemental Table 2). Increasing the number of blood tests
to a mean of 3.31 (95% CI, 3.29–3.33) resulted in a success
rate of 93.6% (95% CI, 92.9–94.3), with a miss rate of 2.1%
(95% CI, 1.8–2.3) and an error rate of 4.3% (95% CI,
3.7–5.0). This configuration reduced the number of same-
day IUIs to only 15.6%, with >65% of the cases with early
warning. Furthermore, approximately 70% of these cases
were actually �2; thus, if they were predicted to be �2 with
high certainty, then IUI can safely be scheduled for the
following day.
1008
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DISCUSSION
This is the first study evaluating the use of AI for determining
the optimal timing for IUI or intercourse. Based solely on hor-
monal profile, with a mean of 2.85 blood tests per cycle, the
model accurately determined timing for IUI in 92.9% and
92.4% of the cases, with error rates of 4.2% and 3.1% for
the ‘‘expert’’ and ‘‘certain ovulation’’ test sets, respectively.

As opposed to the NC-FET cycles in which follicle rupture
can be taken into account retrospectively when scheduling
the transfer, the main challenge in optimizing timing for IUI
is that it should be performed 1 day before ovulation and,
ideally, planned a day ahead. However, most hormonal
changes, including the increases in the LH and progesterone
levels and decrease in the estradiol level, take place on days
�1 and �2 with some overlap and are difficult to anticipate
on day�3. Therefore, most study investigators and clinicians
base their decision for performing IUI on the identification of
the onset of the LH surge. However, no standard definition of
the onset of the LH surge exists, and the published literature
includes numerous definitions, including an LH level of
R10 to 20 IU/L (21–24), R180% or >2 times of the mean
of the preceding LH values (5, 6). As such, there is a marked
interindividual variation in the interval between the LH
surge and actual follicle rupture, ranging from 22 to 56
hours, with a mean of 34 hours (4, 10, 25).

The optimal time for IUI is considered 1 day after the
onset of the LH surge, most often a day before ovulation
(day�1) (3, 13). Our algorithm could not reliably differentiate
between days �2 and �3 because these days overlapped in
terms of hormonal changes. However, the chance of
VOL. 120 NO. 5 / NOVEMBER 2023
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conception is relatively similar on days�2 and�1 (13). When
triggering ovulation, it was shown that IUI may be performed
immediately after the hCG administration and up to 36 hours
later with no influence on the pregnancy rates (26). Therefore,
the algorithm was trained to schedule IUI on day �1 or �2.

Several methods are used for scheduling IUI on the basis
of the LH surge. The combination of blood tests and US moni-
toring is probably the most accurate method currently in use
but is costly and requires repeated US examinations and ac-
cess to facilities. Urinary LH kits are cheap and accessible
for monitoring but have several disadvantages. They require
daily and even twice daily tests to reach high specificity
and sensitivity (10, 27). There is a wide variation in the sensi-
tivity of the urine assay and a time delay due to the prolonged
urinary clearance. They may produce false-negative results in
the lower ranges of LH values or show a premature LH surge
without ovulation (10). The LH kits rely solely on the LH surge
and disregard other variables. As a result, most studies, and
consequently most clinicians, base the scheduling mainly
on the onset of the LH surge, ignoring other hormonal
changes such as progesterone and estradiol levels, and the fol-
licle size. The precise determination of ovulation in the
training set was made by an algorithm that was trained to
determine ovulation day on the basis of variables from thou-
sands of FET cycles, including the follicle size, estradiol and
progesterone levels, and patient’s age and BMI, in addition
to the LH levels. The algorithm presented in the study was
then trained using those predicted ovulation days to identify
the days before ovulation on the basis of the hormonal levels
only because US did not confer significant additional value of
the days before ovulation. In the algorithm, the estradiol and
progesterone levels had a significant value in the prediction in
addition to the LH levels, with patients’ age and BMI taken
into account, presumably making the prediction more accu-
rate than relying solely on the LH surge.

Human chorionic gonadotropin may be administered for
ovulation induction for timing of IUI. This method has the
advantage of simple scheduling of the procedure, avoiding
repeated tests and weekend procedures. Nevertheless, it has
several disadvantages. First, it requires repeated costly US ex-
aminations to avoid early triggering. Second, hCG is usually
administered when the follicle isR17. At this stage, a sponta-
neous LH surge may already have begun, with some studies
showing a detrimental effect on the pregnancy rates with the
use of hCG for ovulation induction. This is possibly due to
immaturity of the oocyte if hCG is administered too early
and reduced endometrial receptivity due to the effect of the
hCG on the endometrium (28–30), as opposed to the LH
effect (31, 32). Implementation of our algorithm may enable
avoidance of hCG triggering. However, when needed, to
avoid missed opportunities similar to the case of an
approaching weekend, the algorithm may warn the physician
and suggest using hCG triggering for scheduling purposes.

Timed intercourse increases the chance of conceiving and
may shorten time to pregnancy, with the highest-yield timing
being 1 or 2 days before ovulation (11, 12), which the model
can accurately predict. Currently, several methods are
available for timing of intercourse or ICI, with the urine LH
kit being the most accurate but demands daily urine sampling
VOL. 120 NO. 5 / NOVEMBER 2023
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and has false-positive or false-negative results. Furthermore,
the daily use of urine LH kits to detect ovulation and TI may
add significant stress in the fertile and subfertile populations
(33, 34). Avoiding daily testing with unexpected results to be
replaced by a process with a defined schedule may relieve the
added stress, which is known to have a negative impact on the
pregnancy success rates (33). Several populations, such as
couples with long-distance relationship or couples having
physical or emotional difficulty with frequent intercourse,
will derive extra benefit from using the application for TI
(11). Women with irregular long cycles can avoid repeated
daily unnecessary urine tests. Anovulatory patients will be
informed by the algorithm to turn to their physician for
consultation after several tests without detection of ovula-
tion, whereas in the current methods, patients cannot differ-
entiate a prolonged follicular phase from a normal cycle in
which they may have missed their LH surge. For patients un-
dergoing ICI, especially when using frozen sperm, accurate
timing is important because the fertile window is likely to
be shorter as the cervical mucus may become impenetrable
early (35).

When designing the model, we took an extremely conser-
vative approach with strict definitions for ‘‘missed’’ and ‘‘er-
ror’’. Day 0, which was identified by the model in 3% of the
cases, was declared as ‘‘missed.’’ In approximately half of
those cases, it was indeed day 0, and in approximately 20%,
it was day �1 or �2. Patients and physicians may still
consider performing IUI early that day, possibly after US to
present a preruptured follicle. We defined ‘‘error’’ in 3%–4%
of the cases. In these cases, the model incorrectly identifies
the day for scheduling IUI when in fact it is not a recommen-
ded day for performing the procedure, either day �3 or 0.
Despite the ‘‘error’’ definition in our algorithm, there is still
a 15%–20% chance of conceiving even on day 0 or �3 (13).
These considerations may reduce the true ‘‘missed’’ and
‘‘error’’ rates and improve the performance of our model.
Moreover, timing of the first blood test may be adapted in pa-
tients, according to their expected cycle length, especially
those with short or prolonged cycles, thus reducing the
number of blood tests required and reducing the ‘‘missed’’
cycles in patients with short cycles.

Themain limitationof the study is theuse of retrospectively
collected data. To overcome this limitation, we tested ourmodel
with 2 different test sets to validate its predictions. The success,
missed, and error rates for both test setswere similar, reassuring
the validity of our results. A prospective randomized control
studywith the outcomeofpregnancy and live birth rates iswar-
ranted to further validate these results and show real-life clin-
ical benefit from the use of the algorithm.

A second limitation stems from the fact that the data set
was originally collected from the NC-FET cycles to enable ac-
curate determination of ovulation. This may represent a sub-
stantial discrepancy in populations. Nevertheless, patients
who are candidates for NC-FET cycles or for NC-IUI most
likely have regular cycles; thus, the comparison of the cycle
characteristics is acceptable. A third limitation is the possibil-
ity of same-day IUI. Days �2 and �3 in the last blood test
were identified in approximately 70% of the cases, allowing
us to perform IUI the following day. Days �1 and �2 were
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identified in approximately 25% of the cases. Of these, half
were actually day �1, and the rest were mostly �2. In some
settings, this may be a disadvantage because the laboratory
results may arrive too late to perform the IUI the same day.
However, the algorithm was able to warn us in advance about
this possibility in most cases and, thereby, allow the physician
and patient to prepare ahead of time for same-day IUI. More-
over, this study aimed to be as accurate as possible with min-
imum blood tests; however, our final goal was to be able to
adapt this model according to the requirements of each insti-
tution’s staff and patients’ population. Once our prediction
model algorithm can accurately predict ovulation day, it is
possible to make the required adaptations in the management
algorithm, for example, increasing the number of blood tests
to decrease the chance of same-day IUI when not feasible as
presented in our results or avoiding weekend IUI.

In conclusion, this is thefirst study to implement amachine
learning model for scheduling IUI, TI, or self-ICI with high ac-
curacy, attributed to the capability of the algorithm to integrate
multiple factors and not rely solely on the controversial LH
surge. Using this model can assist the provider in a more accu-
rate prediction of ovulation and IUI scheduling. Itmay alsopro-
vide a useful tool for couples to identify the fertility window for
repeated intercourse and for more accurate timing if necessary
and for accurate self-ICI. Further prospective studies are needed
to validate our results.
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ORIGINAL ARTICLE: ARTIFICIAL INTELLIGENCE
La inteligencia artificial al servicio de la inseminaci�on intrauterina y el coito programado en ciclos espont�aneos

Objetivo: desarrollar un modelo de aprendizaje automatizado para predecir el momento de la ovulaci�on y la ventana �optima para hacer
una inseminaci�on intrauterina o programar el coito (CP) en ciclos naturales.

Dise~no: Estudio de cohorte retrospectivo.

Escenario: Unidad de fertilizaci�on in vitro grande.

Paciente(s): Pacientes que se llevaron a 2,467 ciclos de transferencia de embriones congelados en ciclo natural entre los a~nos 2018 a
2022.

Intervenci�on(es): Ninguna

Medida (s) de desenlace principal(es): Predicci�on de la exactitud del día �optimo para hacer la inseminaci�on o el CP.

Resultado(s): El grupo de datos fue dividido en un grupo de entrenamiento que incluy�o 1,864 ciclos, y dos grupos de prueba. En los
grupos de prueba, la ovulaci�on se determin�o de acuerdo a la opini�on de dos expertos en fertilidad independientes (‘‘expertos’’) (496 ci-
clos), o de acuerdo a la desaparici�on del folículo líder en ultrasonido dentro de dos días consecutivos (‘‘certeza de ovulaci�on’’) (107 ci-
clos). Se usaron dos algoritmos: el modelo NGBoost de aprendizaje automatizado estimando la probabilidad de ovulaci�on en cada día del
ciclo y un algoritmo de manejo de tratamiento usando un modelo de aprendizaje para determinar el día �optimo de inseminaci�on o si se
debía usar un examen de sangre para determinarlo. Los niveles de estradiol, progesterona y hormona luteinizante fueron las caracterís-
ticas m�as importantes utilizadas por este modelo. El n�umero promedio de ex�amenes fue 2,78 y 2,85 para el grupo de ‘‘certeza de ov-
ulaci�on’’ y de ‘‘expertos’’ respectivamente. En el grupo de ‘‘expertos’’, el algoritmo predijo la ovulaci�on correctamente y sugiri�o
hacer la inseminaci�on en el día 1 o 2 en el 92,9% de los casos. En el 2,9% el algoritmo predijo ‘‘p�erdida’’, significando que el día de
la prueba, ya estaba sucediendo la ovulaci�on o esta ya había pasado, sugiriendo no hacer la inseminaci�on. En el 4,2% el algoritmo pre-
dijo un ‘‘error’’, sugiriendo si hacer la inseminaci�on, cuando en efecto se hubiese hecho en un día no �optimo (0 o -3). El grupo de ‘‘certeza
de ovulaci�on’’ tuvo resultados similares.

Conclusi�on (es): Hasta donde tenemos conocimiento, este es el primer estudio en implementar un modelo de aprendizaje automa-
tizado, basado solamente en ex�amenes de sangre, para programar la inseminaci�on o el CP con alta precisi�on, atribuido a la capacidad
del algoritmo para integrar m�ultiples factores y no confiar solamente en el pico de hormona luteinizante. La introducci�on de las capaci-
dades de este modelo, puede mejorar la exactitud y la eficiencia en la predicci�on de la ovulaci�on e incrementar las posibilidades de
concepci�on.

N�umero de Registro de estudio clínico: HMC-0008-21.
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