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Objective

In vitro fertilization (IVF) is an infertility treatment that inserts fertilized egg cells into
the uterus of the patient. Before the transfer, estrogen dosing is used to thicken the
endometrium so that the embryo can attach to the uterus lining. This study aims to
develop a mathematical model that personalizes and optimizes individual patient
estrogen dosage profiles to achieve optimal endometrial thickness (approximately 8 mm)
during the endometrial preparation phase of IVF.

Design

Retrospective data on estrogen dosages vs. endometrial thickness was obtained. A
physics-based model was developed for each patient by estimating patient-specific and
independent model parameters. Nonlinear programming optimization techniques were
used for parameter estimation as well as to derive an optimal dosage profile for each
patient.

Subjects

47 patients who received IVF treatment from Akanksha Hospital provided endometrium
thickness data while receiving estrogen dosing.

Exposure

Patients’ endometrial growth data was used to estimate individual growth rates. Each
patient was then exposed, in silico, to two estrogen dosing optimization models: an
intermittent dosing regimen with a lower bound of 0 mg/day and a daily dosing regimen
with a lower bound of 0.5 mg/day.

Main Outcome Measures

Coefficients for model fit, the total estrogen dose required to reach an endometrial
thickness of 8 mm, and the percentage reduction in estrogen needed under each dosing
optimization model were determined for each patient.

Results

41 out of 47 patients could be modeled with a sufficient coefficient of determination. 39
out of the 41 patients were optimized to 8 mm while the remaining 2 out of 41 were
optimized to their observed final thickness. All patients showed a reduction in estrogen
under the optimization model. On average, patients had a larger percentage of estrogen
reduction under the optimization with a lower bound of 0 mg/day than under the
optimization with a lower bound of 0.5 mg/day.
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Conclusion

Overall, the results show evidence that the model reduces the amount of estrogen needed
to reach optimal thickness, with greater reductions under an intermittent dosing
regimen. In the future, this model can be used for patients actively undergoing an IVF
cycle by using the first two-day hormone and endometrial thickness data to personalize

and optimize the estrogen dosing.

1. INTRODUCTION

Assisted Reproductive Technologies (ART) are defined as
treatments for infertility that handle eggs or embryos.! The
most recommended ART treatment is in vitro fertilization
(IVF), a treatment in which egg cells, also known as
oocytes, are fertilized by sperm in a laboratory and then in-
serted back into the uterus of the patient. In vitro fertil-
ization occurs in four stages: superovulation, egg retrieval,
fertilization, and embryo transfer.2 In the last stage of em-
bryo transfer, or implantation of the embryo into the
uterus, the embryo attaches to the endometrial lining of
the uterus.

Preparing the endometrium for embryo transfer is es-
sential to ensure the embryo attaches to the uterine lining.
There are four main types of endometrial preparation pro-
tocols, including hormone replacement therapy (HRT) with
or without GnRH-a suppression, true natural cycle (t-NC)
with or without luteal phase support, modified natural cy-
cle (modified-NC) with or without luteal phase support, and
mild ovarian stimulation (Mild-0S).3# While there is no de-
finitive answer on the optimal endometrial thickness for
these protocols, increased endometrial thickness often cor-
relates with increased pregnancy rates.>® In one study, it
was found that live birth rates (LBR) of fresh embryo trans-
fer cycles increased with an endometrial thickness between
10 and 12 mm. In contrast, LBR in frozen embryo trans-
fer (FET) cycles plateaued at 7 to 10 mm.” Although there
is no endometrial thickness that has a 0% chance of preg-
nancy, there is a consensus that a thickness greater than or
equal to 8 mm is associated with better outcomes for FET,
with worse IVF results at thicknesses less than 7 mm.8 A
thickness below 7 mm is considered thin and can lead to de-
creased clinical pregnancy rates (CPR), decreased LBR, in-
creased risk of preterm delivery, and increased risk of mis-
carriage.>?

Currently, in HRT, estradiol is often administered at a
fixed rate of 6 mg/day or an incremental rate (2 mg/day
during days 1-7, 4 mg/day during days 8-12, and 6 mg/
day during days 13 to embryo transfer) with E, (estradiol)
priming lasting between 10 and 36 days. When the endome-
trial thickness is greater than 7 mm, progesterone supple-
mentation starts and is continued into the luteo-placental
shift, also known as the 10th to 12th week of gestation.>
If the endometrium is too thin, thickness can be increased
through various methods, including administration of hor-
mones, vasoactive agents, or growth factors.3 Increasing
the dose and duration of E, is the most common approach
and will be the focus of this paper.

While general recommendations for estrogen dosing ex-
ist, they are not personalized to each patient. This study
aims to use nonlinear programming techniques to obtain
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personalized and optimized dosage profiles for each patient
to achieve optimal endometrial thickness for implantation.
The minimum estrogen dose required to achieve optimal
endometrial thickness can be found by optimizing estrogen
dosing. This has the potential to reduce IVF treatment ex-
penses and lessen some of the potential adverse side effects
of hormone dosing, such as reduced insulin sensitivity, hy-
pertriglyceridemia, gut microflora disturbances, etc., how-
ever cost and adverse effects were not evaluated in this data
set.10

This paper is part of an ongoing study at Akanksha Hos-
pital in India. The Institutional Review Board of Sat Kaival
Hospital Pvt. Ltd. Ethics Committee, Gujarat, India, ap-
proved the study and consent forms. All participants pro-
vided written informed consent.

2. MATERIALS AND METHODS

2.1. THE MODEL

It is known that the estrogen response results in increased
endometrial thickness. Therefore, we assumed that en-
dometrial thickness is proportional to the reaction rate,
leading to the following differential equation.

&k Cunlt)® 1)
where j—f represents endometrial growth over time, Ceg; is
the estrogen dosage given at a particular time ¢, k includes
the proportionality and rate constant, and « is similar to
the reaction order or rate exponent. In the fresh cycle em-
bryo transfer, estrogen is produced during the superovula-
tion stage as follicles grow. A model for determining follicle
growth rate based on follicle-stimulating hormone (FSH)
dosage was developed in a previous study, which showed
that the proportionality constant in the rate equation is in-
dependent of patient (the same value for all patients).2 We
assumed that the same holds in this case.

2.2. MODEL PERSONALIZATION

We had data from 47 patient profiles, including the day
of cycle, estrogen dosage, and endometrial thickness. Data
was collected from January 2021 to February 2024 from
Akanksha Hospital. Patients received oral or transdermal
estradiol valerate or hemihydrate. Endometrial thickness
was measured via transvaginal ultrasound by three trained
sonographers. Participants must have also been women
aged 21 to 50 undergoing FET cycles.

To personalize the model, the values of the term k& and
a for each patient needed to be found. It is important to
note that to solve for the individual patient parameters, an
estimate of the patient-independent k value had to be ob-
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tained first. To do this, all patients with a changing dosage
scheme (n=9) were used to minimize the objective function
(2) of the difference in calculated thickness and experimen-
tal thickness of all of those patients. k£ was treated as a con-
stant for parsimony, although some inter-patient variabil-
ity cannot be excluded due to only nine patients informing
its estimation. This was done to produce an estimation of k&
=0.0374 (95% CI: [0.02931, 0.0454)).

T

2
Sum of Squared Error = Z (zcalculutedf xezperimental) (2)
=0

The fit, as indicated by the coefficient of determination
(R2), was greater than 0.85 for these patients.

The k value was then used for patients where the dosage
was not changing per day, to determine « for each patient
by solving the nonlinear optimization problem with the ob-
jective function (2).

2.3. OPTIMAL CONTROL

An optimal control problem involves time-varying deci-
sions, such as the daily dosage determination problem here.
The general mathematical techniques for solving optimal
control problems include the calculus of variations, Pon-
tryagin’s maximum principle, and dynamic program-
ming.!! Nonlinear programming (NLP) optimization meth-
ods can also be applied to such problems if the system
can be discretized into a set of nonlinear algebraic equa-
tions. In this work, we are using NLP by discretizing the
decision  variable profile for each time step
(Cest(1), Cest(2)...Cest(T)). The objective function, which

is the cumulative dosage for the cycle, is then given by:
T

Mi .
Coni), iZ:TILJ,, ' ‘t; Cest (Z) (3)
Subject to:
z(t) > 8 (4)
dx o
Frie k Cest(t) (5)

The differential equation (5) is discretized using Euler’s nu-
merical integration method. To optimize estrogen dosages,
nonlinear programming was done to determine the mini-
mum estrogen dose required to achieve a final endometrial
thickness of 8 mm. Optimization was performed with MAT-
LAB R2024a using Optimization Toolbox. We then use
equation (3) to optimize two scenarios. We assume that the
dosage per day should be greater than zero, which leads to
an intermittent dosing scenario. To make the profile con-
tinuous, we use a dosage greater than 0.5 mg/day. The max-
imum estrogen dosage was also set to 3 mg/day.

Statistical Methods: We used Excel to calculate R? to
assess model fit and to construct confidence intervals for
model parameters for model validation. For optimization,
we use histograms of percentage reductions, generated in
Excel, to present the results.
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3. RESULTS

3.1. INDIVIDUAL PATIENT RESULTS

47 patients were analyzed with an age range of 23 to 48 and
an average age of 34.2 £ 5.9. The initial endometrial thick-
ness was 5.0 = 1.1 mm with values ranging from 2.8 mm to
7.3 mm. The average number of days to reach target thick-
ness was 14.4 * 2.0 days. After solving for « values, 41 out
of 47 patients were successfully modeled with an RZ > 0.7,
with only 3 patients having R% from 0.7 to 0.8, 9 patients
having R2 from 0.8 to 0.9, and 29 patients having R? from
0.9 to 1.0. The six patients with R2 < 0.7 had data incon-
sistent with the expected trend of increasing endometrium
thickness with time.

An example patient (patient 40) was selected, and their
calculated profiles and dosage optimizations are shown in
Figure 1. This first patient was given a nonconstant estro-
gen dosage (2 mg/day for days 1-13 and 2.75 mg/day for
days 14-18) in the clinical setting.

The total experimental dosage for patient 40 to achieve
a final endometrial thickness of 8.3 mm was 31.5 mg. The
optimized dosage, determined by the model and a lower
bound of 0 mg per day, was 11.9158 mg, resulting in a
62.17% reduction in estrogen. The optimized dosage, deter-
mined by the model and a lower bound of 0.5 mg per day,
was 16.3720 mg, resulting in a 48.03% reduction in estro-
gen.

The a values and percent reductions for all patients were
calculated (Table I). The average a value was 3.14 + 0.80.
The average estrogen reduction at optimized dosages was
58.95 * 20.39% with a lower bound of 0 mg/day and 36.64
+ 14.82% with a lower bound of 0.5 mg/day. Additionally,
the average difference between the estrogen reductions at
the lower bound of 0 mg/day and 0.5 mg/day was 22.31 #
10.78%.

3.2. COMPLIED RESULTS

The histograms for estrogen reduction are presented in Fig-
ure 2. Compiled results are restricted to the 41 patients who
were optimized to reach a final endometrial thickness of at
least 8 mm. In the optimization with a lower bound of 0
mg/day (Fig. 2 A), 95% (37/39) of patients achieved an es-
trogen reduction of more than 30%. Two patients (marked
with *) were not included in the histogram as they never
reached an endometrium thickness of 8 mm in the clinical
setting (final thicknesses of 7.4 mm and 7.9 mm). These pa-
tients underwent optimizations to achieve the same final
thicknesses as seen in the clinical setting, resulting in re-
ductions of 2.56% and 8.35%, respectively.

In the optimization with a lower bound of 0.5 mg/day
(Fig. 2 B), 69% (27/39) of patients achieved more than 30%
estrogen reduction. The two patients with final endometrial
thicknesses less than 8 mm underwent optimization to
achieve the same final thickness as observed in the clinical
setting, resulting in reductions of 2.37% and 6.67%, respec-
tively.
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Figure 1. Patient-specific treatment and model fit for patient 40.

(A) Comparison of experimentally measured endometrial thickness and model-predicted thickness across time (R% = 0.947). (B) Experimental estrogen dosing and optimized dosing

trajectories under lower-bound constraints of 0 mg/day and 0.5 mg/day.

Additionally, a comparison of each patient’s a value with
the actual cumulative dosage and the cumulative dosage
under the two optimizations is shown in Figure 3.

4. DISCUSSION

4.1. SUCCESS OF OPTIMIZATION

In this study, experimental data from 47 patients was used
to estimate a patient-independent growth constant (k) and
patient-dependent responsiveness parameters («). The es-
timated & value was approximately 0.0374, while « values
ranged from 1.0 to 4.3, with a mean of 3.14 + 0.80. The rel-
atively small value of &k compared to the much larger and
more variable « values suggests that the rate of endome-
trial growth is primarily governed by patient-specific re-
sponsiveness rather than a universal growth rate. This find-
ing likely explains the substantial inter-patient variability
observed in endometrial thickness vs. time profiles.
Optimized estrogen dosing profiles were also generated
under two lower-bound constraints (0 mg/day and 0.5 mg/
day) to compare intermittent and continuous dosing strate-
gies. As shown in Figure 2, these constraints produced dif-
ferent optimization outcomes for the same patient. While
some patients exhibited similar percentage reductions
across both constraints, others showed markedly different
reductions. Notably, every patient achieved a greater reduc-
tion in total estrogen dosage when the lower bound was 0
mg/day compared to 0.5 mg/day, with an average difference
of 22.31 + 10.78%. This systematic difference likely explains
the deviation from the 45-degree reference line in Figure 2,
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which represents equal percentage reductions under both
constraints.

A relationship between « and estrogen dosage—actual
clinical dosing, optimized intermittent dosing, and opti-
mized continuous dosing—was also observed. In all three
cases, an exponential relationship was identified, with R?
values of 0.6815, 0.9198, and 0.8519, respectively. The op-
timized dosing regimens (Fig. 3, B and C) demonstrated
stronger correlations with « than the actual prescribed
doses (Fig. 3, A), suggesting that the model imposes a
tighter, more systematic relationship between cumulative
estrogen dose and endometrial responsiveness than current
clinical practice. Whether « is associated with patient de-
mographics or other physiological factors remains an im-
portant topic for future investigation.

The patient-specific parameter « represents an individ-
ual’s endometrial responsiveness to estrogen stimulation.
The wide range of a values observed (1.0-4.3) highlights
substantial inter-patient variability in estrogen sensitivity.
Patients with higher « values required less total estrogen
to reach the target endometrial thickness, indicating more
efficient tissue response. In contrast, patients with lower «
values (< 1.5) demonstrated limited benefit from optimiza-
tion, suggesting that these patients may already be near
their optimal dosing or may have underlying biological con-
straints limiting endometrial response.

Future research should investigate whether « correlates
with patient age and ovarian reserve, baseline hormone
levels (FSH, AMH, E,), endometrial quality or receptivity
markers, previous IVF cycle outcomes, and body mass index
or metabolic factors. Identifying such relationships could
allow a to be predicted prior to the IVF cycle, enabling
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Table 1. Calculated a, total optimized dosage, and percent estrogen reduction for all patients with R2 > 0.7.

Deriving optimized estrogen dosage profiles

. Actual Optimized 'Percen't Rgduction Optimized ‘F'ercen.t Reduction
Patient Dosage Alpha dosage for using optimized dosage dosage for using optimized dosage
# Prescribed () lower bound with lower bound of lower bound with lower bound of
of O mg Omg of 0.5 mg 0.5mg
1 28 mg 3.1899 8.9755mg 67.94% 13.9435 mg 50.20%
2 18 mg 3.7458 5.7740 mg 67.92% 11.2607 mg 37.44%
3 22 mg 3.4091 8.6481mg 60.69% 13.6213 mg 38.09%
4 18 mg 4.1555 2.9391mg 83.67% 8.9337 mg 50.37%
5 20 mg 3.4727 8.2293mg 58.85% 13.1929 mg 34.04%
6 28 mg 3.2735 8.7878 mg 68.62% 13.7567 mg 50.87%
7 22 mg 2.4789 14.8948 mg 32.30% 18.7707 mg 14.68%
8 20 mg 2.8219 11.1133mg 44.43% 15.4918 mg 22.54%
9 24 mg 3.7071 8.2910 mg 65.45% 13.2689 mg 44.71%
10 20mg 3.2605 2.9693 mg 85.15% 8.9361mg 55.32%
11 20 mg 3.7694 5.0391mg 74.80% 10.5087 mg 47.46%
12 20 mg 4.103 5.1756 mg 74.12% 10.6614 mg 46.69%
13 22 mg 3.7467 7.5908 mg 65.50% 12.5324 mg 43.03%
14 28 mg 3.3824 7.8966 mg 71.80% 12.8324 mg 54.17%
15 32mg 1.8197 17.6441 mg 44.86% 20.6079 mg 35.60%
16 18 mg 3.4607 8.2818 mg 53.99% 13.2467 mg 26.41%
17 18 mg 3.6539 8.4290 mg 53.17% 13.4081 mg 25.51%
18 22 mg 3.6336 5.9367 mg 73.02% 11.4223 mg 48.08%
19 16 mg 3.8053 5.7069 mg 64.33% 11.1941mg 30.04%
20 18 mg 4.3072 24892 mg 86.17% 8.4822 mg 52.88%
21 18 mg 3.1453 8.5730 mg 52.37% 13.5247 mg 24.86%
22 18 mg 3.1397 4.9865 mg 72.30% 10.3901 mg 42.28%
23 19.25mg 4.2567 2.5163mg 86.93% 8.5089 mg 55.80%
24 24.5mg 4.1354 2.9545 mg 87.94% 8.9490 mg 63.47%
25 14 mg 3.2224 5.9421mg 57.56% 11.4084 mg 18.51%
26 14 mg 3.0897 5.7850 mg 58.68% 11.2349 mg 19.75%
27 20 mg 2.9072 11.5433 mg 42.28% 15.9719 mg 20.14%
28 12mg 2.8281 2.8174 mg 76.52% 8.7247 mg 27.29%
29 28 mg 3.2031 11.7118 mg 58.17% 16.1774 mg 42.22%
30 26 mg 2.8936 11.0648 mg 57.44% 15.4532 mg 40.56%
31 20 mg 3.1175 5.0509 mg 74.75% 10.4577 mg 47.71%
32 22 mg 2.2665 16.0801 mg 26.91% 18.9476 mg 13.87%
33 20mg 4.1688 5.2272mg 73.86% 10.7155mg 46.42%
34 32.5mg 2.1367 23.4870 mg 27.73% 25.7892 mg 20.65%
35 34.5mg 2.3937 20.9232mg 39.35% 23.8133mg 30.98%
36 22.75mg 3.5715 5.3642mg 76.42% 10.8355 mg 52.37%
37 56 mg 1.4969 31.4204 mg 43.89% 31.9883mg 42.88%
38* 58 mg 1.2124 53.1593 mg 8.35% 54.1315mg 6.67%
39* 62mg 1.034 60.4146 mg 2.56% 60.5301 mg 2.37%
40 31.5mg 3.01 11.9158 mg 62.17% 16.372 mg 48.03%
41 34.5mg 2.3999 22.7535mg 34.05% 25.0587 mg 27.37%

prospective dose optimization rather than retrospective ad-

justment.

4.2. INTERMITTENT VS. CONTINUOUS DOSING

REGIMENS

The results indicate that intermittent dosing (lower bound
of 0 mg/day) achieves significantly greater estrogen reduc-

tion, with an average decrease of 22.31% compared to con-

tinuous dosing (lower bound of 0.5 mg/day). However, sev-
eral clinical considerations must be addressed before
intermittent protocols can be safely implemented.

Endometrial Stability: Current clinical practice typically
maintains continuous estrogen exposure to prevent en-
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dometrial regression. The safety and efficacy of intermit-
tent dosing, including days with no estrogen administra-
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Figure 2. Distribution of percent estrogen reduction
achieved under two optimization constraints: a lower
bound (LB) of 0 mg/day (A) and 0.5 mg/day (B).

Histograms display the number of patients within discrete percent-reduction intervals
using 10%-wide bins (e.g., 0-10%, 11-20%, etc.). Values shown on the x-axis correspond
to the centers of each bin rather than the bin boundaries. Panel C shows optimized daily
dosage for each individual patient under both constraints (LB = 0 mg/day vs. LB = 0.5
mg/day). The dashed 45° reference line indicates identical optimized dosages under the
two conditions.

tion, require prospective validation. Potential concerns
include:

e Risk of endometrial shedding or breakthrough bleed-
ing

e Loss of previously achieved endometrial thickness

» Effects on endometrial receptivity markers beyond
thickness

Pharmacokinetic Considerations: Estradiol has an esti-
mated half-life of 12-24 hours, depending on formulation.
Complete cessation of dosing may result in declining serum
estradiol levels and potential withdrawal effects. The cur-
rent model treats estrogen administration as discrete daily
inputs and does not account for pharmacokinetic carryover
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dosing strategies: experimental dosing (A),
intermittent optimized dosing (B), and continuous
optimized dosing (C; lower bound of 0.5 mg/day).

Each point represents an individual patient, with total dosage shown in milligrams.

or steady-state behavior. Future model refinements should
incorporate:

» Estradiol pharmacokinetic parameters

+ Time-dependent drug accumulation

» Patient-specific clearance rates

Clinical Implementation: If future prospective studies
confirm the safety of intermittent dosing, the observed av-
erage reduction of approximately 22% in estrogen usage
could translate into:

» Reduced medication costs (~$12,400 per cycle based

on typical pricing)!2

» Lower incidence of estrogen-related side effects (e.g.,

nausea, bloating, mood changes)

* Reduced cardiovascular and thromboembolic risk in

high-risk patients
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Practical Recommendations: Until prospective safety
and efficacy data are available, continuous dosing opti-
mization with a 0.5 mg/day minimum may represent a more
clinically acceptable strategy, while still achieving mean-
ingful estrogen reductions (average 36.64 * 14.82% in this
cohort).

4.3. MODEL VALIDATION CONSIDERATIONS

The mathematical model (Equation 1) assumes endometrial
growth follows & - E* kinetics. While this form successfully
fit 87% (41/47) of patients with adequate R? values, several
limitations warrant discussion:

Model Structure: The power-law relationship was se-
lected based on a previous study modeling follicle growth
rate as a function of FSH dosage.? Alternative models con-
sidered included:

e Linear: ‘;—f = k1 * E (too simplistic and does not ac-
count for individual differences in growth pattern)

+ Michaelis-Menten: % =V, ..« E /(k, + E) (as-
sumes saturation)

« Exponential: & = ky x e®*E) (poor fit in low-dose

range)

The current model provided superior fit across the
dosage ranges observed (2-6 mg/day).

Parameter Identifiability: With limited data points per
patient (typically 3-5 measurements), estimating both «
and k simultaneously from individual patient data was not
feasible. The population-level k estimation followed by in-
dividual « estimation provided better parameter identifia-
bility and more stable optimization.

Missing Patients (6/47): Model failure in 12.8% of pa-
tients occurred due to:

e Insufficient data points (n=4 patients had < 3 mea-
surements)

« Non-monotonic growth patterns suggesting mea-
surement error (n=5)

These patients should be analyzed separately to identify
model boundaries.

Cross-Validation: Future work should include cross-val-
idation on independent patient cohorts to assess model
generalization.

4.4. COMPARISON TO CURRENT CLINICAL PRACTICE

Current HRT protocols typically use either:

1. Fixed dosing: 6 mg/day continuously (study mean:
1.9 mg/day)

2. Incremental dosing: 2—4—6 mg/day over 12 days
(study dosing: 2—2.5 mg/day or 2—6 mg/day)

Our optimized continuous protocol (0.5 mg minimum)
achieved similar results with an average 36.64 = 14.82% re-
duction in total estrogen dose. This suggests substantial
room for dosing efficiency improvement in current clinical
practice.

The variability in « values (1.0-4.3) also demonstrates
why fixed protocols are suboptimal. A patient with a=4.3
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requires only 8.5 mg total (under optimization with a lower
bound of 0.5 mg/day), while protocols give them 72 mg—an
approximately 8-fold excess. Conversely, patients with
a=1.0 may require higher doses than standard protocols
provide.

This reinforces the need for personalized dosing rather
than population-average protocols.

4.5. LIMITATIONS: PREGNANCY OUTCOMES NOT
ASSESSED

A critical limitation of this retrospective analysis is the lack
of correlation between optimized dosing and actual IVF
outcomes (pregnancy rates, live birth rates). Achieving 8
mm endometrial thickness is necessary but not sufficient
for successful implantation.

Important Caveats:

» Endometrial thickness is a surrogate marker, not a
clinical endpoint

» Endometrial quality (triple-line pattern, echogenic-
ity, vascularity) may be more predictive than thick-
ness alone

» Over-reduction of estrogen could potentially compro-
mise endometrial receptivity despite adequate thick-
ness

» The optimal thickness target may vary by patient
(some may need >8 mm)

4.6. PROGESTERONE EFFECT

Patients were given a progesterone supplement at the end
of the cycle, causing a slight decrease in endometrial thick-
ness. Per the physician’s recommendation, this decrease
was assumed to be no more than 1 mm. Since the exact
value of the decrease due to the progesterone is unknown,
this may lead to slight over- or underestimation of « and
optimized doses, particularly in patients whose final mea-
surements occur after progesterone initiation.

4."7. PERSONALIZED MEDICINE APPROACH

We present here a two-loop approach to personalizing and
optimizing the dosage profile for future patients (Fig. 4).
This is a hypothetical framework that still requires prospec-
tive validation but may be implemented in future clinical
settings.

In the first loop, a patient profile is created by using
thickness and hormone data (initial thickness, dosages for
the first two days, experimental thicknesses for the first two
days) and the patient’s independent & value to solve each
patient’s « value. This is done by minimizing the objective
function seen below.

Sum of Squared Error = ZZ: (T cateulated— Teaperimentat)”  (6)
=0
After personalizing the model, the second loop is used to
find the optimized estrogen dosage profile by solving the
discretized optimal control problem.
T

Min " Ceu(i) (7)

Cean(3), i=1,2,.. 4=
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Figure 4. A two-loop optimization model for
personalized dosage profiles.

Two days of initial estrogen dosage and endometrial thickness data are used to solve for
customized parameters. These parameters are incorporated into the thickness dynamic
model to determine an optimal dosage profile utilizing the objective function and speci-
fied constraints.

Subject to:
z(t) > 8 (8)

9 Cou(t)” (10)

dt
The constraints of this optimization model are:

» Lower bound of dosage/day = 0 mg or 0.5 mg

» Upper bound of dosage/day = 3 mg

* Maximum cycle time (T) = 13 days

» Final endometrium thickness is greater than or equal
to 8 mm.

5. CONCLUSIONS

Overall, the results show that the model reduces estrogen
dosing across multiple patients with varying initial condi-
tions. Intermittent dosing appears to produce a greater per-
centage of estrogen reduction than continuous dosing, with
an average 22.31 = 10.78% greater reduction.

We hope to apply these findings to patients who have not
yet undergone a full IVF cycle by using their initial thick-
ness and first two-day data to predict endometrial growth
and optimize estrogen dosing. Future research may also
consider patient differences in the structure of each pa-
tient’s endometrial tissue. The use of Al to grade endome-
trial quality based on relative ratios of endometrial layers
has recently shown promising results.!3 Additionally, fu-
ture research could link the « value to patient parameters
such as endometrial quality, initial hormonal levels, patient

age, etc. This analysis, in conjunction with hormonal opti-
mization, may lead to even better IVF outcomes.
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