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We assessed the effectiveness of a clinical decision support tool to reduce total 
cumulative follicle-stimulating hormone dosage used, to eliminate the need for 
ultrasound exams after day 5 of an individual superovulation cycle, and to improve the 
number of high-quality embryos obtained. The design we used was a Randomized Control 
Trial in a private fertility center. This study included 93 women aged 25–45 years 
undergoing IVF. 48 Test and 45 Control participants included normal and poor 
responders and patients with polycystic ovarian syndrome. A clinical decision support 
tool was used to forecast stimulatory hormone dosing for an individual cycle based on 
follicle size distribution on day 1 and day 5. Cumulative stimulatory hormone doses, 
oocytes retrieved, number of Mii oocytes, total embryos, high-quality embryos obtained 
during the cycle, and clinical pregnancy rates was the main outcome measures. Test 
participants required significantly lower cumulative FSH doses during superovulation 
cycles (average 1883 IU test, 2530 IU control, p <0.01), with significantly higher numbers 
of total embryos (average 5.4 test, 3.5 control, p<0.01), and high-quality embryos 
(average 3.1 test, 1.2 control, p<0.01). Test participants had higher Mii follicles, although 
the difference was not statistically significant. The clinical pregnancy rate reported was 
significantly higher for test participants than control participants (52% test, 26% control, 
p<0.05). The test group had more poor responders and PCOS patients than the control 
group. In conclusion, the clinical decision support tool eliminated the need for 
ultrasound exams after day 5, reduced the doses of stimulatory hormone required, 
yielded significantly higher numbers of high-quality embryos, and resulted in higher 
clinical pregnancy rates. 

INTRODUCTION 

Infertility affects millions of people of reproductive age 
worldwide – and impacts their families and communities. 
Estimates suggest up to 186 million individuals live with 
infertility globally.1 In-vitro fertilization (IVF) is the most 
common technique in assisted reproductive technology. 
IVF is also effective for infertility in women with polycystic 
ovarian syndrome (PCOS). Superovulation is a drug-in-
duced method to enable multiple oocytes per menstrual cy-
cle in IVF. The success of IVF depends upon successful su-
perovulation, defined by the number and quality of eggs 

retrieved in a cycle. Superovulation is also vital for IUI (In-
tra-uterine insemination). 
The drugs used in this treatment are expensive. A recent 

article in Forbes suggests that the current cost of IVF in 
the United States ranges from $15,000 to $30,000, and 35% 
of the cost is related to drugs.2 Currently, this step is exe-
cuted using almost daily monitoring of the follicular devel-
opment using ultrasound and blood tests. The daily dosage 
of hormones is then chosen for each patient based on the 
physician’s experience. Although there are general guide-
lines for the dosage, the dose is not optimized for each 
patient, and overstimulation complications can occur.3 A 
recent study of 7399 IVF cycles from Harvard University 
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concluded that Follicle Stimulating hormone (FSH) and Hu-
man Menopausal Gonadotropin (HMG) ovarian stimulation 
drugs are typically applied at saturating or slightly deleteri-
ous doses. The dosage of these hormones can be reduced.4 

A recent review5 on IVF modeling emphasizes that the fu-
ture of IVF treatment will use optimal treatment based on 
models. The cost of testing – frequent transvaginal ultra-
sounds (US), blood tests, and drugs- makes the superovu-
lation stage very expensive. To overcome the shortcomings 
of this system, we have developed a user-friendly deci-
sion support tool (Opt-IVF) that can provide a personalized 
model of this stage for each patient’s superovulation cycle. 
Customized optimal drug treatment profiles can then be 
developed for each patient using optimal control methods 
provided by the software. The model is based on the size 
distribution of follicles on day 1 and day 5 of a superovula-
tion cycle. This, together with the FSH doses used on days 
1 to 4, provides a basis for predicting the FSH doses to be 
given on day 5 and subsequent days to achieve better out-
comes – maximizing the number of mature follicles. The 
Opt-IVF algorithm can also forecast the best time to begin 
antagonists and the optimal trigger day to maximize the re-
covery of mature oocytes. A recent non-randomized clini-
cal trial with retrospective controls6 has demonstrated the 
tool’s success in clinical practice. Test subjects had higher 
numbers of mature Mii oocytes, required 30% lower cumu-
lative FSH doses, and had higher numbers of high-quality 
embryos. We report here on a randomized clinical trial us-
ing Opt-IVF to guide superovulation. 

MATERIALS AND METHODS 

All clinical work was conducted at the Akansha Hospital 
and Research Institute in Gujarat, India. The institutional 
review board at Sat Kaival Hospital Pvt. Ltd. Ethics Com-
mittee, Gujarat, India, approved the protocol and consent 
forms. All participants provided written informed consent. 
Patient safety was reviewed throughout the study by the 
clinical investigators (Nayana Patel, Niket Patel, M. Patel, 
H. Bhadarka, P. Ghoghari, and K. Vyas), who were respon-
sible for clinical work and data collection. U. Diwekar and 
S. Joag are responsible for the study design, data analysis, 
and interpretation and writing of this manuscript. All au-
thors contributed to the review and editing of the manu-
script and approved the final version for submission. All au-
thors vouch for the data’s accuracy and completeness and 
the protocol’s fidelity to the trial. 

THE DECISION TOOL OPT-IVF 

Opt-IVF is a unique tool that provides optimal and per-
sonalized dosage profiles for a complete superovulation cy-
cle. The difference between this approach and the machine 
learning approaches7‑11 presented in the literature is pro-
vided in Table 1 . 

INITIAL DOSE 

Opt-IVF provides an initial dose based on either the nomo-
gram proposed by La Marca and Sunkara,12 which predicts 
the initial dose based on age, day 3 serum FSH, and AMH, 
or based on heuristics using age, AMH, and AFC values. 

DOSAGE PROFILE FOR THE REST OF THE CYCLE 

IVF’s success depends on successful superovulation, de-
fined by the number and uniformly high quality of eggs 
retrieved in a cycle. This requires frequent monitoring of 
follicular development using ultrasound and blood tests 
to decide day-to-day dosage. Although there are general 
guidelines for stimulatory hormone dosage, individualiza-
tion of dosage is primarily driven by the physician’s expe-
rience and clinical judgment. To overcome the shortcoming 
of this system, we developed a mathematical procedure that 
can provide a personalized model of this stage for each pa-
tient by considering the change in the distribution of folli-
cles due to the chemical interactions of the drugs used. The 
aim is to obtain the maximum number of mature follicles 
(18-22 mm) at the end of the cycle. Optimal control the-
ory decides personalized, optimized dosages for each pa-
tient.13,14 

Opt-IVF creates a personalized model using day 1 and 
day 5 follicular size distribution data (as shown in Table 2, 
obtained by ultrasound), and the initial dosage is given to 
the patient. Thus, the model is customized for that patient, 
that cycle, and the FSH dose used on days 1 to 4. We used 
data from 150 patients (70 agonist protocol and 80 antago-
nist protocol patients) from three IVF centers in India and 
one IVF center in the United States to validate the model. 
The individualized model for a cycle is then used to opti-
mize the dosage for the remaining days using optimal con-
trol theory. This approach reduced dosage and testing, with 
similar or better outcomes regarding the number of mature 
follicles. The model, theory and initial validation details are 
published elsewhere.13,14 

THE CLINICAL TRIAL 

The trial was registered on ClinicalTrials.gov (ID 
NCT05564702). We use Simple Randomization of all pa-
tients registered for the trial. A ‘lottery method’ was used 
to assign patients to test and control. Based on a previous 
non-randomized clinical trial,6 a sample size of 45 patients 
in each arm was considered sufficient. We conducted power 
analyses for two important outcomes, the total dosage and 
the number of high-quality embryos. To get a power of 0.95 
with a significance level of 0.05 for an average total dosage 
to be 20 % lower in the test than in controls, we needed 
18 subjects in each arm. At the same power level, for high-
quality embryos to be 60% higher in the test than the con-
trol group, we required 38 subjects in each arm. Therefore, 
a sample of 45 in each arm was more than sufficient for our 
analysis. 
An Antagonist protocol was used for all patients, using 

Recombinant FSH (Gonal – F, Merck), R-Hu-LH (Merck), 
and Cetrorelix 0.25 mg (Bharat Serum and Vaccines Lim-
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Table 1. Comparison between Opt-IVF and machine learning approaches.        

Features Opt-IVF Machine Learning Approaches 

Initial dose Prediction based on nomogram & heuristics. Validated using clinical trials. 

Prediction based on machine 
learning. Validated using existing 
data only. No clinical trial has 
been reported. 

Customized 
daily dose 

Predicts based on day 1 and day 5 follicle size distributions using the 
moment model. Provides dosage profile for the complete cycle on day 5. 
Successful clinical trials result in reduced dosage, reduced testing, and 
better outcomes. 

Does not have such capability at 
this stage. 

Trigger day Predicts using the moment model. Validated using clinical trials. 

Predicts using machine learning. 
Validated using existing data 
sets only. 

Table 2. An example of follicular size distribution in a patient.          

Follicle Size Bins (mm) No. of Follicles on different days 

Day 1 Day 5 

0-4 10 2 

4-8 3 8 

8-12 0 2 

12-16 0 0 

16-20 0 0 

20-24 0 0 

ited). Participants were categorized before enrollment as 
expected poor responders (PR), expected normal respon-
ders (NR), and PCOS based on Age, AMH, and clinical pre-
sentation. All participants had transvaginal ultrasound ex-
ams (US) to quantify the number and size of follicles on day 
1 and day 5 of the cycle. This information was entered into 
the Opt-IVF decision support tool for test group patients, 
which suggested FSH doses for day 5 and all subsequent 
days of the cycle. All recommendations of the decision sup-
port tool were made available to the clinical investigators 
before day 1 and on day 5. 
Control participants also had US on days 7 and 9. The 

participating clinical investigators retained the ability to 
override Opt-IVF dose recommendations based on their 
clinical judgment but did not do so in any patient. For con-
trol group participants, the hormone doses each day were 
based on the participating clinical investigators’ choice. 
Although Opt-IVF recommended trigger days, this feature 
was not tested in this trial. The trigger days in all test and 
control participants were entirely based on the participat-
ing clinical investigators’ choice. There were no differences 
in the dosing of trigger hormones. Mii oocytes were consid-
ered mature if at least one polar body was present. 
The primary outcomes measured were the cumulative 

FSH dosage, the number of mature and Mii oocytes re-
trieved, the total number of embryos, and the number of 
high-quality (Grade A) embryos obtained after in-vitro fer-
tilization in each cycle. High-Quality Embryos were as-
sessed with the Recent Gardner Grading. Morphologically 
Normal is known to be good quality (Grade A). Clinical 
pregnancy rates for patients were measured. 80% of em-

bryos transferred were frozen embryos. Statistical analyses 
were performed using Microsoft Excel. For statistical analy-
sis of cumulative doses, total and Mii oocytes, total em-
bryos, and grade A embryos, we used two-tailed t-tests with 
unequal variance (heteroscedastic). For pregnancy data, we 
used the chi-square statistic. The statistical significance 
level was kept at p<0.05 for all analyses. 

RESULTS 

Test and control participant groups were similar in age, and 
the proportions of expected normal responders, poor re-
sponders, and participants with PCOS are given in Table 3 

Table 4  presents the results for cumulative total average 
FSH dosage. The cumulative FSH doses administered to 
test participants were lower than the doses administered 
to control participants. The differences in dosage were sta-
tistically significant overall and also for each subgroup. On 
average, the cumulative FSH dose in test participants was 
26% lower than in controls. Although clinical investigators 
had the discretion to override Opt-IVF recommended doses, 
they did not do so on any day for any participant. 
The number of oocytes retrieved and Mii oocytes were 

statistically similar among test participants and control in 
total and each subgroup (Table 5 ). The total embryos were 
significantly higher in test participants than in controls 
(Table 6 ). On subgroup analysis, the total numbers of em-
bryos were significantly higher for test group poor respon-
ders, though no statistical differences were observed among 
normal responders and PCOS patients. The number of high-
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Table 3. Participant Characteristics   

Test Group Control group 

Normal responders 14 21 

Poor responders 15 13 

Polycystic Ovarian Syndrome 19 11 

Total Participants 48 45 

Age, Years ± SD 32.7 ± 5.1 33.9 ± 4.3 

Table 4. Average Cumulative Total FSH Dosage (IU)       

Patients/Results Test Control % Reduction t-test 

PCOS 1775 2933 39% p <0.01 

Poor responder 1803 2207 18% p <0.01 

Normal responder 2108 2418 13% p <0.05 

Group Total 1883 2530 26% p <0.01 

Table 5. Average Total Oocytes and Mii Oocytes       

Patients/Results Test Control 

PCOS - oocytes 13.3 12.5 

PCOS - Mii oocytes 9.6 10.4 

PR - oocytes 6.5 3.8 

PR - Mii oocytes 5.1 3.5 

NR - oocytes 7.1 8.6 

NR - Mii oocytes 6.1 6.9 

Overall - oocytes 9.4 8.0 

Overall - Mii oocytes 7.2 6.8 

Table 6. Total Number of Embryos     

Patients/Results Test Control t-test 

Poor responders 3.4 1.8 p < 0.05 

PCOS 7.4 6.5 p = 0.47 

Normal responders 4.7 3.0 p = 0.14 

Total 5.4 3.5 p < 0.01 

Table 7. Number of Grade A Embryos      

Patients/Results Test Control t-test 

Poor responders 2.5 0.8 p<0.01 

PCOS 3.7 1.2 p<0.01 

Normal responders 2.9 1.5 p<0.05 

Total 3.1 1.2 p<0.01 

quality embryos (Table 7 ) was significantly higher in test 
participants than in controls. A statistically significant dif-
ference was found in all three subgroups. 
NR and PR - Normal responders and poor responders, re-

spectively. 

We could not get clinical pregnancy results for all par-
ticipants because the travel schedule of some patients did 
not allow the transfers to be completed. Currently, we have 
data for 44 of 48 test group patients and 31 of 45 control 
group patients. The clinical pregnancy rates were signifi-
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Table 8. Clinical Pregnancy Rates    

cantly higher (chi-square statistic 3.92, p = 0.048) in test 
patients as compared to control patients, as shown in Table 
8. For poor responders and PCOS patients, pregnancy rates 
in the test group are higher than clinical pregnancy rates 
reported in the literature.15‑18 

The clinical pregnancy rate was higher in test patients 
than in controls at all ages (Figure 1 ). 

DISCUSSION 

This paper described a clinical decision support tool for 
predicting the complete dosage profile from day 1 to the 

Figure 1. Clinical pregnancy rates for different age groups.        

end of the cycle using modeling and optimization. The tool 
is based on a physics-based model13,14 that can be person-
alized for each patient based on the cycle’s follicle size dis-
tribution data for day 1 and day 5. Optimal control the-
ory is then used to predict the optimal dosage profile for 
the complete cycle to minimize the variance in follicle sizes 
at the end of the cycle. This paper presents the first ran-
domized trial to study the effectiveness of the decision sup-
port tool, Opt-IVF. This trial aimed to investigate the use 
of Opt-IVF, a clinical decision support tool, in guiding su-
perovulation to reduce the need for US testing and lowering 
hormone dosage while maintaining comparable outcomes 
regarding oocyte retrieval, embryo quality, and pregnancy 
rates. The model was previously validated and showed that 
using the tool could reduce hormonal dosage and testing 
and improve outcomes. Our study with 93 patients was suf-
ficient to provide statistically significant results for hor-
mone dosage and embryos obtained. The trial utilized a 
personalized approach to hormone dosing based on optimal 
control theory, a new approach in the field of in-vitro fer-
tility. 
Our results showed that using a clinical decision support 

tool eliminated the need for transvaginal US exams after 
day 5 of a superovulation cycle. Test participants had US 
only on days 1 and 5, while controls required the US on days 
1, 5, 7, and 9. This represents a 50% reduction in US testing 
during a superovulation cycle. Using the tool significantly 
reduced stimulatory hormone doses in all three subgroups 
- normal responders, poor responders, and PCOS partici-
pants, which is likely to lower the overall costs of treat-
ment, especially in resource-poor settings. None of the par-
ticipants in the trial developed OHSS or other significant 
side effects. These results were similar to those of a previ-
ous clinical trial with retrospective controls.6 We had cal-
culated that a sample size of 189 in each arm would be re-
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quired for a power of 0.8 with a significance level of 0.05 for 
a 15% higher oocyte yield in the test than in controls. The 
numbers of oocytes retrieved and Mii oocytes did not differ 
significantly between the test and control groups, and the 
study was underpowered to detect differences in this mea-
sure. 
Although the trial’s aims did not include pregnancy 

rates, an unexpected result was that the test group had 
significantly higher numbers of high-quality embryos and 
clinical pregnancy rates than the control group. The higher 
pregnancy rates and high-quality embryo numbers were 
particularly noticeable in poor responders and PCOS pa-
tients. The clinical pregnancy rate in older patients com-
pares favorably with published reports.19 Our results sug-
gest that using this clinical decision support tool will be 
particularly valuable in more challenging cases: PCOS, poor 
responders, and relatively older women. 
Among the limitations of this study are that it is a sin-

gle-center trial and that the patients were all from a single 
ethnic background (Indian), which might limit the general-
izability of our results. However, the model underlying the 
clinical decision support tool was validated in patients from 
India and the US, suggesting that the results likely apply to 
patients of other ethnicities. As the model is individualized 
for each patient, other confounding factors are unlikely to 
affect the results. 

CONCLUSION 

The clinical trial demonstrated that utilizing the clinical 
decision support tool, Opt-IVF, to guide hormone dosing 
during superovulation resulted in lower hormone doses and 
eliminated the need for ultrasound testing after day 5 of the 
cycle. This approach led to increased total and high-quality 
embryos and higher pregnancy rates in the test group com-
pared to prospective control. 
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