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Abstract
Estrogen therapy is currently the most effective treatment to relieve menopausal hot flushes. In this study, based on literature data on 17β-estradiol (E2), we aimed to evaluated the efficacy of E2 on menopausal hot flushes in women, quantified its efficacy characteristics as well as the placebo effect, and explored the potential influencing factors.
A literature search was conducted in the Pubmed database to include clinical studies on E2 for treating menopausal hot flushes. Subjects’ demographics, E2 dosage, administration route and efficacy from literature were extracted. Then an efficacy model was constructed and evaluated. Efficacy in different populations with different doses and administration routes was simulated with the final model.
Seventeen studies, including 17 groups of placebo (N=1698) and 29 groups of E2 (N=3013) with doses ranging from 0.01 to 2 mg/d, were finally included. The covariates of administration route (oral or transdermal), ethnicity (non-Asians or Asian) and duration of menopause were introduced in the final model. Model simulations found the efficacy was slightly higher in non-Asians than in Asians, and the efficacy was slightly weaker in menopausal women with > 60 weeks of menopause than that with < 60 weeks of menopause. There was no obvious efficacy difference between oral and transdermal administration. The final model estimated an ED50 of 0.0125 mg and 0.27 mg for transdermal and oral administration, respectively. The placebo effect was higher for shorter duration of menopause, with a time to ED50 of 3.15 weeks for Asian and 1.96 weeks for non-Asians.
The standard longitudinal efficacy scales of E2 were established for different ethnicities, administration routes, doses and time course of treatment. No difference was found in the efficacy of E2 in Asians and non-Asians. The standard efficacy of E2 in this study could inform the efficacy evaluation in new drug development.



Introduction
Hot flushes are a physiological condition that occurs in women during menopause when the body's estradiol decreases, causing symptoms of generalised sweating, which can lead to a serious decrease in quality of life and, in severe cases, require pharmacological intervention. Estrogen (17β-estradiol, E2) therapy is currently the most effective treatment for relieving menopausal hot flashes, but it carries a risk of carcinogenicity1. Therefore, developing safe and effective drugs for hot flashes has become an unmet clinical need. In this study, we searched the literature on E2 for treating menopausal hot flushes in women and collected data including dosing regimen, efficacy outcomes and demographics. A model-based meta-analysis (MBMA)2, 3 method was used to establish the efficacy scale of E2 for treating menopausal hot flushes in women, quantify the placebo effect and explore the influencing factors on efficacy. The results will serve as a control for the early phase clinical trial of the new drug to judge its clinical value.

[bookmark: _Hlk77341063]Methods
Search strategy and inclusion criteria
The Pubmed database was comprehensively searched to collect literature on E2 for the treatment of menopausal hot flushes in women, with a start date of 1 January 1980 and a cut-off date of 1 March 2022 for the terms "(("hot flushes"[All Fields] OR "hot flashes"[All Fields]) AND "Estradiol" [nm] AND "Female"[MeSH Terms] AND "Clinical Trial"[pt] AND placebo[Title/Abstract] AND English[lang]) AND ("1980/01/01"[PDAT] : "2022/03/01"[ PDAT])"
Inclusion criteria were (1) randomised, placebo-controlled trials on oral or transdermal administration of E2 for menopausal hot flushes; (2) with available data on the change rate or absolute change in the number of hot flushes from baseline (excepting night sweats); and (3) with oral dose or transdermal dose records.

Data extraction
Microsoft Excel software was used to create a database template for data collection. Two researchers independently extracted data from the literature that met the inclusion criteria, with inconsistencies confirmed by a third researcher4. The graphical data was extracted by both researchers using the graph reading software Engauge. The error in the graphical data extraction should not exceed 2%, if it exceeds 2%, the graph should be re-read, and the final average value of both should be taken. The following information and data were extracted: first author, date of publication, study design, sample size, dosing regimen, administration routes, subject characteristics, time course of treatment, mean change or change rate in the number of moderate to severe hot flushes at each time point and safety results. 

[bookmark: _Hlk77341048]Risk-of-bias assessment
The methodological quality of the included trials from the literature was assessed using the Cochrane risk of bias tool. The risk of bias judgements was made in the context of the primary outcome. The evaluation items included random sequence generation, allocation concealment, blinding of participants, blinding in the outcome assessment, incomplete outcome data, selective reporting and other biases. Other biases were defined as trials in which the baseline characteristics were not comparable between the different treatment groups.

Model building and evaluation
The base model, also known as the structural model, was established first. All model parameters were estimated by the first-order conditional estimation considering η-ε interaction (FOCE-I). The percentage change in the number of hot flushes by placebo and E2 from baseline was assumed to vary over time and finally reach a steady state. The percentage change in the number of hot flushes from baseline was used as the indicator of efficacy. The longitudinal efficacy of E2 by dose could be characterised by the following structural model: 

                                                            (Eq. 1)

                                   (Eq.2)

In Eq. 1, Eij is the observed value at time j of study i, Eplacebo,ij the mean predicted placebo effect at time j of study i, and Eestradiol,ij the mean predicted E2 efficacy at time j of study i which is the effect only from E2 (pure drug effect). In Eq. 2, Emax,ij is the theoretical maximum effect for the E2 treatment group, ED50 the dose for half maximum E2 efficacy, ET50 the time for half the maximum efficacy and γ the hill coefficient for the curve.

Random effects between trials were described by the following exponential model:

[bookmark: OLE_LINK79]                                       (Eq.3)

where PTV is the typical population parameter value, Pi the individual parameter value, and ηi the inter-trial random effect, conforming to a normal distribution with mean of 0 and variance of ω2.

The following models were investigated for intra-arm random effects (residual error): additive error model (Eq. 4), proportional error model (Eq. 5) and combined additive and proportional error model (Eq. 6).

[bookmark: OLE_LINK81][bookmark: OLE_LINK85][bookmark: OLE_LINK80]                           (Eq.4)

[bookmark: OLE_LINK87][bookmark: OLE_LINK86]                      (Eq.5)

[bookmark: OLE_LINK88][bookmark: OLE_LINK89]        (Eq.6)

where Yobs,ij and Ypred,ij is, respectively, the observed and predicted value of efficacy index in the ith individual at time j; εij,1 is the proportional intra-trial random effect (variability), and εij,2 is the additive intra-trial random effect (variability), both conforming to normal distributions with mean of 0 and variance of σij,12 and σij,22, respectively; Noi is the sample size of the ith trial to correct the intra-trial random effect (residual error), and εi,1 and εi,2 are the residual error before corrected by the sample size. The larger the sample size, the smaller the residual error is considered to be5.

Fixed effects models, also known as covariate models, were used to screen for variables that could affect the parameters of the base model. The effect of continuous covariates was modelled by a linear model (Eq. 7) or an exponential model (Eq 8), and categorical covariates were modelled by a categorical model (Eq. 9).


[bookmark: OLE_LINK76][bookmark: OLE_LINK74][bookmark: OLE_LINK75]                        (Eq.7)

                                                       (Eq.8)

[bookmark: OLE_LINK78][bookmark: OLE_LINK77]                     (Eq.9)

where θ is the correction factor for the individual parameter, COV is the covariate value, and COVmedian is the median value of the covariate.

Covariates to be explored in this study included baseline hot flush number, age, weight,	duration of menopause, body mass index (BMI), drug combination, administration route, and race. A graphical approach was used to examine the correlation between covariates. If two covariates showed a significant correlation (correlation coefficient > 0.8), only the clinically meaningful covariates were included in the final covariate model to avoid collinearity. The covariates were introduced into the base model by a step-wise forward selection and backward elimination procedure. In the forwards selection step, the covariates were introduced in the base model one by one, and if the covariate addition decreased the model objective function value (OFV) by more than 6.63 (p<0.01), the addition of this covariate could improve the model fit significantly, so this covariate retained in the model. The full regression model (FRM) was finally built after the forward step. The covariates included into the full model were eliminated from the FRM one by one. If the elimination of a covariate increased the OFV by more than 7.88 (p<0.005), the covariate could be retained in the model. Otherwise, the covariate was deleted from the model. 

Model evaluation
After covariate screening, the final model was built and evaluated by goodness-of-fit (GOF) plots, bootstrapping method, visual predictive check (VPC) and individual diagnostic plots6. Goodness-of-fit (GOF) plots were used to evaluate the bias or prediction errors of the final model. GOF plots included observed concentrations versus population-predicted and individual-predicted concentrations, conditional weighted residual errors (CWRES) versus population-predicted concentration, conditional individual weighted residual errors (CIWRES) versus individual predicted concentration, CWRES versus time and distribution histogram of CWRES. Individual diagnostic plots were used to show the individual and population fitting of observations versus time data to evaluate the fitting performance of the final model. The successful rate of bootstrapping method and precision of the parameter estimates derived from bootstrapping was used to evaluate the robustness of the final model. Bootstrapping was done by re-sampling the original data 1000 times to obtain 1000 new datasets, and parameters for each dataset were estimated. The nonparametric bootstrap estimate for each parameter was calculated for the median and 95 % confidence interval (CI), the 2.5th and 97.5th percentile, of the 1000 replicates. The parameter estimates from the original data were compared to the 95% CI of those estimated from bootstrapping method. Visual predictive check (VPC) was used to evaluate the performance of the model by simulating the 2.5th, 50th and 97.5th percentile of efficacy-time data for each of 1000 simulations of the data set with the model. If the raw observations lie around the 50th percentile and are almost within the 2.5th to 97.5th percentile range (95% CI) from simulations, the model will have good performance for prediction.

Software
NONMEM (Version 7.4, ICON Development Solutions, USA) was used for modelling and simulation, together with Perl Speaks NONMEM (Version 3.2.4, Uppsala University, Sweden) and MaS Studio (Version 1.2.6, Shanghai BioGuider Medical Technology Co., Ltd., China). The R package Xpose (Version 4.0, Uppsala University, Sweden) was used for plotting.

[bookmark: _Hlk79400175]Results
Characteristics of included studies
[bookmark: _Hlk124089799]A total of 149 publications were obtained, and 132 were excluded through abstract and full-text screening. Finally, 17 studies were included in the analysis7-23, of which 17 reported efficacy data, including 17 groups of placebo (1698 subjects) and 29 groups of E2 (3013 subjects), with daily doses of E2 ranging from 0.01 to 2 mg. The literature screening process is shown in Figure 1. Details of the included literature are shown in Table 1. Characteristics of included studies are shown in Table 2. The median (range) age of participants in the included studies is 52.7 (48.0~56.3) yr, with median (range) duration of menopause of 60.0 (30.0~114) months and median (range) baseline hot flush number of 70.0 (24.8~94.5). The risk-of-bias assessment of included studies is provided in Supplemental 2.

Model development
For the intra-arm random effects (residual error), this study examined additive error model, proportional error model and combined additive and proportional error model OFV of 1247.689, 1383.071 and 1248.238, respectively. The additive model with the lowest OFV was selected to describe the within-trial random effects in the base model.
Covariate screening found that the administration route affected ED50, ethnicity affected ET50, and duration of menopause aaffected Eplacebo. The final model parameter estimates are shown in Table 3. The typical value of Eplacebo was 61.9%, and ED50 of 0.0125 mg and 0.27 mg for transdermal and oral administration, respectively. The placebo effect was higher for shorter duration of menopause, with a time to ED50 of 3.15 weeks for Asians and 1.96 weeks for non-Asians. The covariate models are shown in the following equations:
                             (Eq. 10)

                                (Eq. 11)

                 (Eq. 12)

where ROUT is 1 and 0 for oral and transdermal administration, respectively; RACE is 1 and 0 for Asian and non-Asian, respectively; and DUARATION is the duration of menopause. From the observed efficacy data, hot flashes in some patients with E2 could finally disappear. Hence, the Emax in the final model was fixed to a maximum value of 100% to simplify the model. The NONMEN code is provided in Supplemental 1.
[bookmark: OLE_LINK10][bookmark: OLE_LINK34]Nonparametric bootstrap procedure was performed to check internal model validity. Out of 1000 NONMEM runs, 979 (97.9%) were minimised successfully, and the median of the parameters from bootstrap was very close to the final model parameter estimates indicating high stability of the model parameter estimates. The summary of parameter estimates from the bootstrap (median and 95% CI) with successful minimisation is presented in Table 2. The GOF plots (Figure 2) show that the regression and standard line was almost overlapped. CWRES were symmetrically distributed within ± 6, indicating a good model fit with no apparent bias. The individual fit plots (Supplemental Figure1) show that the individual predicted values fit well with the measured efficacy values. The VPC plots (Figure 3) show that most of the measured efficacy points lie within the 95% confidence interval of the model predicted values, suggesting that the model has a good predictive ability.

Simulations for different scenarios
The efficacy of E2 was simulated using the final model 1000 times by ethnicity (non-Asians and Asians), duration of menopause (>= 60 months, < 60 months) and administration route (oral, transdermal) and the results are shown in Figure 4. The efficacy was slightly weaker in menopausal women with > 60 weeks of menopause than in menopausal women with < 60 weeks of menopause. There was no obvious efficacy difference between oral and transdermal administration of E2.
The efficacy by oral and transdermal administration of 0 (placebo), 0.25, 0.5, 1 and 2 mg doses of E2 in Asians and non-Asians were simulated 1000 times using the final model. The results are shown in Figure 5.
The efficacy of oral and transdermal administration of E2 at week 12 in Asians and non-Asians with a duration of menopause of 60 weeks was simulated, respectively (Figure 6). The ED50 for non-Asians with oral administration was 0.2688 mg and with transdermal administration 0.0127 mg, while the ED50 for Asians with oral administration was 0.265 mg and with transdermal administration 0.0122 mg. These results indicated that the dose required for the same efficacy was lower for transdermal administration, and the onset of E2 efficacy was comparable between Asians and non-Asians.
Safety evaluations
Safety evaluation was performed by pooled safety data from included studies. A total of 1541 (51%) women reported at least one adverse event (AE) during treatment, with an incidence rate of 55% for transdermal and 37% for oral administration. The most common adverse events included infection (9.52%), Vaginal discharge (6.70%), vaginal haemorrhage (6.27%), headache (5.22%) and abdominal pain (4.96%). The rate of AEs leading to withdrawal was 6.85%, with 5.50% for transdermal administration and 7.87% for oral administration. The rate of application site reactions for transdermal administration was 19.31%. The adverse events with incidence rates >5% are shown in Table 4. 
[bookmark: _Hlk77337012]
Discussion
The quantitative approach of model-based meta-analysis (MBMA) was used in this study. Compared to traditional meta-analysis, MBMA can help explore influencing factors from heterogeneous data, which can compensates for the limitations of traditional meta-analysis methods. MBMA has become a particularly important tool for quantitative pharmacology and has received widespread attention internationally4. By pooling efficacy data of E2 and placebo effect from global literature, this study was based on a larger sample size, in a broader context, with placebo-controlled and high quality. The standard longitudinal efficacy scales of E2 for different administration routes, doses and time course of treatment were obtained by mathematical model establishment and simulation. 
[bookmark: _Hlk124434529]Estradiol is available under the following brand names: Estrace, Vivelle-Dot, Delestrogen, DepoEstradiol, Divigel, Elestrin, Alora, Estrace Cream, Estraderm Transdermal, estradiol topical, Estradot, Estrasorb, Estrogel, Evamist, Femtrace, Menostar, Minivelle, Vivelle, and Climara24. Our study included estradiol transdermal (skin patch) and estradiol table. Estradiol transdermal patch is under the brand names of Alora, Climara, Estradiol Patch, Menostar, Minivelle and Vivelle-Dot, and there are six dosage strengths of 0.025, 0.0375, 0.05, 0.06, 0.075, or 0.1 mg of E2 per day. Estradiol tablet is under the brand name of Estrace, containing 0.5, 1 or 2 mg of micronised E2 per tablet. 
[bookmark: _Hlk124093034]Only high quality placebo-controlled studies were included in the analysis, ensureing the reliability of the results. The SD of age, body weight, and BMI of participants of included studies was small, indicating the alignment of characteristics of included studies. The range of duration of menopause is 30.0~114 months, and the baseline hot flush number was 24.8~94.5. In a traditional meta-analysis, the large difference in subject characteristics could lead to biased results. However, in the model-based analysis, by introducing the duration of menopause in the model, the efficacy of subjects with different duration of menopause could be well described by mathematic equations. It allowed the comparison of E2 efficacy in different populations (Asians or non-Asians) and with different administration routes (oral or transdermal) with the same duration of menopause by model simulation. To simplify the model and exclude the baseline influence, the percent change in the number of hot flashes was selected as the efficacy index. It needs the assumption that there was a linear effect of the absolute baseline value on the absolute change in the number of hot flashes from baseline. The assumption was evaluated and supported by plotting absolute changes versus baseline values. 
In 13 (28.3%) groups, patients had concomitant progestin use. Whether concomitant use of progestin was explored by covariate screening, but this factor did not significantly affect the efficacy. It may be because the dose range of E2 for subjects with concomitant progestin use was narrow and relatively low (0.02~0.05 mg/d for transdermal administration and 0.5~1 mg/d for oral administration), and the model could not distinguish the efficacy improvement resulted from dose increase or the concomitant progestin use. The influence of the concomitant progestin use on efficacy should be explored further with real-world data. Also, individual-level data rather than study-level data could provide more information. For example, a population exposure-response analysis, based on individual pharmacokinetic and pharmacodynamic data, can describe the systemic concentration-response relationships and help the dose selection for a new formulation of E2 25. 
[bookmark: _Hlk124539338][bookmark: _Hlk124089162]In our model we distinguished the pure drug effect and placebo effect. This could provide more details in the efficacy evaluation. From the model simulation, no differences in E2 efficacy between Asian and non-Asian populations were found. A study in Asian women also found that the efficacy in Asian and non-Asian was similar11. The placebo effect was higher for shorter duration of menopause, leading to the efficacy slightly weaker in women with a longer duration of menopause. The dose-efficacy of E2 indicates that 0.25 mg/d of oral administration and 0.0125 mg/d of transdermal administration is around the ED50. A study found that 0.014 mg/d of E2 transdermal patch was the minimum effective dose8. Another study indicated that 0.0125 mg/d of E2 under transdermal administration delivered the lowest effective dose for treatment of vasomotor symptoms and vulvovaginal atrophy in post-menopausal women21.
[bookmark: _Hlk124540320][bookmark: _Hlk124540393]From the model parameter estimation, the inter-trial variability was large especially for the ED50 (IIV of 72.4%). The overlapping of the shaded area for adjacent dose levels in Figure 5 is not surprising. The extent of overlapping is small, and there is an obvious trend that the higher dose the higher efficacy. In Notelovit’s study, 0.25 mg/d of oral tablet was ineffective for symptom relief in women with moderate and severe hot ﬂushes16. Therefore, the ED50 in our study could not be regarded as the starting dose for E2 on hot flushes. In clinical use, is the initial dose of E2 is two-fold the ED50 in our model. As for the general maximum dose, the dose of 2 mg/d of oral administration and 0.1 mg/d of transdermal administration is approaching the ED90 in our model, which is generally regarded as the efficacy plateau, and they are, respectively, the maximum dose approached on the market. 
A study reported that the most significant adverse event with an incidence of 5% was endometrial hyperplasia, which seemed to occur in a dose-dependent manner, 30% for 2 mg/d E2 tablet, 15% for 1 mg/d and 6% for 0.5 mg/d17. In clinical use, the oral dose > 2 mg/d and transdermal dose > 0.1 mg/d could be overdosed.

Conclusion
By building mathematical models and using simulation methods, the standard longitudinal efficacy scales for E2 were established for different ethnicities, administration routes, doses and time course of treatment.  No difference was found in the efficacy of E2 in Asians and non-Asians. The placebo effect was higher for shorter duration of menopause, leading to the efficacy slightly weaker in women with a longer duration of menopause. The standard efficacy of E2 in this study could provide a reference for the efficacy evaluation in new drug development, such as clinical studies in E2 of new formulations or non-estradiol therapy. If the placebo effect in a clinical trial deviates from the placebo effect in this study, the quality of the clinical trial should be questioned. It will help regulatory decision-making. Suppose the efficacy outcomes of a new therapy deviate from the standard efficacy scale established in this study, such as being similar to the placebo effect or much weaker than the E2 efficacy. In that case, it indicates that the new therapy could lack market value and should be stopped. It will help save costs during new drug development. 
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[bookmark: _Hlk124541005]Figure legends
Figure. 1. Flow chart for study identification and selection

Figure. 2. Goodness-of-fit plots of the final model
The hollow points are the measured values of efficacy, the black line is the standard line, and the red line is the fitted regression line.

Figure 3. Visual predictive check
[bookmark: _Hlk124540769]Vertical coordinates are the % change in number of hot flushes from baseline. The hollow points are the measured efficacy values, the solid red line and the red shaded interval are the 50th percentile of the measured values and its 95% confidence interval of the model predictions, the red dashed line, and the blue shaded interval are the 2.5th and 97.5th percentile respectively and their corresponding 95% confidence interval of the model predictions.

Figure 4. Covariates effects on the efficacy of E2
Vertical coordinates are the % change in number of hot flushes from baseline. A. The efficacy simulations for different ethnic groups: blue for non-Asians, red for Asians, blue and red lines are the corresponding median simulated efficacy, blue and red points are the corresponding raw measured efficacy values; B. The efficacy simulations for different duration of menopause: blue for >= 60 weeks, red for < 60 weeks C. The efficacy simulations for different administration routes: blue for >= 60 weeks, red for < 60 weeks; C. the efficacy simulations for different administration routes: blue for transdermal administration, red for oral administration.

Figure 5. Efficacy profiles of different doses of E2
Vertical coordinates are the % change in number of hot flushes from baseline. Non-Asians on top, Asians on bottom.

Figure 6. Dose-efficacy relationship of E2 at steady-state 
[bookmark: _Hlk124084450]Horizontal coordinates are logarithmic coordinates of doses. Vertical coordinates are the % change in number of hot flushes from baseline. The left plot shows the dose-efficacy (percentage decrease in hot flush numbers) relationship for non-Asians and the right for Asians. The blue line is for oral administration, the red line for transdermal administration, the thinner dashed line for the dose and efficacy corresponding to ED50, and the thicker dashed line for the dose and efficacy corresponding to ED95.




Table legends
Table 1. Details of the included literature

[bookmark: _Hlk124089774]Table 2. Characteristics of included studies 

Table 3. The final model parameters and bootstrap results

Table 4. Safety analysis results for adverse event incidence >5%


Supplemental 1. NONMEM code of the final model

Supplemental 2. Risk-of-bias assessment

Supplemental Figure 1. Individual fit of the final model
The hollow points are the measured efficacy values, the solid red lin the individual fitted value, and the dashed black line the population fitted value.

Supplemental Figure 2. Goodness-of-fit plots of the final model stratified by treatment, administration route and race.
The hollow points are the measured values of efficacy, the black line is the standard line and the red line is the fitted regression line. A) left: placebo; right: E2; B) left: oral administration; right: transdermal administration; C left: Asian population; right: non-Asian population.

Supplemental Figure 3. CWRES versus E2 dose and duration of menopause plots of the final model stratified by treatment, administration route and race.
The black line is the standard line and the red line is the fitted regression line. 

