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Abstract 

Background One of the most challenging aspects of treating patients facing primary ovarian insufficiency, espe-
cially those eligible for controlled ovarian hyperstimulation (COH), is the assessment of ovarian function and response 
to stimulatory protocols in terms of the number of oocytes retrieved. The lack of consistency between studies regard-
ing the best parameter for response evaluation necessitates a comprehensive statistical analysis of the most com-
monly utilized ovarian reserve markers (ORM). This systematic review and meta-analysis aims to establish the optimal 
metric for assessing ovarian reserve among COH candidates.

Methods The PubMed/MEDLINE, Scopus, and ISI Web of Science databases were searched until July 2024, 
with no date or language limitations. The Newcastle–Ottawa scale was used to evaluate the validity of anti-Mullerian 
hormone (AMH), antral follicle count (AFC), follicle-stimulating hormone (FSH), and estradiol (E2) in patients receiv-
ing controlled ovarian hyperstimulation. Studies on the diagnostic accuracy of ovarian reserve markers in predicting 
ovarian response to controlled ovarian hyperstimulation in assisted reproduction technology (ART) candidates were 
reviewed. The diagnostic odds ratio (DOR) was determined using the Der Simonian-Laird random effects model 
meta-analysis to assess the likelihood of detecting low or high ovarian responses in COH candidates. Cochran’s Q, 
and I-squared, were used to analyze between-study heterogeneity.

Results This systematic review and meta-analysis included 26 studies including 17 cohorts, 4 case controls, and 5 
cross-sectional studies. AFC and AMH demonstrated significant diagnostic performance compared to FSH and E2 
in poor and high response category. AMH slightly outperformed AMH and had the highest logarithm of DOR 
for detecting poor [2.68 (95% CI 1.90, 3.45)] and high ovarian response [2.76 (95% CI 1.57, 3.95)]. However, it showed 
a high between-study heterogeneity (I2 = 95.65, Q = 189.65, p < 0.05).

Conclusions AFC and AMH were the most accurate predictors of poor and high ovarian response to controlled ovar-
ian hyperstimulation. However, further research is needed to develop models assessing the combined impact of AMH 
and AFC on ovarian response prediction.
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Background
Over the last two decades, numerous ovarian reserve 
tests have been developed to assess oocyte reserve and 
quality, as well as to predict IVF (in vitro fertilization)/
ICSI success in terms of oocyte yield and pregnancy. 
Many of these tests are now regularly performed on 
infertile patients undergoing ART [1, 2]. Finding out a 
patient’s reproductive potential, ovarian reserve, and 
response to COH are the main objectives. A commonly 
used word, ovarian reserve describes the overall pool 
of follicles in the ovaries, including both dormant and 
actively developing follicles [3].

Premature ovarian insufficiency (POI) is a prevalent 
reproductive endocrine condition characterized by the 
loss of ovarian function prior to the age of 40 [4]. The rate 
at which a woman’s ovarian reserve depletes is governed by 
a combination of genetic and environmental factors, and it 
usually diminishes permanently over time. The rate of fol-
licular depletion accelerates around the age of 37–38 years 
[5]. Reduced ovarian reserves (ROR) is a term used to 
describe the rapid decline in ovarian follicular reserve in 
women in their early thirties, which is a known cause of 
infertility in this age group [6]. In most cases, ROR affects 
women in their late 30 s and early 40 s, but younger women 
may also be affected [7]. When compared to other women 
of the same age, these women tend to have lower fertility 
and a poor ovarian response (POR) to ovarian stimulation 
[8]. Young women should be educated about their future 
fertility potential and provided adequate advice on the best 
and most timely medical treatment to help them conceive 
[9]. Although age is the best predictor of poor oocyte qual-
ity, ovarian reserve markers (ORMs) are more commonly 
utilized as a surrogate for oocyte quantity [10].

Various ovarian reserve tests have been used to assess 
ovarian reserve and predict response to COH [11].

Basal FSH is one of the first parameters evaluated, 
and its increase is associated with insufficient ovarian 
response to ovarian stimulation. However, a normal FSH 
does not exclude inadequate response because its peak 
occurs relatively in the late phases of diminishing ovarian 
reserve [5]. Hence, basal FSH cannot be the single defini-
tive test to identify poor responders [12]. E2 is a steroid 
sex hormone produced by ovarian follicles, the liver, the 
adrenal cortex, the breast, and adipose tissue [13]. It is 
often used to monitor ovarian reserve and detect hypoes-
trogenism and menopause in women with amenorrhea or 
menstrual dysfunction [14].

AFC and AMH are other ORMs that can be used sepa-
rately or in tandem to assess ovarian response in ovarian 
stimulation protocols [15, 16]. AMH is a glycoprotein 
that belongs to the transforming growth factor-β super-
family and is one of the most important markers for 
detecting POR. It is exclusively produced by granulosa 
cells of small and large preantral as well as small antral 
follicles in women [17]. A decrease in AMH secretion 
has been identified as the first sign of diminished ovarian 
reserve [18]. AFC refers to the cumulative number of fol-
licles observed via ultrasonography in both ovaries dur-
ing the initial phase of the menstrual cycle, specifically 
days 2–4. Antral follicles are follicles that have a maxi-
mum mean diameter of 2–10 mm when measured in the 
two-dimensional plane [10]. AFC is widely considered 
to be the most dependable approach for evaluating the 
ovarian response to ovarian stimulation. Nevertheless, 
the outcome relies on the operator’s expertise and the 
precision of the ultrasonogram [19].

Tests such as the clomiphene citrate challenge test 
(CCCT), gonadotropin-releasing hormone (GnRH) ago-
nist, and inhibin B have limited predictive value because 
they cannot directly quantify ovarian reserve [20]. Given 
the high cost and inconvenience of frequent hospital vis-
its, these provocative tests (CCCT and GnRH agonist) 
have been largely abandoned. The basal tests FSH, AFC, 
and AMH are now the most commonly used markers in 
clinical practice [21].

Literature reviews fail to predict the accuracy of each 
ORM in IVF outcoms quantitatively, and the previous sys-
tematic reviews and meta-analyses revealed controver-
sial results. It was determined that several ORMs (AMH, 
FSH, AFC, and E2) were predictive of ovarian response 
in IVF patients [1]. Despite their noninvasive nature and 
cost-effectiveness, ORMs were not advised for evaluating 
the response to the initial IVF cycle with maximum ovar-
ian stimulation [1]. Afterwards, Borer et al. tested the pre-
dictive power of AMH and AFC in IVF candidates. Both 
markers were equally sensitive (82%), but AFC’s specificity 
(82%) was slightly higher than AMHs (76%) [22]. Another 
systematic review and meta-analysis investigated the poten-
tial of ORMs such as AMH, AFC, and FSH to predict ovar-
ian hyperstimulation syndrome (OHSS) in women. By using 
AMH and AFC along with age, the predictive accuracy for 
identifying a high response was improved, as seen by an 
increased area under the receiver operating characteristic 
(ROC) curve (AUC) compared to using age alone [23].
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La Marca et  al. summarized AMH and AFC efficacy 
in detecting poor, normal, and high ovarian responses 
in patients receiving IVF after ovarian stimulation. They 
found that AFC and AMH, which are now the most 
accurate indicators of ovarian reserve, were suitable for 
creating personalized COH protocols. These sensitive 
indicators can be employed interchangeably in clinical 
settings to accurately predict the full range of ovarian 
response [16]. Also, in 2015, a different meta-analysis 
that evaluated the capacity of AMH to predict the suc-
cess of blastocyst implantation and clinical pregnancy 
in individuals undergoing IVF/ICSI found out that while 
AMH can be beneficial in fertility consultations, it is una-
ble to predict clinical pregnancy in those with reduced 
ovarian reserve [24].

However, the inconsistent data have made it unclear 
which variables are more effective at diagnosing ovar-
ian reserve and predicting IVF success rates. Since the 
last systematic review in 2015, many studies have been 
conducted on this topic. Therefore, the goal of this meta-
analysis is to enhance our understanding of the most reli-
able ovarian reserve marker (ORM) test for predicting 
IVF outcomes in patients with premature ovarian insuf-
ficiency (POI).

However, the inconsistent data made it unclear which 
of these variables is more effective at diagnosing ovarian 
reserve and forecasting IVF success rates. Many stud-
ies have been conducted since the previous systematic 
review on this topic, which was published in 2015. As a 
result, the goal of this meta-analysis is to improve our 
understanding of the best ORM test for predicting IVF 
outcomes in patients dealing with POI.

Methods
This meta-analysis was designed according to the rec-
ommended reporting items for systematic reviews and 
meta-analysis (PRISMA), statement [25]. The study pro-
tocol was registered in the International Prospective 
register of Systematic Reviews (PROSPERO) database 
(registration code: CRD42021245380). The PICO (popu-
lation, intervention, comparison, outcome) framework 
was utilized to establish research questions and create 
a search strategy. The purpose of this systematic review 
and meta-analysis was to examine (C) ORMs and deter-
mine which ORM had the highest specificity and sensi-
tivity to ovarian response (O) in IVF/ICSI candidates (P) 
receiving COH (I).

Search strategy and data gathering
Two researchers (F. S. and M. L.) separately conducted 
comprehensive searches of the literature using MeSH 
(Medical Subject Headings) and non-MeSH terms (Sup-
plemental Table  1), in PubMed/MEDLINE, Scopus, and 

ISI Web of Science databases to find original papers pub-
lished up to July 2024. After removing duplicates, all of 
the imported studies into EndNote software (version X7, 
USA) were thoroughly reviewed. Their bibliographies 
were then thoroughly examined to verify that no poten-
tially relevant papers were overlooked.

Study design and eligibility criteria
Three authors (F. S., M. L., and S. O.) separately screened 
titles and abstracts of all the imported articles, selected 
those eligible for the meta-analysis, and discussed all 
controversies with the statistician (S. J.). Cohort, case–
control, cross-sectional, and interventional studies that 
measured the diagnostic accuracy of ORMs to pre-
dict ovarian response to COH in ART candidates were 
included. During the screening, animal or in vitro stud-
ies, non-English papers, and case reports were dismissed. 
Following the screening process, we download the full 
text of the all the papers that were selected for full-text 
review. For research articles that were published on non-
open-access journals, we emailed the corresponding 
author(s) and requested the full text.

The ovarian reserve was defined as the total ovar-
ian follicular pool including both primordial and grow-
ing follicles [3]. Research without a gold standard, true 
positives (TP), true negatives (TN), false positives (FP), 
false negatives (FN), sensitivity [TP/(TP + FN), specificity 
[TN/(FP + FN), and the AUC for a particular ORM were 
also disqualified, as were publications without the infor-
mation required to compute the aforementioned parame-
ters. Furthermore, articles that employed ORM for other 
purposes, such as predicting live birth, cycle cancellation, 
and the frequency of viable pregnancies rather than ovar-
ian response, were excluded. Articles about women with 
iatrogenic ovarian insufficiency were eliminated. Also, 
studies that evaluated the value of less popular tests such 
as the LH:FSH ratio or the ovarian index, which are not 
commonly used in clinical practice, were dismissed.

Definitions
Reduced ovarian response (ROR) happens when 
assisted reproductive techniques (ART) fail to yield a 
successful fertility [26]. It is characterized by a state 
of hypergonadotropic hypogonadism associated with 
oligomenorrhea or amenorrhea [27]. A common pro-
cedure used before ART is called controlled ovarian 
hyperstimulation (COH) which uses exogenous gon-
adotrophins to stimulate multiple follicular maturation 
[28]. COH induces the growth of numerous follicles 
by administering external gonadotropins. At the same 
time, GnRH agonists or antagonists are given to pre-
vent the release of natural gonadotropins and avoid 
early ovulation. Ovarian response to COH procedures 
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is graded as normal, low, or high based on the num-
ber of recovered oocytes [29]. IVF oocyte retrieval 
rates are typically used to categorize ovarian response 
to COH regimens. The extraction of 8 to 15 oocytes is 
indicative of a normal ovarian response. To minimize 
the danger of OHSS and maximize the odds of success-
ful fertilization and embryo development, this range is 
considered optimum (1). In most cases, a low ovarian 
response is indicated when fewer than five oocytes are 
recovered. People in this category, who are commonly 
known as “poor responders,” may have a reduced ovar-
ian reserve (2). Retrieving more than 15 oocytes is 
usually indicative of a high ovarian response, which 
increases the risk of OHSS, and needs to be managed 
carefully (3).

Data extraction and excluded literature
Three authors (F. S., M. L., and A. K.) extracted the 
required data from eligible articles separately, including 
first author and publication date, country of research, 
study design, sample size, population studied, age 
range, and ovarian reserve markers used. Two-by-two 
tables were also used to calculate sensitivity, specificity, 
TP, TN, FP, FN, AUC, and the optimal cut-off point for 
each ORM. The required data were estimated using the 
ROC curve for papers that did not include information 
on sensitivity or specificity in their text. The studies that 
reported their data per cycle instead of per patient were 
excluded unless cycle numbers matched the number of 
participants. The Microsoft Excel 2019 software was used 
for data extraction.

Quality assessment
For the quality assessment of the included studies, the 
QUADAS-2 tool, a widely recognized framework spe-
cifically designed to evaluate the methodological quality 
of diagnostic accuracy studies, was employed [30]. The 
QUADAS-2 tool examines four key domains: patient 
selection, index test, reference standard, and flow and 
timing, each evaluated for potential risk of bias and con-
cerns regarding applicability of study’s findings to the sys-
tematic review question or broader clinical settings and 
populations. The patient selection domain assesses how 
participants were chosen, focusing on the appropriate-
ness of inclusion criteria and the risk of selection bias. The 
index test domain evaluates how the diagnostic test was 
conducted and interpreted, including the use of blinding 
and whether pre-specified thresholds were applied. The 
reference standard domain examines the objectivity and 
consistency of the outcome measure used to classify the 
target condition. The flow and timing domain reviews the 
sequence of participant assessments, including the timing 

between the index test and reference standard and any 
exclusions that might impact the study results.

Statistical analysis
To assess each ORM, the “metafor” R package of the R 
program (R-4.4.0 for macOS) was employed for meta-
analysis. The logarithm of diagnostic odds ratio (Ln 
DOR) with 95% confidence intervals for each ORM was 
measured by a random-effects model. DOR evaluates 
that how much the odds of having a poor or high ovar-
ian response increase when each ORM is positive. The 
Ln DOR was utilized to enhance normality and variance 
stabilization and facilitate clearer interpretation of the 
pooled results on the original DOR scale. Two separate 
meta-analyses were performed to evaluate each ORM’s 
efficacy in predicting poor and high ovarian responses. 
The Ln DOR combines sensitivity and specificity to 
evaluate the diagnostic efficacy of each ORM. The DOR 
compares the odds of a poor or high response. An Ln 
DOR greater than 1 indicates the test can discrimi-
nate between cases, with higher values reflecting better 
accuracy. An Ln DOR of 1 suggests no discriminatory 
ability of the ORM. Together with AUC, Ln DOR pro-
vides a fuller view of any of the ORMs’ performance, 
with an Ln DOR of 3.0, signaling strong diagnostic 
potential. The meta-analysis included forest plots that 
visually displayed the Ln DOR for ORMs in predicting 
poor and high ovarian response. These plots illustrated 
the differences in diagnostic accuracy observed across 
the selected studies.

Furthermore, this meta-analysis aggregated the find-
ings of several studies that evaluated the diagnostic 
accuracy of ORMs using receiver operating charac-
teristic (ROC) curve analysis. These curves were used 
to plot the true positive rate (sensitivity) against the 
false-positive rate (1-specificity) for each study, provid-
ing a visual summary of the diagnostic accuracy across 
all included studies. We calculated the average area 
under the ROC curve (AUC) that measures how well 
any ORM diagnostic test distinguishes between poor 
and high responders. It comes from the ROC curve, 
which plots sensitivity versus 1-specificity at different 
thresholds. An AUC of 1.0 means perfect discrimina-
tion between cases, while 0.9–1.0 indicates excellent 
accuracy. An AUC of 0.8–0.9 shows good reliability 
with some overlap, 0.7–0.8 is acceptable but with limi-
tations, and 0.5 means the test is no better than chance 
(similar to an Ln DOR = 1). Clinically, these AUC val-
ues help determine the effectiveness of ORMs with 
an AUC of 0.85, indicating good utility for patient 
outcomes. Also, we calculated the degree of hetero-
geneity between studies, using metrics such as Tau, 
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Tau-squared, I-squared (I2), and Cochran’s Q statistic. 
The Begg’s funnel plot was used in this meta-analysis to 
visually identify publication bias.

Subgroup analyses were performed in both poor and 
high response category based on study design, study 
country, and sample size to find out whether any of these 
variables account for potential differences in diagnos-
tic accuracy. These subgroup analyses helped to identify 
any variations in diagnostic performance across differ-
ent study characteristics. For the subgroup meta-analysis 
of sample size, we used the median sample size of the 
included studies as a cut-off point to categorize stud-
ies into two groups: “low” and “high” sample size. This 
data-driven dichotomization ensures that the studies are 
evenly distributed across the two categories, allowing 
us to analyze the impact of sample size on the diagnos-
tic accuracy of ovarian reserve markers (ORMs). Studies 
with sample sizes below the median value were classified 
as “low sample size,” while those above the median were 
categorized as “high sample size.” We performed mixed-
effects model meta-analysis separately for both groups to 
assess whether sample size influenced the diagnostic out-
comes of ORMs in predicting ovarian response to COH. 
The median value was selected based on the distribution 
of sample sizes across the studies, ensuring an objective 
and balanced categorization. This approach avoided any 
potential biases that may occur using arbitrarily defined 
thresholds.

Results
After evaluating the titles and abstracts of all the 
imported articles, 65 studies were selected for full-text 
review and data extraction. Then, 39 papers were dis-
missed due to the following reasons: 16 studies lacked 
the required data for meta-analysis [31–46], 6 articles 
assessed the efficacy of uncommon ORMs (ovarian 
index, repeated antral follicular counts, elevated day 3 
FSH:LH ratio, repeated clomiphene citrate challenge test) 
[47–52], 4 papers assessed POI patients in the absence 
of COH setting [53–56] and 7 publications examined 
the accuracy of ORM in the diagnosis of other outcomes 
such as pregnancy and OHSS without evaluating the 
ovarian response [55, 57–62], 3 studies considered the 
number of cycles instead of patients in assessing ORMs 
[63–65], and 3 papers only assessed the ORMs’ predicta-
bility for normal response instead of high or low response 
[66–68].

Eventually, 26 relevant articles with 21,584 partici-
pants were selected for this systematic review and meta-
analysis (Fig. 1). From these, 13 studies evaluated ORMs’ 
accuracy in predicting poor and high ovarian response 
[69–81] following COH, and one article only assessed 

high response [82]. We found 12 studies that estimated 
the predictive accuracy of ORMs during COH only in 
women with poor ovarian response [83–94]. Only one 
study calculated its data per treatment cycle instead of 
the per participant [84]; however, it attributed cycles 
to each participant since total cycles and participants 
almost matched.

Study characteristics
Selected studies for this systematic review and meta-
analysis were published from 2005 until 2024. This meta-
analysis evaluated 4 case controls [75, 76, 84, 85], 17 
cohorts [69–71, 74, 78–82, 87–94], and 5 cross-sectional 
studies [72, 73, 77, 83, 86] (Table 1).

Assessment of risk of bias in eligible studies
The studies reviewed using the QUADAS-2 framework 
reveal varying levels of bias across different domains, 
particularly in patient selection and the index test inter-
pretation. While many studies demonstrated low risk of 
bias in terms of reference standards and flow and tim-
ing, a significant number had moderate to high risk due 
to issues like unclear selection criteria and lack of blind-
ing in test interpretation. However, the majority of stud-
ies showed low applicability concerns, indicating that 
their findings are relevant to clinical practice. Despite 
some methodological limitations, the overall body of 
research provides a credible foundation for understand-
ing diagnostic tests in predicting ovarian response and 
OHSS, with caution needed when generalizing results 
to broader populations (Table 2).

Meta‑analysis
In women characterized by either poor or high response 
to ovarian stimulation, both AMH and AFC demon-
strated superior diagnostic performance compared to 
FSH and E2 though AFC appeared slightly more effec-
tive. Similarly, in high response category, in contrast, FSH 
and E2 exhibited lower diagnostic accuracy (Table  3). 
According to the forest plots of ORMs in both response 
categories, both AMH and AFC demonstrated narrower 
confidence intervals and more consistent effect sizes 
compared to FSH and E2. In the high response group, 
particularly, AFC showed marginally higher diagnos-
tic performance than AMH (Figs.  2  and  3). The ROC 
curve analysis further substantiated these findings; both 
AMH and AFC demonstrated higher area under the 
curve (AUC) values, indicating superior diagnostic accu-
racy. However, slight variations were observed between 
the two markers, particularly in the high response 
group, where AFC demonstrated marginally higher 
performance (Fig. 4).
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The analysis of heterogeneity within the poor response 
group revealed substantial variability across studies, as 
indicated by a significant Cochran’s Q statistic and its 
associated p-values. High I2 percentages further under-
scored the heterogeneity, suggesting that differences 
in study outcomes might influence the meta-analysis 
results. The T2 and T-values additionally highlighted that 
this variability was not merely due to random error but 
pointed to actual differences in effect sizes across studies. 
Unlike the poor response group, the high response group 
showed lower levels of variability among the studies, 
reflected by reduced I2 values. The Cochran’s Q statistic 
supported the consistency of the results across studies, 
suggesting robustness in the findings for this population 
(Table  3). Funnel plots also illustrate the potential for 
publication bias across the included studies in both 
response categories (Fig. 5).

Subgroup meta‑analysis
Study design
The subgroup analysis for the poor response category 
demonstrated notable differences between cohort and 
cross-sectional study designs. In cohort studies, both 
AMH and AFC markers exhibited strong diagnos-
tic performance compared to FSH and E2. This indi-
cates that cohort studies, which track outcomes over 
time, may provide more reliable indicators of ovar-
ian reserve. Conversely, the cross-sectional subgroup 
showed a reduced performance of these markers, espe-
cially for FSH, suggesting that the nature of cross-sec-
tional studies might not capture the dynamic aspects 
of ovarian reserve as effectively. Among the ORMs in 
the poor response category, AMH’s diagnostic accuracy 
was most influenced by study design, showing greater 
reliability in cohort studies than in cross-sectional 

Fig. 1 Flowchart of the study selection process
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analyses. In the high response category, cohort studies 
again resulted in higher diagnostic accuracy for both 
AMH and AFC compared to cross-sectional studies, 
with AFC performing particularly well in the cohort 
subgroup. Therefore, study design significantly impacts 
diagnostic outcomes, with AMH’s accuracy being nota-
bly affected, as it was more consistent in cohort studies 
(Table 4).

Study country
Due to most subgroups containing only a single study, 
it was not possible to draw definitive conclusions from 

the subgroup meta-analysis based on the study country. 
Therefore, only countries that evaluated the diagnostic 
accuracy of ORMs to predict either poor or high ovar-
ian response at least twice were included in this subgroup 
meta-analysis. The goal of this analysis was to determine 
whether the high rate of heterogeneity among studies 
was attributable to the study country.

In the poor response group, the USA conducted two 
studies on AMH, which showed statistically nonsignifi-
cant results (Ln DOR: 1.95, p = 0.13) and high heteroge-
neity (I2: 92.31%, p < 0.05). China assessed AMH in three 
studies and found significant diagnostic accuracy (Ln 

Table 2 Risk of bias and applicability concerns for included studies based on the QUADAS-2 assessment form

*Risk of bias refers to the likelihood that the design, conduct, or analysis of a study introduces systematic errors, leading to inaccurate or misleading results. In the 
QUADAS-2 framework, the risk of bias is evaluated across four domains (patient selection, index text, reference standard, flow and timing) each addressing specific 
potential biases in the study

**Concerns regarding applicability address the extent to which the study findings are relevant to the systematic review question and can be generalized to other 
clinical settings or populations. These concerns are also evaluated across the same four domains

Risk of bias* Concerns regarding applicability**

Author, year Patient selection Index text Reference standard Flow and timing Patient 
selection

Index test Reference 
standard

Case control
 Laqqan, 2021 Moderate Unclear Low Unclear Low Low Low

 Jayaprakasan, 2008 Low Low Low Low Low Low Low

 Riggs, 2008 Moderate Low Low Low Low Low Low

 Durmusoglu, 2004 Moderate Low Low Moderate Low Low Low

Cross sectional
 Peluso, 2020 Low Low Low Low Low Low Low

 Aghssa, 2015 Low Low Low Moderate Low Low Low

 Aydin, 2015 Moderate Moderate Low Low Low Low Low

 Martı´nez, 2013 Low Low Low Low Low Low Low

 Mehraffza, 2012 Moderate Moderate Low Moderate Low Low Low

 Baker, 2018 Low Low Low Low Low Low Low

Cohort
 Dermolo, 2024 High Unclear Unclear Low Low Low Low

 La Marca, 2023 High Moderate Moderate Low Low Low Low

 Laqqan, 2023 Low Low Low Low Low Low Low

 Laqqan, 2022 Low Low Low Low Low Low Low

 Sun, 2022 Moderate Unclear Low Unclear Low Low Low

 Esteves, 2021 Low Low Low Low Low Low Low

 Kasapoglu, 2021 Low Unclear Low Unclear Low Low Low

 Izhar, 2021 Low Low Low Low Low Low Low

 Neves, 2020 Moderate Low Low Low Low Low Low

 Lee, 2020 Low Low Low Low Low Low Low

 Zheng, 2017 Low Low Low Low Low Low Low

 Lerman, 2017 Moderate Low Low Low Low Low Low

 Li, 2016 Low Low Low Low Low Low Low

 Nardo, 2009 Low Low Low Low Low Low Low

 Tremellen, 2005 Moderate Low Low Low Low Low Low

 Muttukrishna, 2005 Moderate Low Low Moderate Low Low Low
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DOR: 2.47, p < 0.05) despite considerable heterogene-
ity (I2: 80.79%, p < 0.05), suggesting variability in study 
results. Similarly, Palestine evaluated AMH accuracy for 
poor response prediction, demonstrating meaningful 
accuracy (Ln DOR: 3.69, p < 0.05) while displaying high 
heterogeneity (I2: 96.95%, p < 0.05). The UK measured 
AMH predictability for poor response, with AFC show-
ing meaningful overall diagnostic accuracy (Ln DOR: 
3.07, p < 0.05) and no considerable heterogeneity (I2: 
67.43%, p < 0.05). In the high response category, China 
assessed AMH in three studies, yielding significant find-
ings (Ln DOR: 1.71, p < 0.05) and high between-study 
heterogeneity (I2: 84.75%, p < 0.05). However, according 
to two studies conducted in Iran, AMH had significant 
diagnostic precision for high response prediction (Ln 
DOR: 2.43, p < 0.05) with low variability among studies 
(I2: 0.00%, p = 0.47). These findings suggest that country-
specific factors, including population characteristics and 
study methodologies, can contribute to the heterogeneity 
observed in the meta-analysis.

Sample size
In the subgroup meta-analysis based on sample size, 
studies were categorized as small or large sample size 
based on the median sample size of all included stud-
ies (Table  5). Studies with fewer participants than the 
median were categorized as “small sample size,” while 
those with more participants were classified as “large 
sample size.” This data-driven approach ensured a bal-
anced comparison between groups. In the poor ovar-
ian response category, studies with “high” sample 
sizes demonstrated significant diagnostic accuracy for 

AMH, AFC, and FSH, with strong statistical signifi-
cance (p < 0.0001). In contrast, studies with small sam-
ple sizes showed less consistent results, particularly 
affecting the diagnostic accuracy of FSH, suggesting 
that smaller sample sizes may introduce variability in 
the outcomes. In the high ovarian response category, 
AMH and AFC retained significant diagnostic perfor-
mance across both small and large sample size stud-
ies, but the results were more consistent in the “large” 
sample size group (p < 0.0001). Conversely, small studies 
indicate a lack of data for AMH and AFC and a nega-
tive influence on FSH results. This suggests that in the 
poor response category, smaller studies may lead to less 
reliable conclusions, particularly affecting the outcomes 
for FSH. For the high response category, AMH retains 
its significance in large studies (p < 0.0001) but shows a 
substantial drop in small studies, signifying the impact 
of sample size. AFC’s results are robust in large stud-
ies but not reported for small studies, again indicating 
sample size influence. FSH in large studies shows a non-
significant trend, further compromised in small studies 
through negative results, suggesting less reliable out-
puts. Across both response categories, AMH and AFC 
are notably affected by sample size, with larger studies 
providing more consistent conclusions. Similarly, FSH 
shows variability across both large and small studies, 
indicating that smaller sample sizes might lead to incon-
clusive or skewed data. Overall, this subgroup analysis 
highlights the importance of sufficient sample size in 
obtaining reliable meta-analysis outcomes, emphasizing 
that smaller studies can contribute to misleading heter-
ogeneity and less definitive results (Table 5).

Table 3 Diagnostic accuracy of ORMs for prediction of ovarian response, and between study heterogeneity for each ORM

Abbreviations: AFC Antral follicular count, AMH Anti, Mullerian hormone, AUC  Area under curve, CI Confidence interval, DOR Diagnostic odds ratio,  E2 Estradiol, FSH 
Follicle stimulating hormone, Ln Logarithm, ORM Ovarian reserve marker, pAUC  Partial AUC, SE Standard error, T Tau, T2 Tau squared
* Restricted to observed false positive rates and normalized
#  P-value for Ln DOR

Diagnostic Accuracy Heterogeneity

Number 
of studies

Number of 
participants

AUC (pAUC *) Ln DOR (95%CI) SE P  value# I2(%) T T2 (SE) Cochran’s Q (p‑value)

Poor Response
 AMH 22 18745 0.828 (0.738) 2.37 (1.84, 2.89) 0.26 < 0.0001 93.29 1.12 1.26 (0.47) 178.09 (< 0.0001)

 AFC 16 15065 0.853 (0.787) 2.68 (1.90, 3.45) 0.39 < 0.0001 95.65 1.50 2.25 (0.91) 189.65 (< 0.0001)

 FSH 10 4079 0.633 (0.595) 1.13 (0.64, 1.61) 0.24 <0.0001 70.20 0.60 0.36 (0.27 34.29 (< 0.0001)

 E2 4 495 0.606 (0.593) 0.80 (-0.21, 1.83) 0.52 0.12 65.57 0.81 0.66 (0.88) 9.83 (0.0200)

High Response
 AMH 14 9152 0.839 (0.747) 2.48 (2.00, 2.96) 0.24 <0.0001 90.60 0.78 0.61 (0.31) 75.97 (< 0.0001)

 AFC 8 4217 0.898 (0.854) 2.76 (1.57, 3.95) 0.60 <0.0001 92.71 1.50 2.27 (1.47) 41.01 (< 0.0001)

 FSH 7 3726 0.702 (0.689) 1.16 (0.42, 1.89) 0.37 0.0019 84.75 0.87 0.77 (0.56) 24.02 (0.0005)

 E2 3 440 0.578 (0.569) 0.39 (-0.07, 0.87) 0.24 0.0991 0.00 0 9 (0.18) 1.31 (0.5174)
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Discussion
Through this meta-analysis of the most frequently 
employed ovarian reserve markers (ORMs), we identi-
fied the optimal parameters for accurately determining 
whether the oocyte yield was inadequate or excessive. In 
summary, AFC emerged as marginally superior to AMH 
as the best indicator of ovarian response to COH in both 
groups. Both FSH and estradiol showed almost similar 
ability to identify cases of poor and excessive ovarian 
response, with FSH slightly outperforming estradiol in 
both groups.

Consistent with our research, Rosen et  al. observed 
that among many indicators including AMH, AFC, 
FSH, and E2, only AMH and AFC could accurately 
characterize the histological pattern of diminished 
ovarian reserve. Although AMH was more economical, 
AFC was more accurate and less invasive [95]. Stud-
ies that examined multiple ovarian reserve indicators 
and POI progression found that AMH has the high-
est diagnostic sensitivity for predicting the severity of 
POI. Furthermore, the combination of AMH and AFC 
proved to be the most reliable method for identify-
ing POI in its early stages [96]. According to a recent 
analysis, AMH is one of the greatest functional ovarian 
reserve measures since it shows the number of devel-
oping follicles capable of ovulation. Furthermore, it can 
predict poor or high response in COH candidates and 
indicate menopausal state [97].

However, further research is required to determine 
the internal and environmental elements that inter-
act with the synthesis and physiology of AMH, in order 
to enhance its effectiveness in therapeutic applications 
[97]. While age affects IVF outcomes in terms of ovar-
ian response to GnRH protocols, AMH and AFC provide 
a more precise assessment of oocyte retrieval in COH. 
After evaluating the interaction of AFC and AMH, Keane 
et  al. reported that both AFC and AMH demonstrated 
a positive relationship with oocyte number and, when 
combined, offered the highest accuracy for predicting 
ovarian response in IVF patients [98].

AMH is a member of the transforming growth factor 
β (TGF-β) family that acts via a specific receptor called 
AMH receptor type II [99]. During human embryogen-
esis, AMH signaling pathways play an important role 
in the maturation of GnRH neurons, as their abnor-
malities may lead to infertility later in life [100]. Anti-
Müllerian hormone (AMH) is specifically released by 

Fig. 2 Forest plot representing the meta‐analysis of the Ln DOR 
of AMH (a), AFC (b), FSH (c), and estradiol (d) for predicting poor 
ovarian response after COH. Ln DOR, logarithm of diagnostic odds 
ratio; OR, odds ratio; CI, confidence interval

◂
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developing follicles and can be used to accurately deter-
mine if the ovarian reserve is depleted.  This hormone 
remains unaffected by the hypothalamic–pituitary–
gonadal axis and has only minimal and insignificant 
changes during each ovarian cycle. During menopause, 
serum AMH levels progressively decline until they are 
undetectable [101]. AMH levels gradually rise as dor-
mant follicles mature into growing follicles, eventually 

reaching the preantral and antral stages. Antral and 
preantral follicles secrete AMH, predominantly hinder-
ing the maturation of primordial follicles [101]. AMH 
also inhibits intraovarian pathways implicated in folli-
cular atresia, as seen by its absence in follicles under-
going degeneration [102]. Hayes et al. found that while 
in vivo AMH inhibits follicular growth and ovulation in 
mouse models, it also prevents follicular degeneration 
by coordinating FSH function and follicular develop-
ment through miR-181a and miR-181b miRNAs. Over-
all, AMH might have therapeutic benefits in mouse 
models through enhancing oocyte retrieval [103].

FSH has traditionally been the ovarian reserve bio-
marker of choice. Since the late 1980s, it has indicated 
hypothalamic-pituitary–gonadal axis functioning. The 
World Health Organization classified ovarian dysfunc-
tion based on serum FSH and estradiol levels [104]. 
Follicular impairment due to FSH receptor failure and 
steroid-cell autoantibodies produce gradual follicular 
pool degeneration in POI, which justifies the use of 
FSH in identifying these individuals [105]. However, 
FSH on day 3 of the menstrual cycle exhibited both 
inter- and intra-cyclic variations, which questioned its 
status as the preferred ORM, thus shifting the focus 
to other tests [106]. Similar to this study, all the men-
tioned AMH physiology and its association with antral 
follicles make AMH and AFC more eligible ORMs than 
FSH to predict the outcome in patients suffering from 
PCOS, POI, and other fertility-related disorders [107].

To our knowledge, this is the first systematic review 
and meta-analysis that has assessed all available infor-
mation on ovarian reserve markers (ORMs) and how 
well they predict ovarian response in IVF patients. One 
of the primary strengths is the robust comparison of 
multiple markers across distinct subgroups classified 
by ovarian response, study design, and country, provid-
ing a comprehensive view of diagnostic efficacy. Much 
of the prior literature has concentrated on how ORMs 
relate to specific IVF outcomes. This work adds a new 
dimension to clinical assessment tools by quantifying the 
diagnostic performance of these indicators in predicting 
ovarian response. Clinicians can optimize medication 
dosages and minimize risks like ovarian hyperstimula-
tion syndrome (OHSS) by tailoring COH procedures to 
individual patients when they know which ORMs (e.g., 
AMH, AFC) are the best predictors of ovarian response. 
By early intervention and consideration of alternate treat-
ments like oocyte donation or modified stimulation pro-
tocols, patients whose ovarian responses are expected 
to be poor can be identified. By decreasing the need for 
many cycles and the costs that come with them, accurate 
prediction of ovarian response can lead to more efficient 
use of medical resources. In addition, reliable ovarian 

Fig. 3 Forest plot representing the meta‐analysis of the Ln DOR 
of AMH (a), AFC (b), FSH (c), and estradiol (d) for predicting high 
ovarian response after COH. Ln DOR, logarithm of diagnostic odds 
ratio; OR, odds ratio; CI, confidence interval
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response prediction helps control patient expectations 
and decreases the emotional and financial strain associ-
ated with IVF therapy.

Since 2006, comprehensive reviews and meta-analyses 
have been performed to assess the efficacy of several 
ORMs in predicting ovarian response to hyperstimu-
lation [1, 16, 22–24]. Incorporating the most current 
studies that analyzed multiple ORMs in IVF candidates 

strengthened this hypothesis. There were, however, cer-
tain caveats to our research. Due to a lack of relevant 
studies, this meta-analysis did not include other ovarian 
reserve tests including LH and inhibin B. Depending on 
the study, it may have been necessary to manually com-
pute the sensitivity and specificity of an ovarian reserve 
marker using the ROC curve. Selected studies used a 

Fig. 4 Summary of the receiver operating characteristic (ROC) curve for AMH (a, b), AFC (c, d), FSH (e, f), and estradiol (g, h)

Fig. 5 Funnel plot showing the publication bias for AMH (a, b), AFC (c, d), FSH (e, f), and estradiol (g, h)
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variety of AMH tests, which could increase the risk of 
bias in interpreting results. Also, disparities in research 
methods, sample populations, and assessment tools 
might account for this variability. Only studies pub-
lished in English were included, which may introduce 
language bias and exclude significant research pub-
lished in other languages. Some studies did not report 
sensitivity or specificity, necessitating the use of ROC 
curves for approximation, which may include estima-
tion errors. The funnel plot analysis revealed potential 
publication bias, implying that papers yielding positive 
outcomes may be overrepresented. Furthermore, differ-
ences in ORM definitions and measures between stud-
ies may impact the accuracy and generalizability of the 
pooled values. The significant heterogeneity observed, 
especially in the poor response group, indicates vari-
ability in study outcomes that could affect the overall 
conclusions. Additionally, subgroup analyses based on 
study design and country revealed that diagnostic per-
formance could be heavily influenced by these factors, 
with cohort studies generally providing more reliable 
indicators than cross-sectional studies. The potential for 
publication bias, as hinted at by funnel plots, also poses 
a limitation, possibly skewing the results towards more 
favorable outcomes reported in published studies. To 

address these limitations and build on the current find-
ings, future studies should aim to standardize method-
ologies and reporting to reduce heterogeneity. Larger 
sample sizes in studies are crucial to provide more pre-
cise effect estimates and reduce the impact of random 
variations. Additionally, longitudinal cohort studies 
should be prioritized over cross-sectional designs to 
capture the dynamic aspects of ovarian reserve more 
accurately. Collaborative efforts across different coun-
tries can help mitigate the impact of country-specific 
factors and contribute to more generalizable conclu-
sions. Finally, robust strategies to minimize publication 
bias, such as pre-registering study protocols and includ-
ing unpublished data, can enhance the reliability and 
validity of future meta-analyses.

Conclusions
In summary, this systematic review and meta-analysis 
provide valuable insights into enhancing clinical man-
agement and evidence-based practices in IVF. AMH and 
AFC show the highest predictive accuracy for ovarian 
response in patients with low ovarian reserve, outper-
forming other markers. These insights can help optimize 
COH protocols and be beneficial for POI patients consid-
ering oocyte cryopreservation. Additionally, investigating 

Table 4 Subgroup meta-analysis results based on study design

Abbreviations: AFC Antral follicular count, AMH Anti, Mullerian hormone, CI Confidence interval, DOR Diagnostic odds ratio, AUC  Area under curve, E2 Estradiol, FSH 
Follicle stimulating hormone, Ln Logarithm, ORM Ovarian reserve marker, pAUC  Partial AUC, SE Standard error, T Tau, T2 Tau squared
* P-value for Ln DOR

Number of 
studies

Number of 
participants

Ln DOR (95%CI) SE P‑value* I2(%) T T2 (SE) Cochran’s Q (P‑value)

Poor response
 Cohort
  AMH 15 17772 2.60 (2.01, 3.20) 0.30 < 0.0001 93.86 1.07 1.14 (0.51) 128.55 (< 0.0001)

  AFC 10 14240 2.61 (1.86, 3.35) 0.37 < 0.0001 74.65 0.75 0.57 (0.53) 18.05 (0.00)

  FSH 5 3315 1.40 (0.52, 2.28) 0.44 <0.0001 77.22 0.82 0.68 (0.70) 13.95 (0.00)

  E2 2 290 0.56 (-1.57, 2.70) 1.09 0.60 72.67 1.34 1.81 (3.52) 3.65 (0.05)

Cross Sectional
  AMH 5 723 1.99 (0.88, 3.10) 0.56 0.0004 86.20 1.15 1.33 (1.13) 35.06 (< 0.0001)

  AFC 4 584 1.01 (0.59, 1.44) 0.21 <0.0001 0.00 0 0 (0.14) 0.01 (0.99)

  FSH 4 679 0.71 (0.34, 1.08) 0.19 0.0002 0.00 0 0 (0.11) 2.91 (0.40)

High response
 Cohort
  AMH 11 8639 2.40 (1.84, 2.96) 0.28 < 0.0001 93.02 0.84 0.70 (0.39) 64.75 (< 0.0001)

  AFC 7 4083 2.71 (1.32, 4.09) 0.70 < 0.0001 94.53 1.65 2.74 (1.89) 39.61 (< 0.0001)

  FSH 3 3112 0.89 (-0.25, 2.04) 0.585 0.1262 73.05 0.86 0.74 (1.02) 7.30 (0.02)

Cross Sectional
   AMH 2 401 3.24 (1.57, 4.92) 0.85 0.00 60.99 0.99 0.98 (2.28) 2.56 (0.10)

   FSH 2 235 1.86 (-1.02, 4.75) 1.47 0.20 93.92 2.02 4.08 (6.15) 16.4567 (< 0.0001)
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the effectiveness of various hormonal and genetic indi-
cators in predicting egg quality and quantity can reduce 
treatment failures and complications. Future research 
should focus on distinguishing ovarian response from the 
likelihood of successful pregnancy by creating sensitive 
assays to measure oocyte quality.
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