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Abstract

Endometriosis affects an estimated 5-10% of women of reproductive age and presents with
substantial clinical and biological heterogeneity. Recent clinical guidelines have shifted
toward symptom-guided diagnosis supported by expert imaging, moving away from
mandatory diagnostic laparoscopy and redefining the evidentiary standards for evaluat-
ing new diagnostic technologies. Advances across omics domains, including genomics,
epigenomics, transcriptomics, proteomics, metabolomics, extracellular vesicle profiling,
microbiome research, and multi-omics integration, have deepened understanding of le-
sion biology, immune dysregulation, metabolic alterations, and progesterone resistance.
However, translation of these molecular insights into clinically actionable tools remains lim-
ited. Most candidate biomarkers remain at discovery or internal/developer-led validation
stages, constrained by small sample sizes, heterogeneous analytical platforms, incomplete
control of confounding variables, and limited independent multicenter validation. In this
review, we apply a four-tier evidence-maturity framework, spanning discovery, internal
or developer-led validation, independent external validation, and demonstrated clinical
utility, to classify omics-based diagnostic, prognostic, and treatment-response applications
in endometriosis. We also distinguish potential clinical roles, including triage, adjunctive
testing, and replacement-test evaluation, each requiring different validation standards
and performance thresholds. Salivary microRNA currently represents the most clinically
advanced diagnostic omics candidate, but the available evidence remains developer-led
and is best classified as advanced Tier 2/Tier 2+ rather than independent Tier 3 validation.
Prognostic and treatment-response applications are less mature and remain discovery-stage
because prospective patient-level longitudinal validation and biomarker-stratified treat-
ment trials are lacking. Overall, no omics-derived biomarker has yet achieved independent
Tier 3 validation or Tier 4 readiness for routine clinical implementation. At present, omics
approaches should be regarded primarily as research and translational prioritization tools
rather than determinants of routine clinical decision-making.
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1. Introduction

Endometriosis is a chronic, estrogen-dependent inflammatory disease characterized by
the presence of endometrial-like tissue outside the uterus, affecting approximately 5-10%
of women of reproductive age worldwide and representing a major cause of pelvic pain,
infertility, and diminished quality of life [1-4]. The disease exhibits marked clinical and
biological heterogeneity, with considerable variation in lesion location, pain perception,
mechanisms underlying infertility, comorbidities, and treatment responses [1,5]. This
complexity, together with ongoing uncertainty regarding its etiology, continues to hinder
timely diagnosis and the development of effective individualized care strategies.

Historically, the gold standard for diagnosis has been laparoscopic visualization
with histological confirmation, an approach that is invasive, operator-dependent, and
not well suited to early detection or longitudinal monitoring. Conventional management
has relied primarily on hormonal suppression and surgery; however, these interventions
frequently provide only partial or temporary relief, are associated with side effects, and
may not align with patients” reproductive goals. Recent international guidelines have
shifted toward a symptom-driven clinical suspicion supported by high-quality transvaginal
ultrasound and magnetic resonance imaging, particularly when performed by experienced
operators [4,6-8]. As a result, surgical confirmation is no longer required for diagnosis
in many patients, thereby redefining the clinical reference standard against which new
molecular diagnostic tools must be evaluated.

Concurrently with these changes in clinical practice, advances in omics technologies
have transformed research into the pathophysiology of endometriosis. Genome-wide asso-
ciation studies (GWASs) have identified susceptibility loci with modest effect sizes, while
transcriptomic, epigenomic, proteomic, and metabolomic analyses have revealed lesion-
specific molecular signatures, immune dysregulation, and altered hormonal signaling,
including progesterone resistance [1,9,10]. Collectively, this evidence supports the concept
that endometriosis comprises a spectrum of biologically distinct disease entities rather
than a single uniform condition. Within this framework, precision medicine—defined
as the integration of molecular profiles with clinical phenotyping to improve diagnosis,
stratification, and treatment selection—has emerged as a prominent research objective,
although clinical implementation remains aspirational [9-11]. Despite the identification of
numerous candidate biomarkers across omics platforms, no omics-derived marker or panel
has achieved the level of validation required for routine clinical implementation [11-13],
largely due to methodological heterogeneity, small sample sizes, inadequate control of
confounding variables, and limited external validation [14-16].

1.1. Unique Contribution of This Review

While previous reviews have provided comprehensive summaries of omics findings
across several discovery platforms [17,18], highlighted the methodological challenges in-
trinsic to non-invasive biomarker validation [13,19], and stressed the aspirational status
of precision medicine in endometriosis [9,10], they have not systematically evaluated evi-
dence maturity using explicit translational criteria. Furthermore, prior syntheses have not
benchmarked omics candidates against contemporary imaging-based diagnostic pathways
or mapped biomarker applications to specific clinical decision points. Table 1 outlines the
distinguishing features of the present review in comparison to recent published syntheses.

Building upon these prior contributions, the present review adopts a translational
perspective through the use of a four-tier evidence-maturity framework (Box 1), adapted
from established biomarker development pathways [3,5-7], to classify omics applications
from initial discovery through to demonstrated clinical utility. In this context, omics
strategies are evaluated against contemporary diagnostic benchmarks, including symptom-
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driven clinical assessment and expert imaging [8-10], rather than historical standards based
solely on laparoscopy. Potential clinical roles, namely, triage, adjunctive, and replacement
applications, are mapped to specific performance thresholds, and the current maturity of
evidence is systematically assessed across omics domains [11-13].

Box 1. Four-tier evidence-maturity framework.

Rationale: Biomarker development for clinical implementation typically proceeds in stages, from initial discovery, to progressively
more rigorous validation, and finally to demonstration of clinical utility, as outlined in established frameworks from EDRN, IOM,

maturity tiers [13,20,21].

TRIPOD, and STARD [3,5-7,11,12]. We adapt these frameworks to classify omics applications across four evidence

TIER 1: DISCOVERY

TIER 2: INTERNAL AND DEVELOPER-LED
EXTERNAL VALIDATION

Definition: Initial identification of candidate biomarkers,
molecular signatures, or mechanistic signals through
exploratory studies.

Operational criteria: Retrospective or cross-sectional designs;
small sample sizes, typically n < 200; single-center cohorts;
case-control comparisons often using healthy controls;
hypothesis generation; no independent validation, or only
exploratory internal resampling.

Clinical role: Hypothesis-generating only. Tier 1 findings can
inform disease biology and candidate prioritization, but they do
not support clinical decision-making.

Methodological anchors: Biomarker-discovery phases and
early-phase development principles [3,11-13,21].

Definition: Evidence beyond discovery, including analytical
validation, internal validation, and developer-led

external validation.

Operational criteria: Prespecified candidate assays or models;
standardized analytical workflows; internal validation or
developer-led external testing; and, for advanced Tier 2/Tier 2+,
prospective, blinded, multicenter evaluation using prespecified
procedures and benchmarking against contemporary
diagnostic pathways.

Clinical role: Research use only. This tier can establish
analytical validity and preliminary clinical performance, but it
does not by itself demonstrate independent generalizability.
Methodological anchors: Analytical validity standards,
biomarker-pipeline methodology, and translational omics
principles [3,5,11,12,21].

TIER 3: INDEPENDENT EXTERNAL VALIDATION

TIER 4: DEMONSTRATED CLINICAL UTILITY

Definition: Rigorous evaluation by research groups
independent from biomarker developers, assay owners, or
commercial sponsors, in clinically representative populations.
Operational criteria: Independent replication by non-developer
groups; multicenter enrollment across at least three
geographically and clinically distinct sites; prospective or
prospectively specified cohort designs with consecutive eligible
patients; disease prevalence reflecting real-world settings;
head-to-head comparison with relevant standard diagnostic
pathways; prespecified analysis plans; and
STARD/TRIPOD-adherent reporting.

Clinical role: Conditional. Findings at Tier 3 may support
consideration for clinical use in defined settings, but clinical
utility remains unproven.

Methodological anchors: Independent external-validation
methodology, diagnostic-accuracy reporting standards,
prediction-model validation, and transportability

principles [6,7,11-13,22,23].

Definition: Evidence that biomarker-guided use improves
patient-relevant outcomes compared with standard care.
Operational criteria: Randomized or otherwise robust
comparative studies of biomarker-guided management;
patient-centered outcomes such as symptom burden, quality of
life, fertility, time to diagnosis, or treatment selection;
cost-effectiveness analyses; real-world implementation studies;
and guideline incorporation.

Clinical role: Established. Supports routine clinical use within
the intended-use setting and population in which clinical utility
has been demonstrated.

Methodological anchors: Biomarker-development clinical
utility phases, translational omics implementation principles,
and evidence standards requiring improved patient-relevant
outcomes [3,5,11,12,21].

Accuracy Studies.

TERMINOLOGY NOTE Advanced Tier 2/Tier 2+ is used here as an operational refinement within Tier 2, not as a separate fifth tier.
It recognizes that developer-led prospective multicenter validation may provide stronger evidence than single-center discovery or
internal validation, particularly for proprietary or commercially developed assays. However, Tier 3 is reserved for independent
external validation conducted by investigators not involved in biomarker development, assay ownership, or commercial
sponsorship [11-13]. For this review, Tier 3 requires validation across at least three geographically and clinically distinct sites as a
pragmatic minimum for assessing transportability; this threshold should be interpreted together with independence,
clinical-spectrum diversity, comparator quality, blinding, and prespecified analysis rather than as a universal numerical

rule [11-13,22,23]. For example, GWAS “replication” demonstrates robust population-level associations but not clinical validity for
individual prediction; such findings remain Tier 1 for clinical applications [11,16,20]. Abbreviations: EDRN: Early Detection
Research Network, IOM: Institute of Medicine (now known as the National Academy of Medicine), TRIPOD: Transparent
Reporting of a multivariable prediction model for Individual Prognosis Or Diagnosis, STARD: Standards for Reporting Diagnostic
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Table 1. Comparison of this review with prior major published syntheses.

Feature ! This Review [4] [1] [2]

Explicit tier-based evidence-maturity framework Yes No No No
Benchmarking against imaging (TVUS/MRI) Yes No No Partial

Role-specific performance thresholds Yes No No No

Cross-domain tier synthesis Yes Partial No Yes

Worked Tier-3 validation example Yes No No No
Prognosis/treatment-response assessment Yes Limited Yes Limited

! “Partial’ indicates that a feature is addressed incompletely or implicitly. TVUS: Transvaginal ultrasound; MRI:
Magnetic resonance imaging.

For clarity and consistent application, Box 1 presents each evidence-maturity tier us-
ing a common structure: definition, operational criteria, clinical role, and methodological
anchors. These anchors link the framework to established biomarker-development, diagnostic-
reporting, external-validation, transportability, and clinical utility principles [3,5-7,14,16,20,23].

1.2. Approach to Literature Search and Synthesis

This article is a structured narrative review and translational evidence-maturity assess-
ment, not a de novo systematic review. We therefore did not conduct PRISMA-style dual
screening, risk-of-bias assessment for every individual study, or quantitative meta-analysis.
To improve transparency, we constructed and verified the evidence base using a modular
PubMed /MEDLINE search strategy, supplemented by targeted searching and reference
list screening.

The primary disease-specific search was conducted in PubMed /MEDLINE for English-
language, human-study publications from January 2014 through December 2025, with
preprints excluded from the primary search set. The search was run and verified during
revision in May 2026. Five modular search blocks combined endometriosis terms with
domain-specific terms:

1. Omics and biomarkers, combining endometriosis with biomarker, diagnosis, prog-
nosis, treatment response, and omics-domain terms, including genomics, transcrip-
tomics, proteomics, metabolomics, microRNA, miRNA, and multi-omics;

2. Epigenomics and genetic susceptibility, combining endometriosis with epigenomics,
DNA methylation, GWASs, genome-wide association, and polygenic risk score;

3. Microbiome and extracellular vesicles, combining endometriosis with microbiome,
microbiota, extracellular vesicles, exosomes, and liquid biopsy;

4. Artificial intelligence and multi-omics integration, combining endometriosis with arti-
ficial intelligence, machine learning, deep learning, multi-omics integration, diagnosis,
prediction, and classification;

5. Imaging and diagnostic pathways, combining endometriosis with imaging, ultra-
sound, transvaginal ultrasound (TVUS), MRI, diagnostic accuracy, systematic review,
guideline, and Cochrane terms.

Methodological standards for biomarker development, external validation, diagnostic-
accuracy reporting, and prediction-model reporting, including EDRN, STARD, TRIPOD,
and diagnostic-accuracy sample-size methodology, were identified through targeted
author- and title-based searches and reference list screening, because these papers are
not endometriosis-specific and are not reliably captured by disease-focused search strings.

We prioritized (i) clinical guidelines and consensus documents for current diagnos-
tic pathways and benchmark comparators; (ii) systematic reviews and meta-analyses for
domain-level evidence summaries; (iii) large prospective, multicenter, or externally vali-
dated studies for candidate biomarker performance; and (iv) methodological standards rel-
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evant to biomarker development, diagnostic accuracy, and clinical utility. Tier assignments
were restricted to human clinical studies reporting diagnostic, prognostic, or treatment-
response outcomes. Preclinical, animal, and mechanistic lesion-based studies were used to
contextualize biological plausibility but did not determine evidence-maturity classification.

The search was supplemented by manual screening of reference lists from retrieved
systematic reviews, clinical guidelines, and key primary studies. Foundational disease
reviews, clinical-context papers, and non-endometriosis-specific references that provide
essential background were identified through reference list scanning and the authors’
domain expertise. The narrative approach was guided by quality principles for non-
systematic reviews [24].

2. Clinical Landscape: Reference Standards and Unmet Needs
2.1. Clinical Heterogeneity and Disease Complexity

Endometriosis encompasses a spectrum of anatomical phenotypes, superficial peri-
toneal disease (SUP), ovarian endometriomas (OMA), and deep infiltrating endometriosis
(DIE) [25-27]. Conventional classifications, including the revised American Society for Re-
productive Medicine (rASRM) system, correlate only weakly with pain severity, functional
impairment, or fertility outcomes [28-30]. Pain phenotypes vary widely and severe pelvic
pain may occur in patients with minimal visible disease, while extensive adhesions may be
associated with minimal symptoms. These phenotypic differences complicate diagnosis
and contribute to diagnostic delays and frequent misdiagnosis.

Infertility affects approximately 30-50% of women with endometriosis [31-34], result-
ing from anatomical distortion, a pro-inflammatory peritoneal environment, and defects in
endometrial receptivity [29,32]. Disease progression remains difficult to predict, with pro-
gression occurring in an estimated 50% of cases. Some women experience stable symptoms,
while others develop worsening pain, expanding lesions, or recurrent disease following
treatment [29,35,36]. This clinical and biological heterogeneity underpins the rationale for
precision-medicine approaches, although these remain aspirational strategies.

2.2. Contemporary Diagnostic Pathways

The diagnostic paradigm has substantially evolved. Historically, laparoscopic visual-
ization with histological confirmation was deemed the gold standard, but this approach is
invasive and costly, and carries surgical risks [37-39]. International guidelines have shifted
toward symptom-driven clinical suspicion supported by non-invasive imaging, reserving
surgery for patients in whom imaging is inconclusive, symptoms are refractory, or fertility
intervention is planned [8,9,35].

To clarify the real-world benchmark that molecular tests must plausibly match or
improve against, Table 2 summarizes diagnostic performance estimates for contemporary
expert imaging across major endometriosis phenotypes and clinical settings. Transvaginal
ultrasound (TVUS) is recommended as first-line imaging and shows the strongest diagnostic
performance for ovarian endometrioma (OMA) and deep infiltrating endometriosis (DIE)
when performed by experienced operators who adhere to standardized protocols [40,41].
However, TVUS performance is operator-dependent and is still limited for superficial
peritoneal disease [42,43]. Magnetic resonance imaging (MRI) complements TVUS by
improving soft-tissue characterization and mapping of DIE, particularly when bowel,
bladder, or ureteral involvement is suspected [35,37,41]. Taken together, this diagnostic
context supports the benchmarking of proposed molecular tests against symptom-driven
assessment integrated with expert imaging rather than against historical laparoscopy-only
standards [42,43].
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Table 2. Diagnostic performance metrics of contemporary imaging for endometriosis.

Modality Phenotype Sensitivity 3 Specificity 1 Setting 2 Key Limitation

Expert TVUS [8,44] OMA 0.89 (0.86-0.92) 0.95 (0.92-0.97) Specialist Operator-
dependent

Expert TVUS [8,35,41] DIE (any) 0.79 (0.76-0.83) 0.94 (0.88-0.97) Specialist Site-specific
variation

Expert TVUS [8,35,45] SUP <0.30 ~0.95-1.00 All Poor
visualization

Specialist MRI [8,44] OMA 0.94 (0.74-0.99) 0.94 (0.89-0.97) Tertiary Cost; availability

Specialist MRI [34,41,46]  DIE (bowel) 0.93 (0.87-0.96) 0.96 (0.92-0.98) Tertiary Bowel prep
required

Specialist MRI [8,41,47] SUP 0.40-0.60 0.85-0.90 Tertiary Signal overlap

1 Performance estimates reflect expert operators with the use of standardized protocols and should be interpreted
in the context of the reported referral spectrum. 2 “Specialist” denotes dedicated endometriosis imaging services
using protocolized TVUS/MRI; “Tertiary” denotes tertiary referral centers with high-volume expertise and more
complex case mix; “All” denotes pooled or mixed settings when the source synthesis was not restricted to tertiary
referral centers. 3 For OMA and DIE, these values approximate Cochrane-derived replacement-test benchmarks
(sensitivity > 94%, specificity > 79%) used for Tier 3/4 molecular test thresholds; no current imaging or biomarker
strategy reaches such performance for SUP, where visualization remains limited. Abbreviations: OMA, ovarian
endometrioma; DIE, deep infiltrating endometriosis; SUP, superficial peritoneal disease.

2.3. Clinical Challenges and Unmet Needs

Persistent diagnostic delay: Average diagnostic delays of 6-12 years remain common,
driven by non-specific symptoms that overlap with other conditions [34,36,48], normal-
ization of pain [43], and continued dependence on laparoscopy for early or superficial
disease [35]. Even expert imaging can fail to detect superficial peritoneal lesions and some
extrapelvic sites (Table 2), and Cochrane reviews confirm that no imaging or biomarker
strategy achieves surgical replacement accuracy spanning all phenotypes [49,50]. This
creates a clear role for rigorously validating non-invasive triage tools, rather than wholesale
replacement of imaging or surgery.

Weak alignment between diagnosis and prognosis: Surgical staging and lesion phe-
notype correlate only weakly with pain severity, functional impairment, or fertility out-
comes [32,38,51]. Imaging also provides limited insight into molecular features such as
progesterone resistance, immune dysregulation, and fibrosis that are likely to drive pain
persistence, recurrence, and treatment failure [1,28,52].

Empirical treatment selection: Management is predominantly empirical, with hor-
monal therapies and surgery prescribed in the absence of biomarkers to predict response,
identify progesterone-resistant disease, or guide the timing and extent of surgical inter-
vention [53,54]. This trial-and-error approach contributes to a more prolonged symptom
burden, repeated surgeries, and delayed access to effective treatments. Conventional imag-
ing, which primarily reflects morphological features, does not capture these aspects [37,42].

Collectively, these unmet needs suggest three realistic clinical roles for omics tools:
(1) triage tests in settings lacking expert imaging, where very high sensitivity (>95%) and
high negative predictive value are required to rule out disease [8,37,42]; (2) adjunctive
tests that provide additional information beyond TVUS/MRI in imaging-ambiguous or
SUP-predominant disease, necessitating balanced performance [55]; and (3) aspirational
replacement tests for laparoscopy, which must meet established Cochrane-derived thresh-
olds of sensitivity > 94% and specificity > 79% [49,50]. These role- and threshold-specific
expectations form the basis of the four-tier evidence-maturity framework in Box 1 and
guide the subsequent translational assessment.
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3. Translational Status of Omics Approaches
3.1. Diagnostic Applications

Noninvasive diagnostic biomarkers are being developed to reduce diagnostic delay,
support triage of symptomatic patients for imaging or surgery, and, more ambitiously, to
replace diagnostic laparoscopy in selected phenotypes [2,4,50,56,57]. The potential clinical
roles of omics-based diagnostics should be assessed against contemporary imaging perfor-
mance for OMA and DIE, where qualified TVUS/MRI achieve sensitivities of approximately
0.79-0.95 and specificities of 0.91-0.96, rather than against laparoscopy alone [44,49,58,59].
Current European Society of Human Reproduction and Embryology (ESHRE) guidelines
underscore imaging as the mainstay of diagnosis and do not recommend blood or tissue
biomarkers for routine clinical use [9,37,60]. Within this context, three pragmatic clinical
roles can be distinguished (see Figure 1).

Integrating Omics-Based Tools into Endometriosis Diagnostic Pathways

Symptoms Clinical Assesment The Challenge of Conclusive Outcome:
and Expert Imaging Inconclusive Results Pathways lead toa
confirmed diagnosis
il
i » r Inconclusive/Ambiguous
= ’ ? Outcome:
] Many patients face
= . diagnostic uncertainty when
- - standard imaging fails to
. S i o load . confirm disease, leading to
Like pelvic pain or Symptoms trigger a Specialized imaging fvestivai
infertility history review and Sontucied need further investigation
TVUS/MRI imaging
Potential Omics Roles - "
5 & o N\ ( Current Al and biomarker
Triage: Adjunctive: Replacement: care 1 : e :
The "Rule-Out" tool | | The Imaging Support | | The Future Standard Tier1-2 SN ) f,:ﬁgﬁfgﬁs QIR T
\ /4
® o ( A\
° 3‘( oy . External validation frameworks
-\, Tier 3 @ ) proposed: no validated omics test
° ?@ currently available
. g . \ J
High-sensitivity test Biomarkers used to Potential long-term tools| - .
used in primary care to detect disease in . . S
; : : aimed at simplifying or ” -
avoid unnecessary symptomatic patients replacing current Future goal: Clinical utility
specialist referrals with negative imaging diagnostic standards Tier4 ([N demonstrated via randomized
results controlled trials
. P & J \\ J/ L )

Figure 1. Integrating omics-based diagnostic tools into contemporary endometriosis diagnostic
pathways. Current diagnostic standards emphasize symptom-based clinical assessment followed by
expert imaging (TVUS/MRI), with surgery no longer mandatory for diagnosis in many cases [8,9].
This vignette highlights how omics-based biomarkers could theoretically contribute at three points:
(1) Triage (“rule-out”) tests, prioritizing high sensitivity (>95%) to identify patients suitable for
empirical management versus those requiring specialist referral, particularly relevant in which expert
imaging is not readily available; (2) Adjunctive tests, prioritizing high specificity to complement
imaging by augmenting detection when disease is not visualized on TVUS/MRI or by fine-tuning risk
stratification in imaging-ambiguous cases; and (3) Replacement tests, requiring both sensitivity > 94%
and specificity > 79% (Cochrane thresholds; [49,50]) to substitute for diagnostic laparoscopy, which is
still a longer-term objective. At present, omics candidates largely remain at Tier 1-2; salivary miRNA
(advanced Tier 2/Tier 2+) is closest to clinical translation but requires independent Tier 3 validation
prior to implementation. See Section 5.2 for a worked example of a Tier 3 validation design.
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Triage tests: Identify patients who can be managed with provisional hormonal therapy
and follow-up versus those requiring specialist referral and more advanced imaging. In
this setting, very high sensitivity (>95%) and high negative predictive value are needed to
minimize missed disease; moderate specificity (=>50%), although developed in surgery—
candidate populations, may be acceptable in primary care settings when expert imaging is
unavailable [49].

Adjunctive tests: Complement TVUS/MRI by increasing detection of disease that
is poorly visualized (e.g., superficial or early disease) or by sharpening risk stratifica-
tion in imaging-ambiguous cases. Based on experience from multi-marker panels and
Al-based diagnostic models, a clinically useful adjunct would be expected to achieve
broadly balanced sensitivity and specificity (both > 80%) in representative symptomatic
cohorts [17,34,61-63].

Replacement tests: Substitute for diagnostic laparoscopy in patients with negative
or inconclusive imaging for whom surgery would otherwise be clinically considered.
Cochrane-derived benchmarks and subsequent biomarker reviews suggest that such tests
should reach sensitivity > 94% and specificity > 79% in symptomatic populations to be
considered credible alternatives to diagnostic surgery [49,57]. These thresholds are retained
here only for surgical replacement claims; they are not intended as universal benchmarks
for triage or adjunctive diagnostic roles, where the relevant comparator is the contemporary
pathway of symptom-guided assessment supported by expert TVUS/MRI [8,9,35]. Despite
promising performance of some proteomic, metabolomic, and miRNA-based signatures,
often reporting AUCs above 0.9 in internal or developer-led validation [17,34,61,62,64-67],
no omics-based biomarker panel has met surgical replacement thresholds in large, inde-
pendent, multicenter studies with robust control of phenotype, menstrual cycle phase, and
treatment status. The possibility of achieving true replacement-test performance therefore
remains uncertain and would require substantially stronger validation than is currently
available [4,49,57,68].

Cross-domain constraints: The main barriers to higher-tier diagnostic translation are
broadly consistent and often relate to study design and external validity rather than a clear
lack of biological signals. The corresponding evidence-maturity placements for diagnos-
tic applications are summarized in Table 3. Frequent issues include small single-center
cohorts; two-gate case-control designs that can inflate apparent performance by exclud-
ing symptomatic controls; incomplete control of menstrual cycle phase and hormonal
treatment; heterogeneous phenotype composition (OMA, DIE, SUP) and variable surgical
reference standards; and limited independent, multicenter external validation, particularly
head-to-head comparisons against optimized expert imaging in clinically relevant popula-
tions [17,34,49,57,63,66,69]. The domain summaries below therefore emphasize what has
been studied, performance in context, domain-specific hurdles, and the validation steps
most likely to establish role-appropriate clinical utility.

Table 3. Evidence maturity by omics domain and clinical application.

Domain

Application Tier ! Justification

Genomics (GWAS, PRS)

Diagnosis 1 Robust statistical replication across large
multi-ancestry cohorts [14,70,71]. However, PRSs
explain only <5% of disease variance [16,70] and
show modest discrimination (AUC ~ 0.55-0.62) for
individual risk [71,72]. GWAS replication
demonstrates population-level associations, rather
than individual clinical validity [15,71,72].
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Table 3. Cont.

Domain

Application

Tier !

Justification

Epigenomics

Diagnosis

Primarily relies on small discovery cohorts (n < 100)
and cross-sectional designs [73,74]. While
mechanistically informative regarding steroid
hormone response and tissue origin, clinical
application remains premature due to cell-type
heterogeneity and menstrual cycle

influence [58,73-75]. Gaps include a lack of
independent external validation and substantial
concerns regarding cell-type heterogeneity in

bulk tissue samples.

Transcriptomics—
Lesion

Mechanistic

Exhibits minimal signature overlap (<10%) across
studies [76]. Typically uses small surgical cohorts
(median n = 20-50) [77]. Findings are limited to
invasive tissue analysis and currently lack
prospective validation for non-invasive use [58,78].

Transcriptomics—
Blood

Diagnosis

Dominated by small cohorts and “two-gate”
case-control designs (laparoscopy cases vs. healthy
controls) that inflate accuracy estimates [78-81].
Shows minimal replication across independent
groups and inadequate documentation of the
menstrual cycle [58,82,83].

Transcriptomics—
Salivary miRNA

Diagnosis (Triage)

Advanced
Tier 2 /Tier 2+

Most advanced candidate: validated in a
multicenter study (n = 971) across 17 centers using a
prospective, blinded design (diagnostic accuracy
96.6%) [84]. Limitations precluding Tier 3: work is
developer-led with no independent replication,
relies on high-prevalence surgical populations
(77-80%), and lacks head-to-head comparison with
expert imaging [66,84].

Proteomics—Plasma

Diagnosis

Most candidates are Tier 1 due to small scale and
lack of external validation [17,49,85,86]. Vodolazkaia
4-protein panel qualifies as lower Tier 2
(single-center prospective validation, n = 233, but
failed subsequent internal validation) [61,87].
CA-125 alone is insufficient for clinical use [9].

Metabolomics

Diagnosis

Characterized by small discovery cohorts (1 < 100)
and a lack of external validation in independent
prospective populations. Cross-study replication is
minimal (<15%) [1]. Findings are often
phenotype-specific and confounded by diet

and medication [18,88].

Extracellular Vesicles

Diagnosis

Gaps include minimal MISEV compliance,
contamination by lipoproteins, and a notable
absence of large-scale validation studies [89,90].

Gut Microbiome

Diagnosis

Currently limited to small cohorts with minimal
reproducibility at the species level [91,92]. Profiles
are extensively confounded by geography, diet, and
antibiotics [91]. No validated diagnostic signatures
currently exist [91,93].
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Domain Application Tier ! Justification

Multi-Omics Diagnosis 1 Offers enhanced biological coherence but shows no

Integration demonstrated improvement in patient-level
prediction compared to single-omics (AUC
0.70-0.85) [94]. Constrained by small cohorts
(n = 50-150), lack of external validation [63] and
a lesion-level focus unsuitable for
blood-based tests [94].

AI/ML Classifiers Diagnosis 1 Reports AUC 0.85-0.92 in small discovery cohorts,

but faces a substantial overfitting risk without large
datasets [95]. No independent external validation or
proven superiority over simpler models or

expert imaging [96,97].

All Domains

Prognosis 1 Evidence only consists of cross-sectional
association [98]. No prospective longitudinal
validation links molecular profiles to individual
symptom trajectories, recurrence risk, or disease
progression [2,27].

All Domains

Treatment 1 Mechanistic associations with progesterone

Response resistance and surgical outcomes have been
identified [52]. However, there are no
biomarker-stratified randomized trials
demonstrating improved clinical outcomes
through biomarker-guided allocation [1,26,52].

! Tier 3 requires independent (non-developer) replication; multicenter enrollment across at least three geographi-
cally and clinically distinct sites; prospective or prospectively specified cohort design with consecutive enrollment;
disease prevalence reflecting real-world settings; head-to-head comparison with relevant standard diagnostic
pathways (expert imaging); prespecified analysis plan; STARD/TRIPOD adherence. No omics domain currently
meets all Tier 3 criteria for any application.

3.1.1. Genomics: Polygenic Risk Scores

Core idea and specimens: GWASs and large multi-ancestry meta-analyses have systemat-
ically assessed common genetic variation in endometriosis [14,70,72], identifying replicated
risk loci near genes involved in sex-steroid signaling, extracellular matrix remodeling,
inflammation, and tissue development. A major 2023 meta-analysis included 60,674 cases
and 701,926 controls of predominantly European and East Asian ancestry [14] and a subse-
quent peer-reviewed multi-ancestry GWASs expanded the evidence base to approximately
1.4 million women [71]. These loci have been aggregated into polygenic risk scores (PRSs)
using genome-wide significant variants, with some approaches extending to sub-threshold
variants [72,99,100].

Performance in context: Despite strong statistical replication, endometriosis PRSs explain
only about 2-5% of endometriosis variance in current meta-analyses [14,16,70] and show
modest discriminatory performance in independent cohorts [71]. This remains far below
thresholds needed for clinical screening, triage, or diagnosis [8,49].

Domain-specific hurdles: Limited predictive performance reveals a highly polygenic
architecture with many variants of tiny effect [16,72], and the fact that GWAS signals
primarily reflect population-level risk rather than calibrated individual diagnostic proba-
bilities [15,71,72]. Most loci are non-coding regulatory alleles with incompletely defined
functional consequences, and GWASs do not capture gene-environment interactions or
other contributors to risk, including epigenetic and microbiome-related influences [100].

Translational bridge: In the near term, PRSs are most defensible as mechanistic tools
for disease biology and target nomination (including shared mechanisms with pain and
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inflammatory comorbidities), rather than as actionable diagnostics; role-expansion would
require demonstration of calibrated individual risk prediction with clinically meaningful
decision impact in representative care settings [100-102].

3.1.2. Epigenomics

Core idea and specimens: Epigenomic studies, most commonly DNA methylation pro-
filing using Illumina 450K and EPIC arrays, have compared ectopic lesions with eutopic
endometrium from women with and without endometriosis, with some work also examin-
ing blood-based signals [21,68,73,74]. Reported differentially methylated regions implicate
steroid hormone signaling (ESR1, PGR), immune regulation (HLA loci, cytokine recep-
tors), and tissue remodeling pathways (MMPs, TIMPs) [68,74,103,104]. Epigenomic studies
also implicate altered chromatin regulation and enhancer activity in pathways related to
progesterone resistance, inflammation, and fibrotic remodeling [54,104,105].

Performance in context: Although epigenomic alterations are repeatedly observed and
biologically plausible, reported blood-based methylation effects are typically small and
overlap across studies is limited, and proposed methylation classifiers have not yet been
validated in clinically representative cohorts. No epigenomic panel has been validated for
diagnosis, prognosis, or treatment-response prediction in applied clinical settings [1,2].

Domain-specific hurdles: Consistent with cross-domain constraints, most epigenomic
studies remain small (typically 20-80 patients), cross-sectional, and focused on surgically
obtained lesion or eutopic tissue rather than accessible biospecimens, limiting diagnostic
applicability [21,22,65,68]. Reproducibility is hampered by cell-type heterogeneity, inconsis-
tent control of menstrual cycle phase and hormonal treatment, and variation in platforms
and analytic pipelines [68,74]. While some Al-derived methylomic models report promising
internal accuracy, low signal-to-noise ratios and lack of independent, prospective external
validation currently preclude clinical interpretation [63].

Translational bridge: Epigenomic profiling is most defensible today as a mechanistic
layer that clarifies transcriptional dysregulation and progesterone resistance, rather than as
a clinical diagnostic or prognostic tool [54,75]. Movement toward clinical use would require
analytically robust signatures from accessible biospecimens, standardized pre-analytics
with explicit control of hormonal and cycle effects, and independent prospective validation
in well-phenotyped cohorts.

3.1.3. Lesion-Based Transcriptomics

Core idea and specimens: Lesion-based transcriptomics profiles gene expression in
ectopic lesions versus eutopic endometrium using microarrays and RNA sequencing,
focused on mapping disease biology and nominating signatures [1,20]. Across systematic
reviews, recurrently implicated pathways include inflammation (IL1B, TNE, PTGS2), steroid
metabolism (CYP19A1, HSD17B1), extracellular matrix remodeling (MMPs, integrins),
angiogenesis (VEGF, FGF2), and progesterone signaling (PGR isoforms, FOXO1) [1,2].
Some studies have proposed molecular subtypes from transcriptomic clustering, such as
stroma-enriched and immune-enriched profiles [106,107].

Performance in context: While many studies report differential expression and pathway-
level convergence, proposed transcriptomic subtypes generally show minimal reproducibil-
ity across independent cohorts [1,58,76]. In practice, these data have been more consistent
as descriptive biology than as stable, transportable signatures for clinical prediction [108].

Domain-specific hurdles: Consistent with cross-domain constraints, lesion-based studies
usually rely on small surgical cohorts (median n ~ 20-50), with heterogeneous inclusion
of peritoneal, OMA, and DIE phenotypes, inconsistent documentation of menstrual cycle
phase, and varied platforms and analytical pipelines [2,76,77]. Cross-study overlap in dif-
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ferentially expressed genes is often low, plausibly reflecting biological heterogeneity, batch
effects, and non-standardized tissue collection and processing [106,108]. Because these
signatures require surgically obtained tissue, they are inherently unsuitable as noninvasive
diagnostic tools, and no lesion-based transcriptomic panel has been prospectively validated
for diagnosis, prognosis, or treatment-response prediction.

Translational bridge: The most realistic near-term contribution is mechanistic and
hypothesis-generating: pathway nomination and candidate molecular subtyping which
might inform future stratified trial design [107,109]. Any progression toward clinical predic-
tion would require standardized tissue-processing workflows and prospective validation
linked to clinically relevant outcomes beyond discovery-only differential expression.

3.1.4. Blood-Based Transcriptomics

Core idea and specimens: Blood-based transcriptomic approaches measure circulating
miRNAs, mRNAs, and other RNA species to create non-invasive signatures intended for
diagnostic triage or adjunctive testing [66,77,79,80]. Panels typically include 5-15 miRNAs
selected from small discovery cohorts, and reported candidates include miR-125b-5p, miR-
150-5p, miR-342-3p, miR-451a and miR-30c-5p [66,80,110,111]. Some case-control studies
report moderate and variable discrimination (AUC 0.60-0.9) and related work has explored
circulating mRNA signatures and IncRNAs at earlier discovery stages [34,109,112,113].

Performance in context: Reported diagnostic performance is variable and frequently
derived from designs that can overestimate accuracy, and replication of specific miRNA sig-
nals is inconsistent when markers are tested in new cohorts [66,81,106]. Where independent
evaluation exists, effect sizes frequently attenuate or cannot be replicated [57,114].

Domain-specific hurdles: Methodical constraints dominate this literature. Most stud-
ies enroll 30-100 women per group [66,79,80,108] and use two-gate case-control designs
comparing laparoscopy-confirmed cases to healthy controls, which can inflate diagnostic
performance by excluding symptomatic but endometriosis-negative controls. Menstrual
cycle phase is often not reported, despite evidence that circulating miRNA profiles vary
across the cycle and hormonal changes [23,66,83,111]. Pre-analytical factors, including
hemolysis, platelet contamination, and non-standardized extraction and normalization
protocols, add to the complexity of cross-study comparability and likely contribute to
modest reproducibility [66,87,106].

Translational bridge: Current utility is best framed as research-stage signal generation
and biology discovery. Clinical progression toward triage or adjunctive testing would
require harmonized pre-analytics, cycle-standardized sampling, inclusion of symptomatic
controls, and independent prospective validation with head-to-head benchmarking against
imaging pathways [1,81,106].

3.1.5. Salivary microRNA Signatures

Core idea and specimens: Salivary microRNA (miRNA) profiling currently repre-
sents the most clinically advanced omics-based diagnostic candidate reported in en-
dometriosis, based on developer-led prospective multicenter validation of a 109-miRNA
classifier [65,06,78]. Bendifallah and colleagues developed the ENDOmMiRNA /ENDOTEST
saliva-based signature using genome-wide small RNA sequencing, machine-learning fea-
ture selection, internal cross-validation, and subsequent prospective multicenter valida-
tion [65,84,114]. In the full validation cohort, the test was evaluated in 971 symptomatic
patients recruited across 17 French centers and showed high diagnostic accuracy for binary
detection of endometriosis. Endometriosis was diagnosed by imaging, laparoscopy, or
both, while control patients underwent laparoscopy [65,84]. Saliva samples were collected
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irrespective of menstrual cycle phase and hormonal or analgesic treatment, and hormonally
treated participants were included.

Performance in context: In the multicenter validation cohort, the salivary miRNA clas-
sifier demonstrated high diagnostic accuracy for detecting endometriosis, achieving a
sensitivity of 97.3% (95% CI 96.4-98.0%), a specificity of 94.1% (95% CI 91.0-96.4%), and an
overall diagnostic accuracy of 96.6% [84]. We used these estimates to project predictive val-
ues at lower prevalence to illustrate the effect of the clinical spectrum. For instance, at 30%
prevalence, the projected positive predictive value (PPV) is approximately 87.6% and the
negative predictive value (NPV) is approximately 98.8%; at 40% prevalence, the projected
PPV is approximately 91.7% and the NPV is approximately 98.1%. These predictive values
were calculated using the standard relationships among prevalence, sensitivity, specificity,
PPV, and NPV. However, such projections assume constant performance across popula-
tions, which may not hold true due to potential variation in disease spectrum, clinical
setting, comparator pathway, and phenotype distribution. Consequently, direct validation
in lower-prevalence symptomatic populations is required before these projections can
inform clinical implementation.

Why this remains advanced Tier 2/Tier 2+ rather than Tier 3 or Tier 4: Despite being the
most advanced omics-based diagnostic candidate in endometriosis, the current evidence
remains best classified as advanced Tier 2/Tier 2+ rather than Tier 3 or Tier 4. The available
validation is prospective and multicenter, but it remains developer-led, uses a proprietary
classifier/platform, and has not yet been independently replicated by a non-developer
group [65,84]. All validation centers were located in France, so geographic and health-
system transportability remain unproven. In addition, clinical utility in the sense of
improved patient management, patient-relevant outcomes, cost-effectiveness, or guideline-
level implementation has not yet been demonstrated.

Diagnostic target and role limitation: The assay should be interpreted as a binary detec-
tion tool for endometriosis diagnosed by imaging, laparoscopy, or both, rather than as a
subtype-specific diagnostic replacement for expert imaging. Although subgroup analyses
have been reported for surgically confirmed disease, rASRM I-II disease, and complex diag-
nostic cases, the test has not been validated as a replacement for imaging-based anatomical
characterization of ovarian endometrioma or deep infiltrating endometriosis [65,84]. Its
most plausible near-term role is therefore triage or adjunctive risk stratification, particu-
larly if independent validation confirms performance in lower-prevalence symptomatic
populations and in settings where expert imaging access is variable.

Hormonal treatment and cycle-phase interpretation: The inclusion of hormonally treated
participants and sampling irrespective of menstrual cycle phase are clinically relevant
strengths, because many symptomatic patients are already receiving treatment when diag-
nostic uncertainty arises [83]. In the full validation cohort, saliva samples were collected
regardless of menstrual cycle phase and hormonal or analgesic treatment, and hormonally
treated participants were included [65,84]. However, because separate treated-versus-
untreated sensitivity and specificity estimates were not available from the documents
reviewed, their reported lack of apparent hormonal-treatment influence should be inter-
preted cautiously and confirmed in future independent validation studies.

Translational and regulatory context: Within the original French validation and health-
technology-assessment context, conditional reimbursement and clinical utility evaluation
processes have begun to define the possible clinical positioning of the salivary miRNA test
(ClinicalTrials.gov: NCT06794424). These developments support the translational relevance
of the candidate but do not constitute Tier 4 evidence, because improved patient manage-
ment, patient-relevant outcomes, cost-effectiveness, and guideline-level implementation
remain to be demonstrated.
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3.1.6. Proteomics

Core idea and specimens: Proteomic studies have evaluated plasma, serum, peritoneal
fluid, and menstrual effluent, typically using mass spectrometry discovery followed by
targeted validation with ELISA or multiplex immunoassays [2,17,62,78,85]. Frequently
studied candidates include CA-125, glycodelin, VEGF, annexin V, and osteopontin, as
well as multi-protein panels combining these signals. A commonly cited “best-developed”
example is a four-protein plasma panel (annexin V, VEGF, CA-125, and glycodelin or
sICAM-1) evaluated in a single-center prospective laparoscopy cohort, reporting sensitivity
of 81-90% and specificity of 63-81% for ultrasound-negative endometriosis [61].

Performance in context: Across systematic reviews and meta-analyses, CA-125 alone
shows insufficient sensitivity (~40-60%) despite moderate-to-high specificity (~70-93%),
performs better in stage III/IV than in stage I/1I disease, and overlaps substantially with
other benign gynecologic conditions, menstruation, and pregnancy [62]. ESHRE guidelines
therefore do not support CA-125 as a standalone diagnostic test [9,62,115]. Multi-protein
panels, including inflammatory and angiogenic combinations, generally offer only modest
gains over CA-125 and remain below accuracy thresholds needed for routine implemen-
tation [4,34,116]. Although some recent ten-protein models report very high AUCs (up
to 0.997), these are derived from highly selected populations and have not been tested
in broader, lower-prevalence clinical settings. Even the Vodolazkaia four-protein panel,
despite prospective design and internal test-set validation, showed lower performance
when re-evaluated in subsequent cohorts by the same group [17,61,85].

Domain-specific hurdles: Much of the proteomic literature remains discovery-heavy,
with small cohorts (often n < 100), heterogeneous inclusion criteria and cycle-phase tim-
ing, and highly divergent lists of differentially expressed proteins [17,86]. A systematic
review identified 644 differentially expressed proteins across non-invasive samples, with
sensitivity (38-100%) and specificity (59-99%) ranges that indicate substantial between-
study heterogeneity [17]. Cross-study overlap is minimal, consistent with pre-analytical
variability, platform differences, and underlying biological heterogeneity [17,87].

Translational bridge: Most individual proteins and small panels remain Tier 1, while
the Vodolazkaia four-protein panel and similar internally validated plasma models fit
lower Tier 2, given prospective single-center evaluation without independent multicenter
replication [86,87]. Progression toward clinical triage or adjunctive use would require stan-
dardized pre-analytics, independent multicenter validation in representative symptomatic
cohorts, and explicit benchmarking against imaging-based diagnostic pathways.

3.1.7. Metabolomics

Core idea and specimens: Metabolomic profiling has evaluated urine, serum, plasma,
and peritoneal fluid using nuclear magnetic resonance (NMR) spectroscopy and mass
spectrometry coupled with liquid or gas chromatography (LC-MS, GC-MS) [18,88,117,118].
Reported signals commonly involve lipid metabolism, including phospholipids, sphin-
golipids and fatty acids, amino acid pathways such as tryptophan and phenylalanine
metabolism, and energy or oxidative stress-related metabolites, including Krebs cycle
intermediates [18,118,119]. Candidate panels vary widely, from small metabolite sets to
panels of 30 or more metabolites, and some discovery studies report high discrimination
(AUC 0.75-0.99).

Performance in context: Systematic reviews show substantial heterogeneity in identified
metabolites, with minimal overlap across studies, with <15% replication reported, which
limits confidence that current panels are transportable across cohorts or platforms [117,120].
Most evidence derives from small, single-center, surgically defined case-control compar-
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isons (n = 30-100), and no metabolomic signature has undergone external validation in
independent prospective cohorts.

Domain-specific hurdles: Between-study inconsistency reflects variation in sample type
(urine vs. serum vs. peritoneal fluid), analytic platforms (NMR vs. LC-MS vs. GC-MS), pre-
analytical handling, and metabolite annotation methods [4,18,120]. Metabolite levels are
also sensitive to diet, circadian rhythms, medication use, and sample handling, confounders
that are not consistently measured or controlled in many studies [18]. Several reported
signals appear phenotype-specific, such as profiles that distinguish OMA from DIE, which
may further limit generalizability across the disease spectrum [18,34,88].

Translational bridge: Moving toward clinical translation will likely benefit from greater
standardization of protocols and annotation pipelines, larger and better-phenotyped co-
horts with systematic confounder assessment, and independent external validation across
varied types of phenotypes and care settings, to more confidently define the diagnostic
utility of metabolomic signatures [34].

3.1.8. Extracellular Vesicles

Core idea and specimens: Extracellular vesicles (EVs), including exosomes, are bioactive
nanovesicles of roughly 30 to 150 nm released via exocytosis that carry RNAs, proteins,
lipids, and small non-coding RNAs [90,121]. Studies have profiled EV cargo, includ-
ing miRNAs, IncRNAs, and proteins, reporting differential patterns in women with en-
dometriosis versus healthy, fertile controls, alongside mechanistic hypotheses around
EV-mediated communication participating in lesion establishment, inflammation, and
angiogenesis [90,121-123].

Performance in context: EV research in endometriosis remains primarily early-stage
and exploratory, with most evidence derived from small, single-center studies (typically
n = 5-50 per group) [123]. As a result, candidate EV signatures have not yet reached the
level of reproducibility or external validation needed to support diagnostic translation,
and no EV-based panel has been validated in large, independent, multicenter cohorts or
compared head-to-head with simpler biomarker approaches [121].

Domain-specific hurdles: EV isolation and characterization methods vary substantially,
including ultracentrifugation, size-exclusion chromatography (SEC), and commercial pre-
cipitation kits, which can yield different EV populations with variable purity and down-
stream “signature” stability [121,123,124]. Although high-quality studies adhere to the
Minimal Information for Studies of Extracellular Vesicles (MISEV) guidelines, consistency
in compliance and nomenclature remains uneven across the literature [123,124]. Contami-
nation with non-EV particles such as lipoproteins and protein aggregates is a recognized
technical limitation, including cases where nanoparticle tracking analysis detects particles
that are not visualized by electron microscopy [125]. In parallel, the functional significance
of differential EV cargo in vivo remains partly established, which complicates interpretation
of observed associations and prioritization of candidates for validation [121,123,124].

Translational bridge: A positive path forward would emphasize harmonized EV iso-
lation and reporting standards with explicit purity controls, demonstration of analytical
validity, and stepwise validation in representative cohorts, including direct comparisons
against simpler biomarker approaches to clarify whether EV-based markers offer incremen-
tal clinical value.

3.1.9. Gut Microbiome

Core idea and specimens: Gut microbiome studies have compared microbial compo-
sition in women with endometriosis versus controls using 165 rRNA gene sequencing
and shotgun metagenomic sequencing [91,126,127]. Reported signals include differences
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in alpha and beta diversity and changes in the relative abundance of genera such as
Prevotella, Blautia, and Gardnerella, even though specific findings vary across stud-
ies [92,93,127-129]. Mechanistic hypotheses link microbiome alterations to immune dys-
regulation, estrogen metabolism via bacterial beta-glucuronidase activity, and gut barrier
dysfunction [19,91,93,130,131].

Performance in context: Across the current literature, reproducible microbiome signa-
tures suitable for diagnosis have not emerged, and associations reported in individual
cohorts often do not generalize across studies [92,128,132]. Consistent with this, no vali-
dated diagnostic signature is currently available.

Domain-specific hurdles: Gut microbiome composition is strongly affected by geography,
diet, antibiotics, hormonal contraceptives, menstrual cycle phase, body mass index, and
comorbidities, and these factors are not consistently measured or controlled in many
studies [128,132]. Reported associations are often at the genus or family level, with limited
consistency at the species level across cohorts [127,133,134]. Many studies also remain small
(typically n = 30-100 per group), single-center, and retrospective, heightening susceptibility
to geographic bias and confounding [19,91]. Finally, mechanistic interpretations remain
provisional, because current human data only limitedly distinguish causal contributions
from consequence of disease, shared risk factors, or treatment-related effects [126,129].

Translational bridge: A microbiome-specific route to stronger inference is to treat expo-
sure control and technical variation as first-order design variables: tightly document or
standardize diet and medication, especially antibiotics and hormonal contraception, align
extraction and sequencing workflows to reduce batch-driven signals, and use repeated
or longitudinal sampling to account for within-person temporal variability and clarify
directionality [91,128,132].

3.2. Prognosis and Patient Stratification

Precision medicine in endometriosis requires tools that can stratify patients by likely
clinical course, for example, persistent or progressive pain, recurrence risk, treatment
resistance, or infertility-related complications [26,32,43]. In contrast, current surgical stag-
ing and classification systems, including rASRM, correlate only weakly with symptom
severity, treatment response, and future reproductive outcomes, which motivates inter-
est in biology-based stratification that links molecular profiles to clinically meaningful
phenotypes [26,31,33,77,98]. Plausible molecular candidates exist across multiple omics
domains; what is absent is longitudinal, patient-level validation demonstrating that any
profile predicts outcomes over time. Consequently, all prognostic applications currently
remain Tier 1 (see Table 4 for details).

Molecular subtyping: Multiple studies have proposed transcriptomic, proteomic,
or integrated molecular subtypes through unsupervised clustering of lesion-based pro-
files, identifying differences in hormone receptor expression, immune infiltration pat-
terns, and fibrotic features [58,77,135,136]. A critical distinction is that these represent
lesion-level rather than patient-level classifications; a single patient may harbor lesions
of different molecular profiles, and it remains unknown which, if any, drives symptom
trajectory [1,2,20,77]. Advancing subtyping toward prognostic utility would require patient-
level integrated profiles (combining lesion, endometrial, and circulating features) validated
against longitudinal outcomes such as pain progression, recurrence, and treatment response
in independent cohorts.
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Table 4. Summary of prognostic and treatment-response biomarker evidence.

Representative Evidence
Application Candidate Marker/Class Specimen Type . Endpoint Follow-U . Key Limitation
PP P yP Evidence Base 4 P Tier y
Transcriptomic, Cross-sectional surgical . P
. . . . . . Lesion-level classification;
proteomic, or integrated =~ Lesion tissue; eutopic  cohorts and lesion-level .
. . . . ) ) Molecular subtype; absence of patient-level
lesion clusters, including  endometrium; integrative subtype analyses; . o 1 L
Molecular . . . . . . phenotype correlation;  None/cross- . longitudinal validation;
. immune-enriched, occasionally evidence remains mainly e . Tier 1 . .
subtyping . ) . . hormone-sensitivity sectional possible cross-lesion
stroma-enriched, and integrated tissue- discovery-scale and not . -
e . : o hypotheses heterogeneity within the
hormone-sensitivity- level profiles patient-level longitudinal same patient
associated profiles [77,106,135,136] p
Cross-sectional or
Circulating miRNAs, retrospective association Associations are not
CA-125, inflammatory Blood/serum; studies linking candidate . . . validated as patient-level
. . . . ; ; . Pain intensity; chronic =~ Usually absent, . .
Pain mediators, nerve-fiber peritoneal fluid; markers to pain severity, L . . predictors of future pain
. . S . . pelvic pain phenotype;  cross-sectional, or Tier 1 . .
trajectory markers, and tissue lesion tissue; excised ~ disease stage, or . . trajectory; pain is
. . . . . . symptom severity retrospective . .
inflammatory/fibrotic surgical specimens inflammatory features; no multifactorial and poorly
features prospective serial biomarker aligned with lesion burden
validation [50,80,137,138]
mall retr tive or .
. S etrospeciive 0 No standardized recurrence
CA-125, inflammatory correlative surgical cohorts - .
. . . . definition across studies;
markers, fibrosis . . with heterogeneous Symptom recurrence; Variable; often .
. Serum; lesion tissue; . . 5 candidate features are often
Recurrence  markers, nerve-fiber . . recurrence definitions and lesion recurrence; retrospective or .
- . ) excised surgical . . ! . Tier 1 measurable only after
prediction density, and lesion-level . variable outcome postoperative pain based on postsurgical ;
. ; specimens . ) surgery; no validated
histological or molecular assessment; no standardized  persistence follow-up . . .
. non-invasive preoperative
features prospective recurrence- redictor
prediction model [37,50,139] p
Endometrial receptivit . . . Intermediate endpoints are
. PV Heterogeneous retrospective Variable; often linked P
signatures, AMH, . . frequently used instead of
. . . or small prospective . to fertility-treatment . R I
1. peritoneal inflammatory ~ Endometrium; o . Implantation; live birth; infertility is
Fertility . . . . fertility-related studies; e cycles rather than ) . .
. mediators, angiogenic serum; peritoneal ) . fertilization; Tier 1 multifactorial; no
prognosis . . . many assess intermediate . . long-term . o
factors, and fluid; lesion tissue i . pregnancy; live birth . biomarker-stratified
lesion-associated fertility endpoints rather reproductive rospective fertility trial has
than live birth [135,139-142] follow-up prosp Y

molecular features

demonstrated clinical utility
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Table 4. Cont.

c . . Representative . Evidence P
Application Candidate Marker/Class Specimen Type Evidence Base Endpoint Follow-Up Tier Key Limitation
Mechanistic and correlative
PR isoforms, PR-B/PR-A studies linking Requires invasive tissue
ratio, membrane progesterone-resistance Symptom response sampling; no validated
. progesterone receptors, Endometrial biopsy; biology to endometriosis to progestins; blood-based surrogate; no
Progestin - - ) Usually absent or not .. . .
FOXO1, HOXA10 eutopic endometrium; pathophysiology and progesterone . oo Tier 1 prospective biomarker-
response . T . . i biomarker-stratified " . .
methylation, PR-target lesion tissue treatment response; no resistance; treatment stratified trial comparing
genes, and progesterone- biomarker-guided selection guided versus empirical
resistance signatures therapeutic trial hormonal therapy
[20,54,55,73,143,144]
Features are generally
Fibrosis markers, Small retrospective or assessable only after
nerve-fiber density, Excised lesions; correlative studies Postoperative pain . excision; cannot guide
. . . . . . . . Variable; often ) o
Surgical inflammatory-cell surgical specimens; evaluating lesion biology improvement; retrospective or Tier 1 preoperative decision-
response infiltration, and lesion occasionally paired and postsurgical outcomes;  symptom recurrence; p making without validated

microenvironment
features

clinical/surgical data

no validated preoperative
surrogate [36,37,50]

lesion recurrence

postsurgical

non-invasive surrogates;
no prospective
outcome validation

Approximate study scale refers to the dominant design and validation level of the cited evidence rather than pooled sample-size estimates. Exact sample sizes vary across heterogeneous
studies and were not meta-analytically pooled in this narrative translational assessment. Across applications, the absence of independent, prospective, patient-level longitudinal
validation is the main reason these candidates remain Tier 1.
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3.2.1. Prognostic Biomarkers for Disease Trajectory

Candidate biomarkers including circulating miRNAs, CA-125, and endometrial molec-
ular features have been associated with disease severity or symptom intensity in cross-
sectional designs [80,135,137,138]. Endometrial markers of progesterone resistance—PR-
B/PR-A ratio, membrane PR expression, FOXO1, and HOXA10 methylation—are among
the most mechanistically grounded candidates and are discussed in detail in Section 3.3
in the context of treatment-response prediction. For all candidates in this category, the
shared developmental need is longitudinal cohort studies with serial biomarker measure-
ments, standardized outcome definitions, and sufficient follow-up to distinguish prognostic
signals from cross-sectional associations [2,27,57,90].

3.2.2. Infertility Prognosis

Proposed biomarkers span multiple biological levels: endometrial receptivity sig-
natures [135,141,145], ovarian reserve markers such as AMH [139,142], inflammatory
mediators in peritoneal fluid [20], and lesion-based angiogenic factors [1]. These show
associations with intermediate endpoints, such as implantation rates and fertilization suc-
cess, in small retrospective studies, but none has demonstrated clinical utility for guiding
fertility treatment decisions in prospective trials [135,140]. Infertility in endometriosis is
inherently multifactorial, involving anatomical distortion, inflammatory microenviron-
ments, and endometrial defects, which poses a fundamental challenge for any single-omics
predictor [1,20,27,140]. Integrated clinico-molecular models, combining imaging-based
anatomical assessment, circulating biomarkers, and endometrial profiling, may offer a
more realistic framework for fertility prediction than isolated molecular signatures, but this
architecture has not yet been tested prospectively.

Because the prognostic and treatment-response literature is heterogeneous and often
reported as small cross-sectional, retrospective, or mechanistic cohorts rather than stan-
dardized longitudinal validation studies, Table 4 summarizes the approximate evidence
scale and design class rather than exact pooled sample-size estimates. This structure allows
candidate classes to be compared by marker class, specimen type, endpoint, follow-up
status, evidence tier, key limitation, and supporting evidence while avoiding overinterpre-
tation of underpowered or non-comparable studies.Across these prognostic and predictive
applications, the evidence base remains consistently less mature than diagnostic biomarker
research. Most available studies are cross-sectional, retrospective, mechanistic, or linked
to intermediate endpoints rather than prospectively designed to predict patient-level
outcomes. No biomarker class currently has independent, prospective, patient-level lon-
gitudinal validation demonstrating prediction of pain trajectory, recurrence, live birth,
or treatment response. All prognostic and treatment-response applications therefore re-
main at Tier 1, despite the biological plausibility of several candidate markers. The most
tractable near-term strategy is to embed candidate prognostic and predictive markers as
companion analyses within ongoing or planned therapeutic trials, thereby generating
paired biomarker—outcome data without requiring standalone biomarker studies.

3.3. Treatment-Response Prediction

Treatment-response prediction represents a distinct translational goal from diagno-
sis. A diagnostic biomarker asks whether endometriosis is present, whereas a predictive
biomarker should identify, before treatment, which patients are more likely to benefit
from a specific therapeutic strategy. In endometriosis, this is particularly relevant because
empirical hormonal therapy, surgery, and emerging targeted treatments produce heteroge-
neous outcomes, and current treatment selection is still guided mainly by symptoms, lesion
phenotype, fertility goals, contraindications, and patient preference rather than molecular
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stratification [26,29,36]. Despite strong biological rationale, no molecular marker has yet
been validated prospectively to guide treatment allocation or improve patient-relevant
outcomes compared with empirical care. For this reason, treatment-response applications
currently remain Tier 1.

3.3.1. Progestin Response and Progesterone Resistance

Progesterone resistance is one of the most biologically plausible domains for treatment-
response prediction. A convergent molecular pattern has been described in eutopic en-
dometrium and lesions, including reduced PR-B relative to PR-A, altered membrane pro-
gesterone receptor signaling, decreased expression of progesterone-regulated mediators
such as FOXO1 and HOXA10, and epigenetic dysregulation of progesterone-responsive
pathways [52,54,74,142-144]. These findings provide a mechanistic rationale for distin-
guishing patients who may respond poorly to progestin-based therapy from those in whom
progesterone signaling remains functionally intact.

However, the translational evidence remains early. Most available data are mechanistic,
cross-sectional, or based on tissue obtained at surgery rather than on prospective pretreat-
ment biomarker assessment linked to standardized therapeutic outcomes [20,52-54,74]. A
practical limitation is that assessment of endometrial or lesion-level progesterone signaling
currently requires invasive sampling, and no validated blood-, urine-, saliva-, imaging-, or
metabolite-based surrogate has been shown to reliably capture progesterone-resistance sta-
tus in a way that can guide therapy [4,17,111]. Therefore, progesterone-resistance markers
remain biologically compelling but clinically non-actionable.

A feasible next step would be to embed progesterone-pathway markers into prospec-
tive progestin-treatment cohorts or randomized trials as prespecified companion analyses.
Such studies would need pretreatment sampling, standardized symptom and quality-of-life
endpoints, defined treatment exposure and adherence, and follow-up sufficient to distin-
guish early symptom fluctuation from sustained response. Only if biomarker-defined strata
predict differential benefit from progestin therapy, and if biomarker-guided treatment im-
proves outcomes compared with empirical allocation, could this domain progress beyond
Tier 1.

3.3.2. Surgical Response Prediction

Surgical response prediction is clinically important because postoperative outcomes
vary substantially. Some patients experience durable improvement, whereas others
have persistent pain, recurrent symptoms, or lesion recurrence despite technically ad-
equate surgery [35,36]. Candidate predictors include lesion fibrosis, nerve-fiber density,
inflammatory-cell infiltration, angiogenic features, and other microenvironmental charac-
teristics that may relate to pain generation, lesion persistence, or recurrence risk [35,36,49].
These features are biologically plausible because they reflect tissue remodeling, neuroan-
giogenesis, inflammation, and fibrosis, processes that are central to symptomatic disease.

The main translational barrier is timing. Most lesion-level features can only be mea-
sured after excision, which limits their usefulness for preoperative decision-making. As a
result, current evidence can generate hypotheses about why some patients respond poorly
to surgery, but it does not yet provide a validated tool for deciding before surgery who
should undergo excision, who is at high risk of recurrence, or who requires intensified
postoperative suppression [1,2,9,35]. In addition, many studies use retrospective designs,
heterogeneous definitions of recurrence, and variable follow-up duration, making it difficult
to separate molecular predictors from surgical completeness, lesion phenotype, postop-
erative treatment, or baseline pain mechanisms. Progress toward clinical utility would
require prospective surgical cohorts with standardized preoperative phenotyping, detailed

https://doi.org/10.3390/ijms27114888


https://doi.org/10.3390/ijms27114888

Int. J. Mol. Sci. 2026, 27, 4888

21 of 39

operative classification, biospecimen collection, and longitudinal follow-up for pain, quality
of life, recurrence, and fertility outcomes. The most clinically useful model would likely
combine molecular features with imaging, surgical phenotype, baseline pain characteristics,
and postoperative treatment exposure rather than rely on a single lesion marker. Until such
patient-level longitudinal validation exists, surgical-response biomarkers remain Tier 1.

3.3.3. Emerging Targeted Therapies and the Case for Biomarker-Stratified Trials

Emerging therapeutic strategies provide another rationale for predictive biomarkers.
Approaches targeting local estrogen production, gonadotropin signaling, inflammation,
angiogenesis, fibrosis, or immune dysregulation are biologically plausible because en-
dometriosis lesions show heterogeneity in steroid responsiveness, inflammatory signaling,
vascular remodeling, and tissue fibrosis [1,26,35,36,51]. In principle, molecular profil-
ing could help identify patients most likely to benefit from specific agents, for example,
aromatase-related strategies in lesions with high estrogen-biosynthesis activity or anti-
inflammatory approaches in patients with cytokine-enriched phenotypes. At present,
however, this remains a translational hypothesis rather than a validated treatment-selection
strategy [20,146]. Trials and therapeutic studies generally enroll molecularly unselected
populations, which may dilute treatment effects if only a biologically defined subgroup
is responsive [1,9,27]. Conversely, exploratory molecular subgroup findings cannot be
assumed to predict treatment benefit unless they are tested prospectively with prespecified
interaction analyses or biomarker-stratified allocation. This distinction is important: a
marker associated with disease biology is not necessarily a predictive biomarker.

The most efficient path forward is not to create standalone predictive-biomarker
studies, but to embed molecular profiling into therapeutic trials and prospective treatment
cohorts. Even initially exploratory companion analyses could generate paired biomarker—
outcome data, identify candidate responder subgroups, and inform future stratified trials.
For any candidate predictive marker to progress beyond Tier 1, it would need to show that
biomarker status modifies treatment effect and that biomarker-guided allocation improves
patient-relevant outcomes compared with empirical treatment.

3.3.4. Translational Takeaway

Treatment-response prediction in endometriosis remains less mature than diagnos-
tic biomarker development. The strongest biological rationale exists for progesterone-
resistance markers, lesion microenvironment features related to surgical outcomes, and
molecular stratification of emerging targeted therapies. However, these candidates remain
limited by invasive sampling, retrospective or mechanistic evidence, lack of standard-
ized outcomes, and absence of prospective biomarker-stratified treatment studies. The
most tractable near-term opportunity is to incorporate companion molecular profiling into
planned progestin, surgical, and novel-agent studies, with patient-relevant endpoints such
as pain, quality of life, fertility, recurrence, and treatment discontinuation. Until biomarker-
defined groups are shown to predict differential treatment benefit, treatment-response
applications should remain classified as Tier 1.

4. Multi-Omics Integration and Artificial Intelligence
4.1. Rationale and Theoretical Promise

Single-omics approaches have provided valuable mechanistic insights; however, as
previously discussed, they have not individually achieved the diagnostic performance,
prognostic discrimination, or treatment-response prediction required for clinical trans-
lation [58,147]. Multi-omics integration combines multiple molecular layers—genomics,
epigenomics, transcriptomics, proteomics, and metabolomics—within the same biological
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samples to capture disease complexity more comprehensively [147-150]. The concep-
tual appeal is that endometriosis spans genetic susceptibility, epigenetic dysregulation,
immune dysfunction, hormonal aberrations, and metabolic remodeling (as detailed in
Sections 2 and 3), and integrated frameworks could reveal cross-layer regulatory relation-
ships and identify convergent biological nodes that are difficult to detect from any single
data type alone, favoring these as mechanistically plausible biomarker candidates or inter-
vention points [58,96,147,150].

4.2. What Integration Achieves, and What It Does Not
4.2.1. What Integration Might Improve

Multi-omics integration strengthens mechanistic inference by cross-validating signals
across biological layers [58,150]. For example, integrated analysis of GWAS and DNA
methylation data has identified candidate regulatory genes such as ESR1 and PIK3CG
in endometriotic lesions, providing stronger evidence for direct regulatory effects than
either data type alone and helping distinguish causal routes from secondary transcriptional
consequences [58,148-150]. Such convergence across layers can support pathway-based
therapeutic targeting by identifying nodes where genetic, epigenetic, transcriptional, and
proteomic alterations intersect.

4.2.2. What Integration Does Not Improve

Despite enhanced biological coherence, multi-omics integration has not yet demonstra-
bly optimized diagnostic, prognostic, or treatment-response prediction at the individual
patient level compared with the best-performing single-layer approaches [95-97,151]. No
published multi-omics study has shown that integrated non-invasive classifiers outperform
expert TVUS for OMA and DIE [8], the salivary miRNA classifier reported in developer-led
validation [65,84,151], or clinical risk-factor models for prognosis [43,151]. Most published
multi-omics classifiers remain discovery-stage and report AUCs of approximately 0.70-0.85
in small or highly selected cohorts [87,152,153].

This limited predictive gain likely reflects methodological rather than purely biological
constraints. Most endometriosis multi-omics studies combine high-dimensional data layers
in cohorts that remain small relative to the number of candidate predictors, increasing the
risk of overfitting and unstable feature selection [95,96,150]. Integration is also complicated
by tissue and time-point mismatch, because lesion, eutopic endometrium, blood, saliva,
urine, microbiome, and imaging features may reflect different biological compartments
and temporal scales. Batch effects, platform heterogeneity, incomplete phenotype harmo-
nization, and limited external validation further reduce transportability. Consequently,
multi-omics integration can strengthen mechanistic coherence, but it has not yet demon-
strated superior patient-level diagnostic, prognostic, or treatment-response prediction
compared with the best single-layer approaches or contemporary imaging pathways.

Domain-specific hurdles: Beyond the field-wide constraints of small cohorts, case-
control inflation, and absent external validation that apply across omics domains (see
Sections 2 and 3), multi-omics integration introduces the additional challenge of combin-
ing high-dimensional data from multiple platforms in samples that are often too small
for stable model development. Most studies remain at the lesion level rather than the
patient level, which limits applicability to non-invasive clinical contexts, and no study
has anchored integrated profiles to clinically meaningful endpoints beyond case-control
discrimination [96,150].

Translational takeaway: Multi-omics integration is valuable for biological discovery and
generation of hypotheses but has not yet translated to superior clinical prediction. Before
additional multi-omics discovery studies are prioritized, existing single-omics candidates
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with the strongest preliminary evidence warrant rigorous independent validation, as these
represent the most efficient path to near-term clinical testing [50,95,147].

4.3. Artificial Intelligence and Machine Learning

Al and machine learning (ML) present opportunities to uncover complex, nonlinear
patterns within high-dimensional omics data, potentially surpassing the capabilities of
traditional statistical analyses [147,150,154,155]. In the study of endometriosis, Al has been
applied in two primary areas: first, in the automated interpretation of TVUS and MRI
images to standardize lesion detection and minimize operator variability [41,42,96,97]; and
second, for multi-omics classification using methods like deep learning, random forests, or
gradient boosting, which have achieved promising AUCs of 0.81-0.92 in initial discovery
settings [63,156].

Current evidence and limitations: A consistent finding across comparative studies is that
classical ML algorithms (random forests, support vector machines) perform comparably
to, or outperform, deep neural networks when sample sizes are small, as overfitting risk
increases with model complexity without proportional gains in generalizability [156,157].
Al’s advantage over simpler methods typically emerges with large datasets (1 > 1000), a
threshold rarely met in current endometriosis omics studies [63,150]. Additional concerns
include model interpretability and the data requirements of deep learning architectures
relative to available cohort sizes [150,156,157]. No Al-based omics classifier in endometrio-
sis has undergone external validation or head-to-head comparison with simpler statistical
approaches or expert imaging [63,96,97].

Constructive future direction: A promising but currently underexplored application
is the integration of omics biomarkers with imaging data and clinical features within Al
frameworks [97,158]. Rather than replacing imaging, such hybrid models could enhance
detection of superficial peritoneal disease, where imaging performs poorly (see Table 2),
refine risk stratification in imaging-ambiguous cases, or predict treatment response by
combining molecular profiles with anatomical features. This architecture aligns with the
adjunctive biomarker role but would require prospective validation against clinical utility
endpoints, not just technical accuracy metrics.

Translational takeaway: Al offers methodological tools for pattern recognition but does
not circumvent the requirements for adequate sample sizes, external validation, and clinical
utility demonstration. Caution is warranted against “innovation theater”; deploying
complex Al methods on small datasets that generate publishable accuracy metrics without
advancing clinical translation.

5. From Evidence Gaps to Validation Architecture

The preceding sections reveal a consistent pattern: omics research in endometriosis has
produced rich mechanistic biology but no candidate has crossed the threshold from internal
validation to independent, clinically anchored evidence. Closing this gap requires more
than better-powered replication; it requires matching candidates to the specific clinical
problems they could realistically solve, with validation designs built around those problems
rather than around the molecular data itself.

5.1. Matching Clinical Roles to Candidate Domains and Validation Requirements

Not all clinical needs are equally tractable, and not all omics domains are equally
positioned to address them. The three diagnostic roles defined in Section 3.1—triage,
adjunctive, and replacement—differ essentially in who is being tested, what decision the
result informs, and what accuracy is required. The triage role has a defined candidate
(salivary miRINA) and a feasible validation design, making it the most immediate priority
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for Tier 3 testing. The replacement role, while clinically appealing, lacks any candidate

approaching the required thresholds and demands universal laparoscopy—a design that is

increasingly difficult to justify ethically and logistically under contemporary guidelines

that de-emphasize mandatory surgical diagnosis [9,31,35].

The adjunctive role occupies a strategically important middle ground. Expert imag-

ing already performs well for OMA and DIE, but superficial peritoneal endometriosis

remains a recognized diagnostic blind spot even in tertiary settings [8,35,44]. This is the

clinical scenario where a molecular biomarker could provide information that imaging

fundamentally cannot, detecting disease biology rather than anatomical distortion. An

adjunctive biomarker validated in imaging-negative symptomatic women would have

clinical value regardless of healthcare setting and would complement rather than compete

with existing diagnostic pathways. Table 5 maps these distinctions to the omics candidates

and validation architectures best suited to each role.

Table 5. Role-specific validation frameworks for diagnostic omics tests in endometriosis.

Attribute

Triage Test

Adjunctive Test

Replacement Test

Clinical decision node

Primary care: empirical therapy
vs. specialist referral

Specialist setting: refine
diagnosis when imaging is
negative or ambiguous

Avoid diagnostic laparoscopy in
selected patients

Target population

Symptomatic women without
prior diagnosis, primary care or
general gynecology

Symptomatic women with
negative or inconclusive expert
TVUS/MRI

Symptomatic women with
inconclusive imaging who would
otherwise undergo laparoscopy

Performance priority

Very high sensitivity (>95%),
high NPV; moderate specificity
acceptable (>50%) [49,69]

Balanced sensitivity and
specificity (both > 80%) in
imaging-negative
subgroup [17,61]

Sensitivity > 94%, specificity
> 79% in symptomatic
populations [2,4,57]

Best-positioned
omics candidates

Salivary miRNA panel (diagnostic
accuracy 96.6% in developer-led
multicenter validation) [84]

Blood-based multi-protein
panels, circulating miRNA,
or microbiome signatures,
candidates with signal in
accessible specimens and
plausible sensitivity to
superficial / peritoneal
disease [17,18,61,87,88]

No current candidate approaches
these thresholds in independent
validation; premature

to nominate [2,57]

Reference standard

Expert TVUS (all) £ selective
laparoscopy [35,46]

Expert TVUS/MRI as
comparator; laparoscopy
required for confirmation in
imaging-negative cases.

Laparoscopy with histological
confirmation mandatory for
all participants [49]

Minimum design

Prospective multicenter cohort,

Prospective enriched cohort of

Prospective consecutive cohort,

requirements symptomatic population (~40% imaging-negative symptomatic  universal laparoscopy,
prevalence), blinded evaluation, women, laparoscopic >1000 participants to achieve
>800 participants [64,87] verification, >300-500 adequate precision at high
participants [159] thresholds [57,159]
Feasibility and High, candidate exists, validation =~ Moderate, multiple candidate Low, no candidate near

near-term tractability

design specified (Section 5.2),
primary care pathway defined

domains, no single leading
panel; requires enrichment
strategy for imaging-
negative subgroup

threshold; universal laparoscopy
requirement limits recruitment
and ethical acceptability

Key unresolved
question

Does developer-reported accuracy
hold in independent, lower-
prevalence symptomatic cohorts?

Can any accessible biomarker
detect superficial peritoneal
disease that expert

imaging misses?

Can any non-invasive test match
laparoscopic-level accuracy
across all phenotypes?
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5.2. Validation Frameworks for Triage and Adjunctive Testing

Table 5 identifies triage and adjunctive testing as the two clinical roles with near-term
translational tractability, while replacement testing is still premature, given the absence
of candidates approaching the required thresholds as well as the ethical and logistical
constraints of mandating universal laparoscopy in unselected populations [9,35,57]. This
section provides operational validation frameworks for both roles (Box 2), designed to
generate definitive Tier 3 evidence and serve as replicable templates for future omics candi-
dates. The frameworks share core methodological commitments but differ in population,
reference standard, and decision logic, differences that reflect the distinct clinical questions
each role addresses; Figure 2 provides a visual overview of these two pathways.

Tier 3 Validation Frameworks for Endometriosis Diagnostics

|
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Discovery

Tier 2 Tier 3 Tier 4
>> Analytic Validation >> Dc Clinical Validation 3(: > Clinical Utility >
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<
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Figure 2. Proposed tier 3 validation frameworks for triage and adjunctive diagnostic testing in
endometriosis. Two parallel validation pathways are presented for independent external valida-
tion of non-invasive omics-based biomarkers, positioned within the four-tier evidence-maturity
framework (grey chevrons, top). Panel (A) (left, green header) illustrates a triage pathway with
rule-out focus for the salivary miRNA panel in primary care, targeting > 95% sensitivity (SnOUT
logic) to sort symptomatic women into low-risk rule-out (red box) versus high-risk positive results
requiring clinical reference by laparoscopy (green boxes). Validation requirements (white box, lower
left). Panel (B) (right, blue header) illustrates a candidate-agnostic adjunctive pathway with deep
detection focus for imaging-negative symptomatic women in specialist settings. Standard imaging by
TVUS/IDEA protocol (grey box) identifies conclusive cases; inconclusive or negative imaging results
(grey box) trigger the index biomarker test (orange box), targeting balanced performance (>80%
sensitivity and specificity) to detect superficial peritoneal disease missed by imaging (blue box).
Universal laparoscopy serves as the clinical reference for all 400-600 enrolled participants (green box).
Validation requirements (white box, lower right) specify balanced sensitivity thresholds in a special-
ist/tertiary population. The cross-role decision logic (bottom left) indicates that a triage test with
lower specificity can be reclassified to an adjunctive role, and that successful Tier 3 validation leads to
Tier 4 randomized controlled trials. The gaps and impact section (bottom right) summarizes current
diagnostic delays and the expected impact of establishing distinct validation roles. Both frameworks
share core methodological commitments (bottom banner): centralized independent laboratories,
complete blinding, and 12-month longitudinal follow-up. Full operational specifications are provided
in Box 2. Performance thresholds are derived from Section 3.1 and Table 5. Abbreviations: DIE, deep
infiltrating endometriosis; IDEA, international deep endometriosis analysis; miRNA, microRNA;
RCT, randomized controlled trial; SnOUT, sensitive test rules out; TVUS, transvaginal ultrasound.
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Design Element

Box 2. Worked validation frameworks: triage and adjunctive testing.

Triage Framework (Salivary miRNA)

Adjunctive Framework (Imaging-Negative Disease)

Candidate

109-miRNA salivary panel (ENDOmiRNA) [62]

Candidate-agnostic: proteomic, miRNA, microbiome, or
metabolomic panels with >Tier 2 evidence

Clinical question

Empirical therapy vs. specialist referral in primary care

Disease present despite negative expert imaging?

Performance thresholds

Sensitivity > 95%, specificity > 50% [24]

Sensitivity and specificity both > 80% [17,58]

Target population

Symptomatic women aged 1845, no prior surgical
diagnosis, primary care or general gynecology [62,66]

Symptomatic women aged 18-45 with negative or
indeterminate expert TVUS (IDEA protocol) [9,46]

Exclusion criteria

Pregnancy, known gynecologic malignancy, and other
prespecified conditions affecting safety or diagnostic
adjudication; hormonal-treatment status should be
documented and analyzed in prespecified strata rather
than used as a blanket exclusion in advanced validation

As triage, plus imaging-positive OMA or DIE (already
diagnosed); hormonal-treatment status should be
documented and analyzed in prespecified strata rather
than used as a blanket exclusion in advanced
validation [24,159]

Expected prevalence

35-45% in symptomatic clinic populations [24,159]

25-40% in imaging-negative symptomatic
populations [31]

Target sample size

800-1000 [62,159]

400-600 [149,150]

Reference standard

Expert TVUS (all) £ selective laparoscopy for
positive/indeterminate imaging or persistent
symptoms [35,46]

Universal laparoscopy with systematic peritoneal
inspection and biopsy; histological confirmation
required [9,24]

Rationale for reference
standard design

Selective laparoscopy mirrors contemporary guidelines;
ethical and feasible in large cohorts [35]

Universal laparoscopy necessary because clinical
question concerns disease that imaging cannot detect;
verification bias would be unacceptable [24]

Index test specimen

Saliva or other candidate-specific biospecimen collected
using a prespecified protocol; cycle phase and
hormonal-treatment status documented, with

Blood, saliva, urine, and/or cervicovaginal sample,
depending on the candidate assay; cycle phase and
hormonal-treatment status documented, with

and timing follicular-phase standardization used when feasible and | follicular-phase standardization used when feasible and
sensitivity analyses prespecified [148,160] sensitivity analyses prespecified [63,105,160]
Centralized, independent from developer; inter-assay . .

Laboratory reproducibility documented [109,154] Centralized, independent from developer [3,159]

Blindin Complete: biomarker results withheld until study Complete: biomarker results withheld until study

8 completion [146,147] completion [146,147]

12 months with symptom assessment at 3, 6, 12 months with symptom assessment at 3, 6,

Follow-up

12 months [149,150]

12 months [149,150]

Outcome adjudication

Blinded expert committee (3 specialists), consensus for
discordant cases [155]

Blinded expert committee, consensus for discordant
cases [155]

Primary outcomes

Sensitivity, specificity, PPV, NPV with 95% CI [146,151]

Sensitivity, specificity, PPV, NPV with 95% CI [146,151]

Key secondary outcomes

Stratified by phenotype (OMA, DIE, superficial);
head-to-head vs. TVUS in imaging-ambiguous cases

Stratified by surgical phenotype; net reclassification
improvement [161]; prognostic analysis of
biomarker+/laparoscopy— cases at 12 months

Statistical framework

Preregistered; STARD-compliant; 80% power for
sensitivity >95%, specificity >50%, precision
+3-4% [146]

Preregistered; STARD-compliant; precision +5% around
80% thresholds [151]

If successful —

Tier 4 RCT: biomarker-guided referral vs. standard care,
patient-relevant outcomes (pain, quality of life, fertility)

Tier 4 RCT: laparoscopy in biomarker+/imaging—
women vs. continued empirical management

If unsuccessful —

Re-focus on subpopulations or reclassify to adjunctive
role (see cross-role logic)

Clarifies biological plausibility of non-invasive detection
of superficial peritoneal disease

Note: Both frameworks require multicenter enrollment with geographic and practice-setting diversity [62,152]. Analytical validity must be
independently established before diagnostic evaluation begins. Rather than assuming universal exclusion of current hormonal treatment in
advanced validation, protocols should prespecify how hormonal exposure and cycle phase will be documented, stratified, and analyzed [160].
Untreated or post-washout subcohorts may be included for sensitivity analyses when ethically and clinically feasible [14,84,113,162].

The triage framework evaluates whether a salivary miRNA panel (see Box 2 and

Figure 2, panel A) can sort symptomatic women in primary care into those manageable with

empirical therapy versus those requiring specialist referral and imaging, a decision node

that currently relies on clinical judgment alone in settings without expert TVUS [4,35,87].

Because the test is evaluated against the full diagnostic pathway (imaging + selective

laparoscopy), the reference standard mirrors contemporary clinical practice and does not

require universal surgery [35,43,44]. The performance priority is high sensitivity (>95%) to

minimize missed cases, accepting moderate specificity (>50%), given that false positives

result in specialist referral rather than harm [49].
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The adjunctive framework (see Box 2 and Figure 2, panel B) addresses a fundamentally
different question: among women whose expert imaging is already negative, can a molec-
ular biomarker detect disease that imaging cannot visualize? This targets the recognized
diagnostic blind spot for superficial peritoneal endometriosis, where imaging sensitivity
remains poor regardless of operator expertise [8,35]. The post-imaging enrichment strategy,
enrolling only imaging-negative women, is the defining design feature, ensuring that the
study directly tests clinical value-add over existing pathways rather than overall accuracy
in mixed populations [49,62]. Universal laparoscopy is required for all participants because
the clinical question concerns disease that imaging has missed; without surgical ground
truth, the reference standard would be circular [9,49]. Balanced sensitivity and speci-
ficity (both > 80%) are required because a positive result must justify further intervention,
typically laparoscopy, in women whose imaging is already negative [17,61,62].

Despite these structural differences, both frameworks are built on shared method-
ological commitments that address the recurring validation failures identified across
Sections 2—4: centralized laboratory processing independent from the biomarker developer,
to exclude optimistic bias and confirm analytical reproducibility across sites [2,49,87,163];
complete blinding of index test results from clinicians and reference standard asses-
sors [163]; follicular-phase standardized specimen collection (cycle days 5-10) to control the
menstrual-cycle variability that has confounded prior studies [66,69,160,164,165]; 12-month
longitudinal follow-up capturing symptom trajectories beyond the initial diagnostic assess-
ment; prespecified, publicly registered statistical analysis plans following STARD reporting
guidelines; and multicenter enrollment with geographic and practice-setting diversity to
ensure generalizability [7,62,84,152,159].

5.2.1. Candidate Selection Logic

The triage framework is candidate-specific: the salivary 109-miRNA panel (EN-
DOmiRNA test) is selected as an example of the most advanced non-invasive omics
candidate, with high developer-reported diagnostic performance but no independent
non-developer evaluation, making it the highest-priority target for Tier 3 testing. The
adjunctive framework is deliberately candidate-agnostic, applicable to any biomarker
measurable in accessible specimens that has completed at least internal validation (Tier
2). This reflects the current landscape where no single adjunctive candidate has earned
clear prioritization: blood-based multi-protein panels [61,87], circulating miRNA signa-
tures [65,06,80,81], cervicovaginal microbiome profiles [127,166], and serum or urinary
metabolomic signatures [88,125] all have preliminary signals but require the structured
evaluation this framework provides.

5.2.2. Decision Logic and Cross-Role Reclassification

A purposeful feature of presenting both frameworks together is that outcomes from
one can inform the other. If the salivary miRNA triage test achieves high sensitivity but
insufficient specificity, the adjunctive role, where moderate sensitivity is acceptable if bal-
anced by adequate specificity, may represent a more appropriate clinical positioning than
abandoning the candidate entirely. Conversely, if an adjunctive biomarker demonstrates
unexpectedly high sensitivity across all phenotypes including imaging-positive disease,
reclassification toward a triage or even replacement role could be considered, with appropri-
ately designed subsequent studies [161]. This cross-role logic prevents the binary pass/fail
interpretation that has characterized prior biomarker evaluation in endometriosis, where
candidates were often discarded rather than repositioned when they failed to meet a single
predetermined threshold [49,57]. Figure 3 summarizes the role-reassignment logic, and
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Box 2 provides the full operational specifications for the triage and adjunctive validation

frameworks.

Decision Flow Inset: Candidate Role Reassignment After Validation

A

TRIAGE /

VALIDATION RESEARCH

RULE-OUT

OUTCOME ONLY

OR REDIRECT

Very high sensitivity None of the above
but limited specificity criteria are met
(295% Sens; moderate Spec) Narrow subgroup focus

@ Clinical role

Condition

ADIJUNCTIVE

REPLACEMENT
DIAGNOSTIC -~ = EVALUATION

IEST

MAY BE CONSIDERED

Balanced sensitivity and sensitivity and specificity
specificity in imaging-negative meet surgical replacement
or ambiguous patients thresholds in representative
population
(both 280%) (294% Sens; 279% Spec)

{ Cross-role reclassification is permitted when \
\ validation data warranty role repositioning /

Cross-role path

— Primary path

Vi

Figure 3. Decision-flow for biomarker role reassignment after validation. Candidate omics biomarkers
should be interpreted according to their observed validation performance and intended clinical
use context rather than treated as simple pass/fail entities. Very high sensitivity with limited
specificity supports a triage or rule-out role. Balanced sensitivity and specificity in imaging-negative
or imaging-ambiguous symptomatic patients supports an adjunctive diagnostic role. Performance
meeting surgical replacement thresholds in a representative population with an appropriate surgical
reference standard may justify subsequent replacement-test evaluation. Candidates that do not meet
role-specific criteria should remain research-only or be redirected toward narrower biological or
clinical subgroups.

The sample-size ranges proposed in Box 2 should be interpreted as planning ranges for
diagnostic-accuracy validation rather than definitive trial-power calculations. In diagnostic-
test studies, sample size depends on expected disease prevalence, target sensitivity and
specificity, acceptable confidence-interval width or lower confidence limit, anticipated
missingness, and planned subgroup analyses. Final protocols should therefore perform for-
mal diagnostic-accuracy sample-size calculations tailored to the candidate assay, intended
clinical role, and validation setting [159,167,168].

5.3. Handling Hormonal and Cycle-Phase Confounding in Omics Validation

Hormonal treatment and menstrual cycle phase are recurrent sources of variability
in endometriosis omics studies, particularly for circulating miRNAs, endometrial tissue
markers, and other cycle-sensitive analytes [49,66,82,164,165,169]. Their handling should
depend on the stage and purpose of biomarker development. In early discovery and
analytical-validation studies, restricting sampling to a defined cycle phase and excluding
current hormonal treatment may reduce biological noise and improve detectability of
molecular signals. However, in advanced diagnostic validation and clinical utility studies,
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systematic exclusion of hormonally treated participants can substantially limit generaliz-
ability, because many symptomatic patients are already receiving hormonal therapy when
diagnostic uncertainty arises [9,35,43].

A pragmatic validation strategy should therefore include hormonally treated partici-
pants in advanced validation cohorts when clinically relevant, document treatment class,
duration, adherence, and time since last dose, and prespecify stratified and sensitivity
analyses by hormonal-treatment status and cycle phase. For cycle-sensitive analytes, stan-
dardized sampling remains desirable when feasible, but real-world performance should
also be evaluated under less restricted sampling conditions [66,82,83,160]. Conversely, if a
candidate biomarker is proposed to be robust to hormonal treatment or cycle phase, this
claim should be supported by explicit subgroup performance estimates and independent
validation [66,160].

The salivary miRNA validation study provides an important example because saliva
samples were collected irrespective of menstrual cycle phase and hormonal or analgesic
treatment, and hormonally treated participants were included [84,164]. Nevertheless,
unless separate diagnostic-performance estimates are available for treated and untreated
participants, the claim should be phrased cautiously as “reported no apparent influence of
hormonal-treatment status,” rather than as definitive equivalence across treatment strata.

6. Conclusions
6.1. Evidence-Based Summary

This translational assessment applied a four-tier evidence-maturity framework across
omics domains and clinical applications in endometriosis. Despite a large and growing
body of biomarker candidates spanning genomics, epigenomics, transcriptomics, pro-
teomics, metabolomics, microbiome, extracellular vesicle, and multi-omics/Al platforms,
no candidate has yet fulfilled Tier 3 (independent validation) or Tier 4 (clinical utility)
criteria. Salivary miRNA represents the most advanced diagnostic candidate, with promis-
ing advanced Tier 2/Tier 2+ evidence from a multicenter prospective study [65,84], and
Section 5 provides a worked validation framework for its progression to Tier 3. Prognos-
tic, treatment-response, and multi-omics/Al applications remain at Tier 1, constrained
by cross-sectional designs, small cohorts, and absence of patient-level longitudinal vali-
dation [2,20,96]. The gap between discovery volume and validation rigor is the central
translational barrier in the field.

6.2. Implications for Clinical Practice

The current evidence supports omics biomarkers as research instruments that inform
disease biology, trial design, and therapeutic target discovery, rather than as determinants of
patient management. International guidelines recommend systematic symptom assessment
and expert-guided TVUS as the diagnostic foundation, with laparoscopy reserved for
imaging-ambiguous cases or when therapeutic surgical intervention is indicated [8,9]. No
commercially available omics test has established the clinical validation necessary to alter
guideline-based management. If patients provide commercial test results, it is suggested
that clinicians interpret these as exploratory findings that lack demonstrated clinical validity
and should not be used as a standalone basis to modify established treatment plans.

6.3. Priorities for the Field

The validation frameworks proposed in Section 5 define what rigorous Tier 3 evalua-
tion requires for diagnostic applications. Beyond these specific designs, progression from
the current discovery landscape towards clinically actionable tools will require strategic
alignment across several dimensions.
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Population expansion. The current evidence is overwhelmingly derived from European-
ancestry cohorts of reproductive-age women in tertiary surgical settings [2,14,72]. Valida-
tion in understudied groups—adolescents, where early detection may slow disease progres-
sion [14,43]; women with imaging-negative mild disease, where diagnostic uncertainty is
greatest [30,35]; and cohorts with diverse ancestry and geographic backgrounds [1,14]—is
essential for establishing generalizability and addressing health equity gaps.

Prognostic and predictive validation. As we outlined in Sections 3.2 and 3.3, the field
lacks any prospective longitudinal study linking molecular profiles to pain trajectory,
recurrence, or treatment response. The most tractable near-term strategy is embedding
candidate prognostic and predictive markers as companion analyses within ongoing or
planned therapeutic trials, generating paired biomarker—outcome data without requiring
standalone biomarker studies [9,35].

Infrastructure and standards. Progress toward higher-tier validation would be accel-
erated by multicenter consortia that pair standardized phenotyping with harmonized
sampling and shared biorepositories. Building on established infrastructures such as
EPHect [98,170], these collaborations can help deliver the sample sizes and cross-site repro-
ducibility that are difficult for individual centers to achieve consistently [12,57]. In parallel,
routine alignment with STARD and TRIPOD reporting standards would make studies
more interpretable and comparable across settings [6,7]; journals and funders can further
support this by encouraging explicit reporting of validation tier in abstracts to strengthen
evidence synthesis and reduce ambiguity in translational claims.

Temporal expectations. A pragmatic way to frame timelines is as a staged set of achiev-
able milestones rather than fixed predictions. Over the near term, a reasonable objective
is completion of Tier 3 independent validation for most advanced candidates, alongside
initiation of adjunctive biomarker studies in imaging-negative populations. Over the
medium term, the field can aim to advance successful candidates into Tier 4 clinical utility
trials and to begin establishing prognostic tools through biomarker-stratified therapeutic
trials. Over the longer term, integrating validated molecular profiles with imaging and
clinical features for personalized detection, prognosis, and treatment selection remains
a credible direction, but it is likely to depend on sustained prioritization of validation
rigor, particularly independent replication and clinically anchored study designs, over
exploratory novelty across the next decade. Until that evidentiary threshold is reached,
clinical decision-making can continue to be anchored in evidence-based pathways reflected
in contemporary international guidelines.
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TRIPOD Transparent Reporting of a multivariable prediction model for Individual Prognosis
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STARD Standards for Reporting Diagnostic Accuracy Studies

Al Artificial Intelligence
AUC Area Under the Receiver Operating Characteristic Curve
DIE Deep Infiltrating Endometriosis

ESHRE European Society of Human Reproduction and Embryology
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GC-MS Gas Chromatography—Mass Spectrometry

GWAS Genome-Wide Association Study
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MISEV Minimal Information for Studies of Extracellular Vesicles
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ML Machine Learning

MRI Magnetic Resonance Imaging
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NPV Negative Predictive Value

OMA Ovarian Endometrioma

PPV Positive Predictive Value
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TVUS Transvaginal Ultrasound
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