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INTRODUCTION
Pleural mesothelioma (PM) is a rare and aggressive 
malignancy arising from the mesothelial cells of the 
pleura, strongly associated with previous occupa-
tional or environmental exposure to asbestos. The 
long latency between exposure and clinical onset, 
often spanning decades, means that PM incidence 
will remain substantial for years despite the pro-
gressive ban on asbestos in many countries (1-3). 
Its clinical presentation is insidious and non-spe-
cific, frequently mimicking other pleuropulmonary 
conditions, which delays diagnosis and results in 
many patients presenting at an advanced stage (4, 
5). Adequate tissue sampling and specialized his-
topathological and molecular characterization are 
essential to confirm the diagnosis and histological 
subtype, both of which carry major prognostic and 
therapeutic weight (4).
The therapeutic landscape has moved from a period 
in which single-modality treatment was uniformly 
disappointing towards multimodal strategies com-
bining surgery, systemic therapy and radiotherapy, 
with the more recent addition of immunotherapy 
(6, 7). This evolution, together with the need to cor-
rectly allocate patients to active treatment or sup-
portive care based on age, performance status and 
physiological reserve, is why international guidelines 
consistently recommend that every patient with PM 

be evaluated by a multidisciplinary team with spe-
cific expertise in mesothelioma (4, 5, 8). In Italy, the 
National Mesothelioma Registry (ReNaM) has sys-
tematically documented asbestos exposure and 
mesothelioma incidence, underscoring the contin-
ued public health relevance of the disease (3). The 
multidisciplinary approach is increasingly trans-
lated into clinical practice through diagnostic and 
therapeutic care pathways (PDTAs), which repre-
sent essential organizational tools for coordinat-
ing the management of patients with PM. By defin-
ing roles, responsibilities, organizational structures, 
and timelines across the entire care pathway, PDTAs 
promote multidisciplinary integration, ensure conti-
nuity of care between hospital and community set-
tings, and support the delivery of timely, appropri-
ate, and high-quality care. However, because PM-spe-
cific PDTAs have been developed independently by 
individual Italian regions, substantial heterogeneity 
may exist in their structure, content, and implemen-
tation, potentially leading to interregional variabil-
ity in patient management.
Since 2024, the PNC SINTESI project has been under-
way in Italy. It is a national program involving 14 Ital-
ian regions, guided by Puglia region, funded by the 
Italian Ministry of Health to establish a permanent 
health surveillance system in the Italian National Pri-
ority Contaminated Sites (Siti di Interesse Nazionale, 
SINs), with the aim of reducing the health burden 
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associated with environmental pollution and social 
inequalities through targeted primary and second-
ary prevention strategies. Within this program, a 
specific objective focuses on PM and aims to define 
the minimum requirements that diagnostic, thera-
peutic, and care pathways (PDTAs) for mesotheli-
oma should meet across all Italian regions.
The present study was conducted within this frame-
work. We systematically reviewed and compared the 
regional PDTAs for PM currently available in Italy 
and used them as the basis for a structured discus-
sion within the project working group. This process 
enabled the identification and critical appraisal of the 
key organizational and clinical domains that should 
be addressed by any mesothelioma PDTA, with the 
aim of defining a shared set of minimum require-
ments and proposing a harmonized, reproducible, 
and adaptable framework to support regional imple-
mentation, reduce interregional variability, and serve 
as a methodological reference for regional oncol-
ogy networks.

A SURVEY-AND CONSENSUS-
BASED COMPARISON ACROSS 
EIGHT ITALIAN REGIONS
The study was conducted between February 2025 
and April 2026 within the PNC SINTESI project. The 
overall objective of this initiative was to define a 
shared set of minimum organizational and clini-
cal standards that every regional PM PDTA should 
meet. Specifically, the proposed framework aims 
to reduce diagnostic and treatment waiting times 
through the definition of regional standards; stan-
dardize therapeutic pathways; improve patient infor-
mation, communication, and shared decision-mak-
ing; ensure access to rehabilitation and psycholog-
ical support; promote the systematic assessment 
of occupational and environmental asbestos expo-
sure; facilitate case reporting to the Regional Meso-
thelioma Registries (CORs) and occupational dis-
ease notification procedures; support the imple-
mentation of clinical and translational research 
programs; optimize and continuously monitor the 
quality of care through the definition of process 
and outcome indicators and the development of a 
structured data collection and analysis system; and 
establish a national repository to evaluate health 
impact, monitor adherence to quality standards, 
and support epidemiological, preventive, transla-
tional, and clinical research.

A dedicated working group was established, involv-
ing representatives from 8 of the 14 Italian regions 
participating in the project: Emilia-Romagna, Friuli 
Venezia Giulia, Marche, Piemonte, Puglia, Sardegna, 
Sicilia, and Toscana. Each participating region sub-
sequently established a dedicated regional work-
ing group, in collaboration with its Regional Oncol-
ogy Network, involving the professionals consid-
ered most relevant to the organization and deliv-
ery of malignant PM care within the regional health-
care system.
As a first step, a structured questionnaire was devel-
oped and distributed to all participating regions to 
perform a comprehensive assessment of the regional 
organization of PM care. The survey collected infor-
mation on the annual number of PM cases, the pres-
ence major asbestos-related industrial exposure 
sources, the availability of regional PM PDTA, desig-
nated referral centers, the availability of specialized 
services (medical oncology, pulmonology, thoracic 
surgery, radiation oncology, pathology, and nuclear 
medicine), supportive care resources (including pal-
liative care and psychological support), access to 
clinical trials, and the main organizational and clin-
ical challenges identified in each region.
For regions with a PM PDTA formally approved by 
the Regional Oncology Network, additional informa-
tion was collected on the date of the most recent 
update, case notification procedures, entry points 
to the care pathway, the inclusion of diagnostic and 
therapeutic standards, and the use of process and 
outcome indicators for pathway monitoring and 
evaluation.
A nationwide survey was subsequently conducted 
to identify the existence of additional regional PM 
PDTAs in Italian regions not participating in the proj-
ect, in order to ensure the most comprehensive 
assessment of the organizational models adopted 
across the country.

TOWARD A SHARED MODEL: THE 
BUILDING BLOCKS WE CONSIDER 
NON-NEGOTIABLE

Organizational and clinical domains of the 
care pathway
The comparative analysis of the available regional 
PM PDTAs enabled the identification of the main 
organizational and clinical domains of the care path-
way. Based on these findings, a structured set of 
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questions was developed to guide the discussions 
within each regional working group. The question-
naire explored the following domains: governance 
of the regional PDTA; composition of the multidis-
ciplinary team and involvement of additional spe-
cialists according to clinical needs; eligibility criteria 
and entry points to the care pathway; organization 
of the hub-and-spoke network, including criteria for 
the identification and roles of first-level (spoke) and 
second-level (hub) centers; access to clinical trials; 
and process indicators for monitoring pathway imple-
mentation. The responses from each regional work-
ing group were registered in an appropriate data-
base and subsequently discussed during 4 plenary 
meetings of the regional working groups to reach 
consensus on the minimum organizational and clin-
ical requirements for regional PM PDTAs.
Finally, the results of the consensus process were 
synthesized into a shared reference document defin-
ing the key organizational and clinical elements that 
every regional PM PDTA should include.

Standardizing the route to multidisciplinary 
discussion
Among the eight participating regions, three had a 
PM PDTA formally approved by their Regional Oncol-
ogy Network: Piemonte, Emilia-Romagna, and Sicilia. 

A fourth regional PM PDTA, from Campania, was iden-
tified through the subsequent nationwide survey 
and was also included in the comparative analysis.
Based on the findings of the initial structured ques-
tionnaire, the comparative analysis of the four avail-
able regional PM PDTAs, and the consensus reached 
on the structured questions, the following key ele-
ments of the care pathway were identified.
The definition of a regional PM PDTA should be 
entrusted to a multidisciplinary working group com-
prising, at a minimum, medical oncologists, thoracic 
surgeons, pulmonologists, radiologists, pathologists, 
radiation oncologists, nurse case managers, pallia-
tive care specialists, physiatrists/rehabilitation med-
icine specialists, occupational physicians, psycholo-
gists, dietitians or nutritionists, representatives of 
the Regional Mesothelioma Registry (COR/ReNaM), 
and accredited patient and former asbestos-ex-
posed workers’ associations.
The multidisciplinary team (MDT) responsible for 
defining the most appropriate pathway for each 
patient should consist of a core team, whose mem-
bers should participate routinely in case discussions, 
and an extended team, whose members should be 
involved according to the patient’s specific clinical 
needs (Figure 1). At a minimum, the core team should 
include medical oncologists, thoracic surgeons, pul-

Figure 1. Mandatory sequential requirements (“gates”) within the pleural mesothelioma diagnostic-therapeutic pathway (PDTA). Clinical/
radiological suspicion leads to two parallel, mandatory diagnostic requirements – staging by contrast-enhanced computed tomography (CT) 
and biopsy by video-assisted thoracoscopy (VATS) – both of which must be completed before multidisciplinary discussion. Multidisciplinary 
discussion additionally requires attendance of all core team members (CORE). Both the surgical decision and the therapeutic proposal are 
gated by mandatory prior multidisciplinary discussion, for every case.
CORE: core multidisciplinary team members (medical oncologist, thoracic surgeon, pulmonologist, radiologist, pathologist, radiation 
oncologist, palliative care specialist, nurse case manager); CT: computed tomography; MDT: multidisciplinary team; VATS: video-assisted 
thoracoscopic surgery.
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monologists, radiologists, pathologists, radiation 
oncologists, palliative care specialists, and a nurse 
case manager. The extended team should include, 
as appropriate, nuclear medicine physicians, hospi-
tal pharmacists, physiatrists and physiotherapists, 
psychologists, clinical geneticists, molecular biolo-
gists, and dietitians or nutritionists. The nurse case 
manager should coordinate the patient’s pathway, 
facilitate communication among team members, 
and ensure continuity of care throughout the diag-
nostic, therapeutic, and follow-up phases.
The main clinical criteria warranting referral to the 
PM PDTA include recurrent unilateral pleural effu-
sion, pleural effusion in individuals with a history of 
asbestos exposure, pleural effusion associated with 
pleural thickening, and isolated pleural thickening.
Each regional PM PDTA should clearly define the 
referral entry point to the pathway, identifying the 
healthcare professionals and healthcare facilities 
responsible for patient referral, as well as the pro-
cedures for patient enrolment and care coordina-
tion following entry into the pathway.
The timelines for every phase of the diagnostic path-
way should define the recommended. These should 
include the initial diagnostic work-up following clin-
ical and/or radiological suspicion, the staging path-
way and the healthcare professionals responsible 
for its completion, the recommended biopsy proce-
dures, and the pathological assessment, including 
specimen requirements, diagnostic criteria, immu-
nohistochemical analyses, and classification accord-
ing to the current WHO classification. The pathway 
should also specify the procedures for obtaining a 
second pathological opinion in diagnostically chal-
lenging cases or when the diagnosis is established in 
low-volume centers, together with predefined report-
ing timelines. In addition, mandatory and optional 
imaging investigations (e.g. contrast-enhanced CT, 
MRI, and 18F-FDG PET/CT) should be clearly identi-
fied, together with their indications within the diag-
nostic algorithm.
Each regional PM PDTA should adopt a hub-and-
spoke organizational model. allowing the coordi-
nation of local care pathways with referral centers 
providing specialized expertise for complex cases. 
This organizational approach is in line with the prin-
ciples of the European Reference Networks (ERNs) 
and may facilitate future integration within the Ital-
ian National Rare Cancer Network (Rete Nazionale 
Tumori Rari, RNTR). Where the Regional Oncology 
Network has not already formally identified referral 
centers, the PDTA should explicitly define the crite-

ria for the designation of first-level (spoke) and sec-
ond-level (hub) centers, together with their respec-
tive roles and responsibilities. The criteria proposed 
by the working group and agreed upon through the 
consensus process are summarized below.
First-level (spoke) centers should include a dedi-
cated multidisciplinary team for thoracic malignan-
cies with access to thoracic surgery expertise and 
should ensure timely diagnostic work-up, staging, 
and delivery of standard treatments. Their respon-
sibilities should include patient referral and enrol-
ment, diagnostic investigations (including imaging 
and pathology), case notification to the Regional 
Mesothelioma Registry (COR/ReNaM), provision of 
standard systemic therapies, palliative care, reha-
bilitation, nutritional and psychosocial support, and 
integration with the regional network through tele-
medicine where available.
Second-level (hub) centers should provide all the 
functions of spoke centers and additionally guar-
antee access to highly specialized procedures and 
treatments. These should include invasive diagnos-
tic procedures performed by specialized pulmon-
ology, thoracic surgery, or interventional radiology 
teams; molecular pathology; pleurectomy/decorti-
cation (P/D), performed in centers with dedicated 
thoracic surgery units and appropriate expertise 
according to current evidence; multimodal radio-
therapy; access to experimental therapies and clin-
ical trials; and coordination of the multidisciplinary 
management of complex cases.
Each regional PDTA should identify the designated 
hub centers in agreement with the Regional Oncol-
ogy Network. In regions where one or more hub func-
tions are unavailable, formal interregional referral 
pathways should be established to ensure equita-
ble access to specialized care.
In organizational terms, Level I (spoke) centers were 
responsible for diagnostic testing, pathological diag-
nosis, medico-legal requirements, reporting to the 
COR, imaging-based staging, psychosocial support, 
conventional therapies, palliative care, nutritional 
support, and physical rehabilitation. By contrast, 
Level II (hub) centers were responsible for inva-
sive diagnostic procedures, molecular biology and 
advanced diagnostic testing, surgery requiring spe-
cialized expertise, radiotherapy within multimodal 
treatment strategies, and experimental therapies 
not available at Level I centers.
The patient management and all major therapeutic 
decisions must be discussed and agreed upon by 
the multidisciplinary team. Therapeutic strategies 
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should be defined according to histological sub-
type and disease stage, in accordance with the most 
recent national and international clinical guidelines, 
and should include specific recommendations for 
selected patient subgroups, such as frail and older 
patients, individuals with hereditary cancer predis-
position. The PDTA should also provide clear recom-
mendations for post-treatment follow-up, includ-
ing the modalities and timing of clinical and instru-
mental surveillance. Simultaneous supportive care 
should be integrated throughout the entire patient 
journey, ensuring early involvement of palliative 
care specialists as members of the core multidisci-
plinary team, together with access to rehabilitation, 
psychological and nutritional support, specialized 
nursing care, and continuity of care between hos-
pital and community services.
Whenever available, patients should be offered par-
ticipation in clinical trials, with Regional Oncology 
Networks serving as the reference point for infor-
mation and access to ongoing studies; coordination 
among regional networks and the development of 
a shared national platform for clinical trial referral 
should be encouraged.

A research infrastructure built into the 
pathway, not bolted on
We also think a PDTA should do more than organize 
clinical care: it should generate the data needed 
to improve it. Each regional PDTA should promote 
the prospective collection of standardized clinical 
data through a shared electronic dataset, including 
patient characteristics, treatment information, and 
survival outcomes, with harmonized data collection 
across regions and integration with national collabo-

rative initiatives such as MET.I (Mesothelioma Team 
Italy). In parallel, the PDTA should encourage the 
systematic collection of archival tissue and biological 
specimens and identify dedicated regional biobanks 
or referral centers responsible for their collection, 
processing, storage, and management according 
to standardized procedures. Clinical, pathological, 
and biological data should be prospectively linked 
through appropriate data set, thereby establishing 
a comprehensive infrastructure to support epide-
miological, translational, and clinical research, as 
well as the development and validation of novel 
diagnostic and therapeutic strategies.

Measuring what matters: core process 
indicators
To enable the monitoring and evaluation of pathway 
performance, a core set of process indicators was 
identified and agreed upon by the working group. 
These indicators include: the proportion of newly 
diagnosed PM cases reported to the Regional Meso-
thelioma Registry (COR/ReNaM) (target: 100%); the 
proportion of patients undergoing diagnostic and/
or staging thoracoscopic biopsy according to the 
recommendations of the multidisciplinary team 
(target: ≥ 90%); the proportion of patients receiv-
ing multidisciplinary evaluation within 30 days of 
histological diagnosis and disease staging (target: 
≥ 90%); the proportion of patients starting medical 
treatment within 30 days of multidisciplinary dis-
cussion (target: 100%); the proportion of patients 
undergoing surgery following preoperative multi-
disciplinary assessment (target: 100%); and the pro-
portion of patients referred to palliative care within 
the last six months of life (target: ≥ 90%) (Table 1).

Table 1. Core process indicators proposed for monitoring the regional pleural mesothelioma (PM) diagnostic and therapeutic care pathway (PDTA).

PATHWAY DOMAIN PROCESS INDICATOR TARGET

Case registration Proportion of newly diagnosed PM cases reported  
to the Regional Mesothelioma Registry (COR/ReNaM) 100%

Diagnostic work-up Proportion of patients undergoing diagnostic and/or staging thoracoscopic 
biopsy according to multidisciplinary team recommendations ≥ 90%

Multidisciplinary 
evaluation

Proportion of patients receiving multidisciplinary evaluation  
within 30 days of histological diagnosis and disease staging ≥ 90%

Medical treatment Proportion of patients starting medical treatment  
within 30 days of multidisciplinary discussion 100%

Surgical treatment Proportion of patients undergoing surgery  
following preoperative multidisciplinary assessment 100%

Palliative care Proportion of patients referred to palliative care within the last six months of life ≥ 90%

COR/ReNaM: Regional Mesothelioma Registry / National Mesothelioma Registry; MDT: multidisciplinary team; PM: pleural mesothelioma.
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LIMITATIONS AND A PATH 
FORWARD
The present study should be interpreted in light of 
its methodological characteristics. Our proposal is 
based on the comparative analysis of four formally 
approved regional PM PDTAs and on a structured 
consensus process involving representatives from 
eight Italian regions. As such, it represents a con-
sensus-based organizational framework derived 
from existing regional PDTAs rather than an evalu-
ation of clinical outcomes or pathway effectiveness, 
and it does not assess the extent to which regional 
pathways are implemented in routine clinical prac-
tice. Furthermore, the proposed process indicators 
have not yet been prospectively validated and should 
therefore be considered an initial point for quality 
assessment, to be refined and validated through 
future implementation studies. Finally, not all Italian 
regions were represented, although the four regional 
PDTAs included in the comparative analysis cover 
geographically diverse areas of the country (North-
West, North-East, Central, and Southern Italy), pro-
viding a broad overview of the organizational mod-
els currently adopted and supporting the develop-
ment of a framework with potential national appli-
cability. Despite these limitations, this study pro-
vides, to our knowledge, the first national consen-
sus-based framework defining the minimum orga-
nizational and clinical requirements for regional PM 
diagnostic, therapeutic, and care pathways in Italy. 
By establishing a shared set of minimum standards, 
it offers a practical methodological reference to sup-
port the harmonization of regional care pathways, 
reduce unwarranted variability in patient manage-
ment, and provide a foundation for future evalua-
tion of pathway quality and outcomes.
Our comparative analysis of four Italian regional 
PDTAs for PM identified a shared core of essential 
multidisciplinary professionals, a consistent hub-
and-spoke organizational architecture, and a set of 
six reproducible process indicators. These conver-
gent elements provide the basis for a harmonized, 
regionally adaptable model of care for this rare and 
complex malignancy.
In this context, the PDTA represents a structured 
organizational framework for the diagnosis, treat-
ment, and supportive care of patients with PM, devel-
oped on the basis of the best available evidence and 
designed to ensure coordinated, timely, and con-
tinuous care across hospital and community set-
tings while taking into account the available human 

and technical resources. Given the complexity of 
PM management, clearly defined responsibilities, 
referral pathways, and timelines are essential to 
improve coordination, appropriateness, and effi-
ciency of care. Evidence on clinical pathways sup-
ports their role in improving professional practice, 
enhancing care coordination, and reducing unwar-
ranted variability in healthcare delivery (9). Multi-
disciplinary management and effective integration 
between hospital- and community-based services 
represent the fundamental principles underpinning 
high-quality PM care.
Given the complexity of PM management and the 
need to ensure efficient use of healthcare resources, 
it is essential to distinguish between professionals 
who should routinely participate in the multidisci-
plinary management of all patients and those whose 
involvement should be tailored to specific clinical 
needs. Consistent with current international recom-
mendations (4, 10), the core multidisciplinary team 
should include, at a minimum, a medical oncolo-
gist, thoracic surgeon, pulmonologist, radiologist, 
pathologist, radiation oncologist, palliative care spe-
cialist, and nurse case manager. Additional special-
ists, including nuclear medicine physicians, occupa-
tional physicians, rehabilitation specialists, psychol-
ogists, dietitians or nutritionists, clinical geneticists, 
molecular biologists, hospital pharmacists, and other 
organ-specific specialists, should be involved when-
ever clinically indicated. This organizational model 
allows multidisciplinary expertise to be integrated in 
a flexible and sustainable manner, improving coordi-
nation, facilitating timely decision-making, and pro-
moting greater consistency in patient management 
across different healthcare settings.
The hub-and-spoke model represents a key com-
ponent of regional PM PDTAs, balancing equitable 
access to care with the concentration of specialized 
expertise (11). For this model to be effective, Regional 
Oncology Networks should play a central role in for-
mally identifying and accrediting Level I (spoke) and 
Level II (hub) centers, clearly defining their respec-
tive functions and responsibilities according to avail-
able expertise, case volume, and available facili-
ties. This represents a crucial effort to ensure that 
patients are managed within an integrated regional 
network and have equitable access to optimal multi-
disciplinary care, regardless of where they first enter 
the healthcare system. Such an organization is par-
ticularly important in PM, where optimal outcomes 
depend on the strategy defined at diagnosis in expe-
rienced centers capable of delivering complex mul-
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timodal management, and it may also facilitate the 
timely referral of eligible patients to clinical trials.
Process indicators are practical tools for assessing 
the efficiency and effectiveness of pathway activi-
ties over time and for supporting continuous qual-
ity improvement. To be useful, these indicators 
should be reproducible, measurable, and adapt-
able across different healthcare settings. Their rou-
tine application enables the evaluation of pathway 
implementation, facilitates benchmarking across 
settings, and supports evidence-based refinement 
of clinical practice.
PM is a highly challenging malignancy to manage. 
Owing to its frequently advanced stage at diagnosis, 
treatment is curative in only a minority of patients 
and, in most cases, is primarily aimed at prolonging 
survival while maintaining disease control, alleviating 
symptoms, and preserving quality of life. Through-
out the course of the disease, patients experience 
one of the highest symptom burdens among thoracic 
malignancies, with pain, dyspnea, fatigue, anorexia, 
and psychological distress often occurring simulta-
neously and significantly impairing daily function-
ing. These characteristics make PM an ideal setting 
for the early integration of palliative care along-
side active therapies, according to the principles of 
simultaneous care. The World Health Organization 
defines palliative care as “an approach that improves 
the quality of life of patients and their families facing 
the problems associated with life-threatening illness, 
through the prevention and relief of suffering by means 
of early identification and impeccable assessment and 
treatment of pain and other physical, psychosocial, and 
spiritual problems” (12). In patients with advanced 
cancer, early integration of palliative care has con-
sistently been associated with less aggressive end-
of-life care, better symptom control, improved qual-
ity of life, and greater patient and caregiver satis-
faction (13, 14). A potential survival benefit has also 
been reported, most notably in patients with met-
astatic non–small-cell lung cancer (15). Although 
comparable prospective evidence is currently lack-
ing in PM, the disease’s clinical characteristics and 
substantial supportive care need provide a compel-
ling rationale for integrating palliative care from the 
time of diagnosis.
Despite these considerations, palliative care remains 
underutilized in patients with PM and is frequently 
introduced only in the final stages of the disease. 
In a retrospective study, Baird et al. reported that 
although referrals to palliative care services had 
increased over time, more than half of patients 

with PM still did not receive specialist palliative 
care despite their limited life expectancy (16). These 
findings highlight the persistent gap between evi-
dence-based recommendations and clinical prac-
tice, emphasizing the need for structured multi-
disciplinary care pathways that facilitate the timely 
incorporation of palliative care throughout the dis-
ease trajectory.
Accordingly, in the proposed pathway, palliative care 
should be introduced early and delivered concur-
rently with disease-directed treatment as an integral 
component of comprehensive patient management 
rather than being reserved for end-of-life care. Early 
access to psychological support should likewise be 
ensured to address the significant emotional and 
psychosocial burden experienced by both patients 
and their caregivers. In addition, collaboration with 
patient and volunteer associations may further 
strengthen supportive care by helping identify unmet 
needs, facilitating communication between patients, 
families, and healthcare professionals, and promot-
ing a more patient-centered approach throughout 
the care pathway. The active involvement of accred-
ited patient associations should also be pursued 
in PM PDTAs. This recommendation is supported 
by the recent Italian State-Regions Agreement of 4 
December 2024 on the participation of non-profit 
organizations in Regional Oncology Networks, which 
formally recognizes their role in organizational and 
clinical decision-making, the development and revi-
sion of oncology care pathways, patient advocacy, 
health promotion and research, and the evaluation 
of patient experience and healthcare quality.
This work demonstrates that defining a structured, 
multidisciplinary PDTA for PM, based on a clearly 
identified core multidisciplinary team, a well-de-
fined hub-and-spoke model, mandatory multidis-
ciplinary case discussion, shared process indica-
tors, integrated clinical and biological data collec-
tion, and early integration of psychological and sup-
portive/palliative care, is both feasible and neces-
sary to promote equitable, high-quality care. Future 
efforts should focus on prospectively validating the 
proposed quality indicators, extending the consen-
sus process to all Italian regions, and implementing 
a national infrastructure linking clinical, pathological, 
and biological data to support quality assessment, 
outcome evaluation, and epidemiological, transla-
tional, and clinical research. Although developed 
within the Italian healthcare system, the framework 
proposed in this study provides a practical reference 
for the harmonization of regional PM care pathways 



Vol. 6(3), 126-135, 2026

134

and may represent a useful model for other coun-
tries seeking to reduce organizational variability in 
the management of this rare and complex disease. 
The framework may represent a useful reference for 
the development of the Italian National Rare Cancer 
Network (Rete Nazionale Tumori Rari, RNTR) and for 
the alignment of regional PM care pathways with 
the European Reference Networks (ERNs) model for 
rare and complex diseases.
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INTRODUCTION
Recalcitrant tumors constitute a highly aggressive 
and challenging category of neoplasms, charac-
terized by their plasticity, which enables them to 
develop novel mechanisms and adopt phenotypes 
that confer resistance to conventional therapies. The 
overall 5-year survival rate for patients with recalci-
trant tumors is less than 20% (1-5). Although these 
tumors account for approximately 20-25% of annual 
cancer diagnoses globally, they are responsible for 
nearly half of all cancer-related deaths (6). Pancre-
atic ductal adenocarcinoma (PDAC), small cell lung 

cancer (SCLC), glioblastoma (GBM), hepatocellular 
carcinoma (HCC), cholangiocarcinoma (CCA), and 
esophageal cancers are classified as recalcitrant 
tumors and represent the most lethal tumor types. 
Despite originating in different organs and being 
driven by distinct genetic alterations, these neo-
plasms share several common characteristics: 1) a 
high risk associated with unhealthy lifestyles, such 
as smoking, alcohol consumption, and obesity; 2) 
nonspecific and silent symptoms; 3) a lack of mark-
ers and diagnostic techniques for early detection of 
the disease; and 4) an absence of specific molecu-
lar targets (Figure 1).
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LIFESTYLE AND RECALCITRANT 
CANCERS
Smoking and obesity are significant shared risk fac-
tors for various recalcitrant cancers because of their 
contribution to chronic inflammation, metabolic 
alteration, and DNA damage (7, 8). Obesity exacer-
bates cancer development and progression via sev-
eral mechanisms. The rapid expansion of adipose 
tissue is not supported by adequate vasculariza-
tion, leading to hypoxia, adipocyte death, and mac-
rophage recruitment.
These immune cells release proinflammatory cyto-
kines, establishing chronic inflammation, generat-
ing oxidative stress, and increasing the risk of DNA 
damage and oncogenic mutations (9, 10). Obesity-in-
duced insulin resistance and hyperinsulinemia result 
in elevated IGF-1 levels and activation of the pro-on-
cogenic PI3K/Akt/mTOR signaling pathway, promot-
ing the proliferation of transformed cells. Excess 
adipose tissue supports tumor growth by releasing 
fatty acids that serve as substrates for beta-oxida-
tion, increase reactive oxygen species production, 

and providing intermediate metabolites essential 
for proinflammatory factor synthesis while reduc-
ing precursors of anti-inflammatory factors. Addi-
tionally, obesity-induced metabolic changes lead to 
hormonal imbalances and altered adipokine synthe-
sis, characterized by the overproduction of leptin, 
which promotes cell division and tumor survival, and 
a deficiency of adiponectin, a hormone with antitu-
mor and anti-inflammatory properties, further exac-
erbating inflammation (11). Chronic inflammation, 
hormonal dysregulation, and lipid overload con-
tribute to the expansion and maintenance of can-
cer stem cells (CSCs) (12).
Tobacco primarily contributes to cancer develop-
ment by inducing loss-of-function mutations in tumor 
suppressor genes and gain-of-function mutations 
in oncogenes. These genes are crucial for regulat-
ing cell growth and maintaining genomic stability. 
These mutations compromise the mechanisms that 
regulate cellular proliferation, facilitating the initia-
tion and progression of malignancy. Chemical com-
pounds in tobacco smoke, such as polycyclic aro-
matic hydrocarbons and nitrosamines, form DNA 

Figure 1. Risk factors driving the onset and progression of recalcitrant tumors.
Schematic overview of the principal contributing factors.
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adducts that cause replication errors, increasing 
the likelihood of mutations in genes critical for cell 
cycle control and apoptosis (13).
Smoking and obesity are significant independent 
risk factors for PDAC (7, 8). Tobacco smoke pro-
motes PDAC onset by inducing KRAS mutations and 
HDAC4 expression, thereby enhancing tumor inva-
sion and metastasis (14). Visceral adipose tissue (VAT) 
and intrapancreatic fat deposition (IPFD) exceeding 
10% are associated with PDAC as both risk prognos-
tic factors, promoting cancer cell proliferation and 
immune evasion through chronic inflammation, 
cytokine release, extracellular vesicles (EVs), insu-
lin resistance, and hyperinsulinemia, which drive 
pancreatic cancer initiation and progression (15-17). 
Both smoking and obesity often accelerate carcino-
genesis, with the risk of pancreatic cancer in current 
smokers with a body mass index (BMI) ≥ 30 kg/m2 
being up to five-fold higher (18).
Smoking is the leading risk factor for SCLC, with 
95-98% of cases occurring in current or former smok-
ers, whereas never-smokers account for approxi-
mately 2% of cases (19, 20). In SCLC, tobacco carcin-
ogens cause inactivating mutations in TP53 and RB1 
(13, 21), whereas nicotine promotes progression and 
migration through activation of the CXCR4/CXCL12 
pathway (22).
Obesity (BMI ≥ 30 kg/m2) and high-fat diets are linked 
to aggressive GBM, reduced survival, and higher 
disease risk, especially in patients with abdomi-
nal obesity (23, 24). Excess adipose tissue supplies 
substrates for membrane synthesis and ATP pro-
duction via beta oxidation. Cholesterol-rich macro-
phages promote tumor growth and suppress local 
immunity (25). High-fat diets reduce brain hydro-
gen sulfide (H2S) production, fostering tumor growth 
and enriching cancer stem cells (26). Additionally, 
upregulation of the fat mass and obesity-associ-
ated (FTO) gene, a brain-expressed demethylase, 
supports GBM progression and therapeutic resis-
tance through metabolic reprogramming and m6A 
RNA/DNA demethylation (27).
Obese individuals have an 89% higher risk of HCC 
than those of normal weight. Adult weight gain leads 
to nonalcoholic steatohepatitis (NASH), character-
ized by remodeling of the liver microenvironment, 
which predisposes individuals to HCC. The accu-
mulation of lipids, chronic inflammation mediated 
by interleukin-6 (IL-6) and tumor necrosis factor-al-
pha (TNF-α), and insulin resistance collectively pro-
mote HCC development by exacerbating oxidative 
stress and DNA damage (28). Additionally, smok-

ing increases the risk of HCC by 21-86%, with obe-
sity further amplifying this effect (29).
Obesity doubles the risk of intrahepatic cholangio-
carcinoma (ICC) and increases the risk of extrahe-
patic cholangiocarcinoma (ECC) by 1.3-fold (30). Smok-
ing is a moderate risk factor, increasing the risk by 
40-100% depending on the biliary site. Tobacco car-
cinogens, after hepatic metabolism and biliary excre-
tion, damage bile duct epithelial cells, facilitate gall-
stone formation, and induce chronic inflammation 
of the biliary epithelium by modulating adipokine 
levels, specifically increasing leptin and decreasing 
adiponectin (31).
Obesity is the primary risk factor for esophageal 
adenocarcinoma and is linked to gastroesophageal 
reflux disease (GERD). Increased abdominal pres-
sure promotes GERD, leading to Barrett's esopha-
gus, a precancerous condition. Systemic inflamma-
tion and insulin dysregulation independently activate 
oncogenic pathways, contributing to carcinogenesis 
(32). Smoking increases the risk of squamous cell 
carcinoma and adenocarcinoma by inducing genetic 
mutations in the esophageal mucosa (33).
In contrast, physical activity (PA) lowers cancer risk 
in the general population and is incorporated into 
programs aimed at preventing second primary can-
cers. For patients undergoing tumor treatment, PA 
enhances the quality of life by reducing chemo-
therapy side effects, sarcopenia, and cancer recur-
rence, while improving fitness and providing emo-
tional and psychological benefits (34). The mecha-
nisms, optimal levels, and effective doses of PA in 
oncology remain unclear; however, exercise modu-
lates key GBM progression pathways, including the 
RTK/PI3K/Akt/mTOR signaling, angiogenesis, and 
metabolic reprogramming pathways. Additionally, 
PA promotes cytotoxic T cell and natural killer (NK) 
cell infiltration while reducing immunosuppressive 
cells such as Tregs and MDSCs (35).

THE SILENT SYMPTOMATOLOGY 
OF RECALCITRANT CANCER
Recalcitrant tumors are often asymptomatic or pres-
ent with nonspecific symptoms during their early 
stages, complicating early detection and diagnosis. 
These subtle and often vague signs are frequently 
misinterpreted as benign or transient conditions, 
leading to delays in patients seeking medical atten-
tion and, consequently, in diagnosis. The nonspecific 
nature of early symptoms results in many patients 
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remaining asymptomatic or experiencing mild dis-
comfort that does not immediately raise concern, 
thereby allowing the disease to progress unnoticed.
For instance, PDAC typically manifests with insidious 
symptoms that may develop intermittently over sev-
eral years before a formal diagnosis is made. This 
delayed presentation is partly attributed to the pan-
creas’s retroperitoneal anatomical location, which 
limits early symptom development, and the current 
lack of specific early biomarkers for PDAC, making 
screening and early detection particularly challeng-
ing (36). Similarly, SCLC is often called a “silent” dis-
ease because its early respiratory symptoms – such 
as coughing, wheezing, or chest discomfort – are 
nonspecific. These symptoms are easily attributed 
to common respiratory infections or chronic con-
ditions, which contribute to delayed diagnosis and 
treatment initiation (37). GBM also frequently man-
ifests with early-stage symptoms that are subtle 
and nonspecific, including mild headaches, fatigue, 
and cognitive alterations, which are often errone-
ously attributed to stress, general fatigue, or other 
benign neurological conditions. The brain’s excep-
tional capacity to adapt and compensate for slowly 
progressive tumor growth can obscure these initial 
indicators, thereby further impeding prompt diagno-
sis (38). In the case of HCC and CCA, the early stages 
are typically asymptomatic or present with vague sys-
temic symptoms such as fatigue, decreased appe-
tite, or weight loss (39, 40). In esophageal cancers, 
initial symptoms such as intermittent dysphagia, 
heartburn, hoarseness, cough, and weight loss may 
be easily mistaken for benign gastrointestinal dis-
orders, including GERD or esophageal irritation (41).
Overall, the common thread among these malig-
nancies is the predominance of silent or nonspe-
cific clinical presentations during their early stages 
of development. This shared characteristic under-
scores the critical need for heightened clinical vigi-
lance, improved screening strategies, and the devel-
opment of more sensitive and specific biomarkers 
to facilitate early detection and improve patient 
outcomes.

THE CHALLENGE OF EARLY 
DIAGNOSIS
Approximately one-third of patients with recalcitrant 
tumors are diagnosed incidentally during emer-
gency hospital admissions, often at an advanced 
stage due to the nonspecific nature of the symp-

toms. Early detection is especially difficult because 
of the lack of specific biomarkers and challenges in 
identifying precursor or premalignant lesions using 
routine clinical imaging.
High-grade pancreatic intraepithelial neoplasia 
(PanIN), an early precursor lesion, is mainly detected 
via histopathology, as conventional imaging and 
biomarkers such as CA19-9 lack specificity for early 
malignant changes (36). SCLC diagnosis relies on 
minimally invasive sampling, such as bronchos-
copy or fine-needle aspiration, often yielding small 
specimens that are extensively necrotic, which may 
lead to misdiagnosis and erroneous identification 
as treatable neoplasms. Unlike non-small cell lung 
cancer, no early detection biomarkers exist for SCLC, 
and computed tomography (CT) scans may miss 
small lesions or fail to distinguish them from other 
conditions (37). Early GBM detection is challenging 
because of tumor infiltration into normal brain tis-
sue and the limited permeability of contrast agents 
across the blood-brain barrier. Consequently, mag-
netic resonance imaging (MRI) cannot reliably differ-
entiate between low-grade and atypical GBM forms. 
Molecular heterogeneity within GBM tumors compli-
cates early detection, as no single biomarker reliably 
indicates initial-stage disease, hindering the identi-
fication of universal markers (38). Pre-HCC lesions 
under 10 mm are often undetectable by MRI or CT 
and may mimic regenerative nodules in cirrhotic 
livers. Biomarkers such as alpha-fetoprotein (AFP) 
show low sensitivity for detecting small HCC (40). Pre-
neoplastic biliary lesions, such as biliary intraepithe-
lial neoplasia (BilIN) and intraductal papillary neo-
plasms of the bile duct (IPNB), resemble inflamma-
tory changes and are difficult to detect because of 
their location. Brush cytology during endoscopic ret-
rograde cholangiopancreatography (ERCP) has low 
sensitivity (< 50%) because desmoplastic tumors 
yield limited amounts of tissue. Serum markers, 
such as CA19-9, lack specificity because their lev-
els increase with benign biliary inflammation (39). 
Early esophageal tumors may be missed by conven-
tional endoscopy, requiring advanced imaging such 
as Lugol's iodine chromoendoscopy for precancer-
ous lesion identification (41) (Table 1). The potential 
of liquid biopsy combined with multiomic technol-
ogies offers a promising approach for early detec-
tion of tumors that evade traditional screening. Liq-
uid biopsy analyzes tumor-derived components in 
bodily fluids, such as circulating tumor DNA (ctDNA), 
circulating tumor cells (CTCs), exosomes, and EVs. 
While widely used in advanced cancer management, 
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Table 1. Major diagnostic challenges and current biomarker approaches across recalcitrant tumors.

TUMOR TYPE MAIN DIAGNOSTIC 
CHALLENGES

LIMITATIONS 
OF CURRENT 
IMAGING OR 
SAMPLING

CURRENT 
BIOMARKERS 

OR DIAGNOSTIC 
ADJUNCTS

KEY UNRESOLVED 
NEEDS

Pancreatic ductal 
adenocarcinoma 

(PDAC)

Nonspecific and 
intermittent 
symptoms; 

retroperitoneal 
location; precursor 
PanIN lesions are 

predominantly 
microscopic.

Standard imaging 
does not reliably 

identify high-grade 
PanIN or very 

small early lesions.

CA19-9 has 
insufficient 

specificity to 
distinguish 

benign pancreatic 
disease from early 

malignancy and 
limited value for 
early detection.

Prospective validation 
in high-risk cohorts; 
discrimination from 

pancreatitis and other 
benign conditions; 
standardized pre-

analytical and 
analytical workflows.

Small-cell lung cancer 
(SCLC)

Bronchoscopic or fine-
needle specimens may 

be small or necrotic; 
histologic overlap 

with carcinoid tumors, 
basaloid squamous-

cell carcinoma, 
and lymphoma 
may complicate 

classification.

CT may miss small 
early-stage lesions 

and may not 
reliably distinguish 
malignancy from 

other thoracic 
conditions.

No established 
biomarker is 
available for 

population-level 
early detection.

Validation in limited-
stage disease; 

distinction from other 
lung neoplasms; 
reproducibility 

across cohorts and 
sequencing platforms.

Glioblastoma (GBM)

Infiltrative growth, 
marked intratumoral 
heterogeneity, and 

radiologic overlap with 
abscess, tumefactive 

demyelination, or 
stroke impede early 

recognition.

MRI is the standard 
modality but 

may not reliably 
distinguish early 

or atypical lesions; 
the blood-brain 

barrier limits 
contrast-agent 
effectiveness.

No universal 
circulating 

biomarker is 
established for 
early detection.

A sufficiently sensitive 
noninvasive assay; 

differentiation from 
benign neurologic 
conditions; tumor-
specific validation 
of plasma versus 

cerebrospinal-fluid 
approaches.

Hepatocellular 
carcinoma (HCC)

Small dysplastic 
nodules in cirrhotic 
livers may resemble 

regenerative nodules 
and lack the vascular 
features of overt HCC.

MRI and CT 
frequently fail to 

detect nodules <10 
mm; 20-30% may 

remain undetected. 
Biopsy of small 

lesions in cirrhotic 
liver is technically 

difficult.

Alpha-fetoprotein 
(AFP) has low 
sensitivity for 

small or early HCC.

Discrimination of 
early HCC from 

cirrhosis, dysplasia, 
and inflammation; 
clinically validated 

thresholds; 
longitudinal 

surveillance studies.

Cholangiocarcinoma 
(CCA)

BilIN and intraductal 
papillary neoplasms 

may resemble 
inflammatory biliary 

changes; deep-seated 
and desmoplastic 

lesions yield limited 
cellular material.

ERCP brush 
cytology has low 

sensitivity (<50%); 
MRI/MRCP may not 
reliably distinguish 
early intrahepatic 
CCA from benign 

lesions or 
metastases.

CA19-9 has limited 
sensitivity for 

early disease and 
may be elevated 
in benign biliary 

inflammation; no 
reliable blood-

based screening 
test is established.

Reliable distinction 
between malignant 

and benign 
biliary strictures; 
validation in high-
risk populations; 

standardization by 
anatomical subtype.

Esophageal cancer

Early lesions may 
be asymptomatic 

and subtle, delaying 
clinical recognition.

Conventional 
endoscopy 

may miss early 
lesions; enhanced 

endoscopic 
techniques 

are required 
for improved 

visualization of 
precancerous 

changes.

Non valid 
circulating 
biomarker 
is currently 

established for 
early detection.

Separate validation 
for squamous-cell 

carcinoma and 
adenocarcinoma; 

discrimination 
from inflammatory 

or premalignant 
conditions; sensitivity 

in stage I disease.
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its early diagnostic application faces several biolog-
ical and technical challenges. Early tumors release 
biomarkers at low levels, making it difficult to distin-
guish cancer-specific signals from those of normal 
cell-free DNA. Integrating molecular data – including 
mutation analysis, DNA methylation, early-stage pro-
teins and enzymatic biomarkers, and lipid changes 

– may help overcome some of these limitations and 
detect molecular signals before tumors are visible 
on imaging (42, 43).

THERAPEUTIC FAILURE IN 
RECALCITRANT TUMORS
At the molecular level, these tumors exhibit alter-
ations in MYC or RAS oncogenes. RAS mutations are 
present in PDAC tumors in 90-95% of cases and in 
CCA in 7-25% of cases (44, 45). In contrast, RAS is 
overexpressed either directly through genetic alter-
ations or indirectly through the activation of other 
pathways, such as EGFR and MET, in HCC, GBM, and 
esophageal cancer (46). MYC is overexpressed in 
42% of PDAC cases, 50% of SCLC cases, 30-70% of 
HCC cases, 60-80% of GBM, and 20-25% of esoph-
ageal cancer cases (47-51). Oncogene activation is 
often associated with mutations in tumor suppres-
sor genes, including TP53 and CDKN2A. TP53 muta-
tions occur in 75-80% of PDAC cases, 90% of SCLC 
cases, 20-50% of HCC cases, 30-35% of GBM cases, 
10-50% of CCA cases, and 72-80% of esophageal can-
cer cases (52-57). Deletion or mutation of CDKN2a 
is observed in 60-95% of PDAC tumors, 60% of GBM 
cases, 6-30% of HCC cases, 15-30% of CCA cases, and 
12-25% of esophageal cancers (58-62). Hyperactiva-
tion of MYC and RAS, coupled with the inactivation 
of TP53 and CDKN2A, confers stemness character-
istics to cells and induces metabolic reprogram-
ming, epigenetic remodeling, and genetic instability 
(Figure 2). This cellular transformation influences 
the tumor microenvironment by promoting phe-
notypic reprogramming through cytokines, growth 
factors, and cell-cell interactions, thereby establish-
ing an immunosuppressive milieu that facilitates 
immune evasion.

THE CHALLENGE OF 
UNDRUGGABLE PROTEINS
MYC inhibitors face significant clinical challenges due 
to the absence of a conventional binding site, ren-

dering them “undruggable” by standard small-mol-
ecule drugs. Unlike other enzymes, MYC does not 
possess a deep “pocket” that accommodates drug 
binding. Additionally, high-molecular-weight drugs 
have difficulty accessing the nucleus. Although 
numerous candidates have demonstrated promis-
ing in vitro binding affinities, they have failed clin-
ically because of off-target effects and poor selec-
tivity. Given that MYC regulates essential processes 
in healthy cells, such as proliferation and metabo-
lism, its complete inhibition results in severe side 
effects (63).
The failure of RAS inhibitors in clinical trials is 
attributed to the complex biology of the protein, 
including the absence of binding pockets, high 
GTP/GDP affinity, and tumor adaptation through 
alternative pathways. While early farnesyltrans-
ferase inhibitors were unsuccessful due to iso-
form resistance, contemporary KRAS G12C inhibi-
tors face challenges with resistance mechanisms, 
such as mutations, bypass pathway activation, and 
tumor rewiring, necessitating combination thera-
pies for durable responses. Because RAS signal-
ing is required for proliferation and survival in nor-
mal cells, complete inhibition can damage healthy 
tissues. Efforts to target downstream RAS signals 
have often failed due to side effects in normal tis-
sues and feedback mechanisms that require intol-
erable doses (64). Pharmaceutical research has 
advanced with the development of next-genera-
tion anti-RAS agents, such as daraxonrasib, which 
significantly improves outcomes in patients with 
pancreatic cancer. In the phase 3 RASolute 302 
trial, daraxonrasib approximately doubled median 
overall survival rate (65). Daraxonrasib inhibits 
RAS in its active, GTP-bound state, overcoming 
the limitations of earlier inhibitors that targeted 
the inactive [RAS(OFF)] form. Daraxonrasib func-
tions as a pan-RAS inhibitor, effectively targeting 
a broad spectrum of activating mutations beyond 
the KRAS G12C specificity of previous drugs. More-
over, it forms a complex with cyclophilin A, which 
binds RAS with high affinity, resulting in sustained 
protein inactivation (65).
Owing to the challenges in directly targeting RAS 
and MYC, research has shifted toward developing 
molecules that modulate the downstream pathways 
affected by these oncogenes and tumor suppres-
sors (TP53, CDKN2A), including cell cycle regulation, 
genomic stability, DNA damage response, epigen-
etic remodeling, metabolism, immune modulation, 
and extracellular matrix composition.
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LIMITATIONS OF CONVENTIONAL 
THERAPIES IN RECALCITRANT 
TUMORS

CDK inhibitors
The ineffectiveness of Cyclin-Dependent Kinase (CDK) 
inhibitors, particularly CDK4/6 inhibitors such as 
palbociclib, ribociclib, and abemaciclib, in the treat-
ment of resistant tumors poses a substantial chal-
lenge in the field of oncology. The limited efficacy 
of CDK inhibitors is largely attributable to mecha-
nisms of intrinsic and acquired resistance.

Clinical trials of CDK4/6 inhibitors, such as palbo-
ciclib, in resistant PDAC have yielded limited suc-
cess as stand-alone therapies. This limitation is 
attributed to the rapid emergence of adaptive resis-
tance mechanisms. PDAC cells bypass CDK4/6 inhi-
bition by elevating cyclin D1 and E levels and acti-
vating alternative pathways, notably the PI3K/mTOR 
and MEK pathways. Clinical trials have revealed that 
although palbociclib inhibits tumor proliferation, 
it simultaneously enhances metastasis and inva-
sion by inducing epithelial-to-mesenchymal tran-
sition (EMT). Furthermore, trials with nonspecific 
CDK inhibitors, including CDK9 inhibitors, flavopiri-

Figure 2. Molecular and microenvironmental alteration in recalcitrant tumors and their potential therapeutic targeting.
(A) Mutations in oncogenes and tumor suppressor genes are prevalent in recalcitrant tumors. (B) CDK inhibitors restrict cell-cycle progression 
in recalcitrant tumors. (C) Recalcitrant tumors enhance DDR expression to prevent replication fork stalling and promote tumor cell proliferation. 
(D) Recalcitrant tumors evade immune recognition by recruiting immunosuppressive cells, which, in collaboration with cancer cells, induce 
exhaustion in effector CD8 T cells through the expression of immune checkpoint proteins. Inhibiting the DDR pathway with inhibitors targeting 
WEE1, ATM, and ATR can enhance the efficacy of immune checkpoint inhibitors by stalling replication fork and activating the cGAS-STING-
mediated interferon pathway through the release of cytosolic DNA. (E) Cancer cells remodel the tumor microenvironment and foster an 
immunosuppressive, tumor-supportive environment by employing the following strategies: a) nutrient deprivation leading to exhaustion 
of effector T cells and natural killer cells; b) increasing glycolytic metabolism and lactate production, which induces immunosuppressive 
M2 TAM polarization and Treg differentiation and proliferation; c) CD39 convert ATP/ADP to AMP, whereas CD37 convert AMP to adenosine, 
promoting Treg expansion and T cell exhaustion; d) reprogramming cancer-associated fibroblasts (CAFs) to release amino acids (alanine 
and aspartate) to support tumor growth in a hypoxic environment, provide lipid-derived energy substrates, and promote Treg and TAM 
expansion. (F) Recalcitrant tumors reprogram CAFs to synthesize and release more extracellular matrix and lysyl oxidase (LOX), which 
crosslinks collagen and elastin, creating a stiff barrier that impedes lymphocyte infiltration into the tumor.



Vol. 6(3), 136-160, 2026

143

dol, and dinaciclib, have shown unacceptable tox-
icity and poor efficacy (66).
In SCLC, CDK inhibitors have yielded mixed results, 
with earlier generations proving ineffective in 
addressing relapsed or resistant cases. Initial “pan-
CDK” inhibitors, such as flavopiridol and roscovitine, 
failed in clinical trials due to toxicity and insuffi-
cient specificity. Although trilaciclib has demon-
strated efficacy in mitigating chemotherapy-induced 
myelosuppression, its effectiveness as an antican-
cer agent is constrained because its function is to 
protect healthy bone marrow rather than to tar-
get resistant tumors. Recent CDK9 inhibitors, such 
as KB-0742, have shown preclinical potential by 
targeting transcriptional mechanisms, offering an 
approach to overcome resistance beyond cell cycle 
regulation (67).
The use of CDK inhibitors in GBM treatment poses 
a significant therapeutic challenge. Although alter-
ations in the CDK4/6-Rb axis occur in 80% of cases, 
outcomes remain suboptimal because of limited BBB 
penetration and drug resistance. Current efforts are 
focused on molecules with superior pharmacokinetic 
profiles and combination therapies to overcome 
resistance. Zotiraciclib (TG02), an oral multi-CDK 
inhibitor targeting CDK9 and reducing the expres-
sion or levels of c-MYC and MCL-1, is being assessed 
in phase Ib trials (NCT03224104) alongside temozolo-
mide or radiotherapy, following limited efficacy as 
a monotherapy in recurrent GBM (PFS-6 of 6.7%). 
Abemaciclib, known for its superior BBB permea-
bility, is being evaluated in clinical trials for patients 
exhibiting alterations in the Rb pathway. AU3-14, a 
novel CDK4/6 inhibitor with high brain penetration, 
delays resistance to temozolomide (TMZ) in preclin-
ical models. AT7519, a selective inhibitor of CDK1, 2, 
4, 6, and 9, induces apoptosis, pyroptosis, and cell 
cycle arrest in human GBM cells, as demonstrated 
in preclinical studies (68-70).
Clinical trials assessing the efficacy of CDK inhibitors 
as standalone treatments for advanced HCC have 
encountered notable obstacles. Despite promising 
results in preclinical studies, clinical trials of palboci-
clib have faced challenges owing to the emergence 
of compensatory pathways and resistance mecha-
nisms. Notably, trials NCT04162301 and NCT02255461 
were either discontinued or demonstrated lim-
ited efficacy when CDK4/6 inhibitors were used as 
monotherapies, as their cytostatic action was insuf-
ficient to combat aggressive tumors. Resistance 
arises from the activation of alternative pathways, 
such as PI3K/mTOR and MAPK, enabling tumors to 

bypass CDK4/6 inhibitor-induced cell cycle arrest 
(71) (Table 2).
In cases of recalcitrant CCA, the efficacy of sin-
gle-agent CDK4/6 inhibitors, such as palbociclib, 
is limited in both clinical and preclinical settings. 
These inhibitors have been observed to upregu-
late cIAP1/2 (Cellular Inhibitor of Apoptosis Proteins) 
through NF-κB signaling pathways, thereby protect-
ing tumor cells against apoptosis. Although these 
inhibitors induce temporary G0/G1 cell cycle arrest, 
tumors frequently circumvent this blockade, result-
ing in disease progression and the development of 
treatment resistance (72, 73) (Table 2).
Clinical trials investigating the use of CDK4/6 inhibi-
tors as monotherapy for refractory esophageal can-
cer have demonstrated suboptimal outcomes. A sig-
nificant number of upper gastrointestinal carcino-
mas exhibit intrinsic resistance attributed to cyclin E 
overexpression, which facilitates cell cycle progres-
sion despite CDK4/6 inhibition. Due to the limited 
clinical efficacy observed, plans to extend phase II 
trials for agents such as ribociclib in this context 
were discontinued (74) (Table 2).

Replication stress response (RSR) inhibitors
Replication stress (RS), resulting from the stalling or 
collapse of replication forks, is a hallmark of thera-
py-resistant cancers, including SCLC and pancreatic 
cancer. These tumors rely on the replication stress 
response (RSR), mediated by the ATR-CHK1 axis, to 
mitigate RS, prevent mitotic entry, and promote sur-
vival. Oncogene-driven RS, caused by MYC amplifica-
tion or loss of TP53 and RB1, exacerbates replication 
stress, increasing the risk of fork collapse into lethal 
double-strand breaks (DSBs). Therapeutic inhibition 
of RSR components ATR, CHK1, and WEE1 induces 
replication catastrophe, which is a promising strat-
egy for selectively targeting these malignancies (75).
RSR inhibitors targeting ATR, WEE1, and CHK1 have 
emerged as promising therapeutic agents for PDAC, 
a cancer characterized by replication stress, KRAS 
mutations, and genomic instability (76-79). However, 
clinical trials have faced setbacks due to acquired 
drug resistance. Early trials combining CHK1 or ATR 
inhibitors with chemotherapy frequently resulted 
in dose-limiting toxicity (80-82). Consequently, the 
research focus is shifting toward combining these 
inhibitors with ICIs, as RSR defects can induce cyto-
solic DNA accumulation, thereby activating immune 
responses via the cGAS-STING pathway (83). Ongo-
ing studies, including trial NCT06015659, are eval-
uating the WEE1 inhibitor azenosertib in combina-
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tion with gemcitabine, alongside the identification 
of biomarkers that predict therapeutic response 
(84) (Table 2).
ATR inhibitors, such as berzosertib, show poten-
tial in treating SCLC because of the cancer's depen-
dence on DNA repair mechanisms for rapid cell 
proliferation. Nevertheless, clinical trials address-
ing the recalcitrant nature of SCLC face significant 
challenges, including limited therapeutic responses, 
toxicity, and the development of resistance. Notably, 
clinical trials targeting RSR in SCLC have faced set-
backs, as exemplified by the termination of a Phase 
II trial for berzosertib (M6620/VX-970) (85, 86). Fur-
thermore, the ineffectiveness of prexasertib in treat-
ing SCLC was corroborated by the Phase II study 
NCT02735980 (87). Despite preclinical evidence 
suggesting that SCLC is an optimal target for these 
interventions, the clinical outcomes have been dis-
appointing (Table 2).

GBM resistance to standard therapies is driven by 
glioma stem cells (GSCs) experiencing replication 
stress from transcription-replication collisions in long 
neural genes, which activate the ATR-CHK1 pathway, 
stabilizing replication forks and preventing genomic 
instability, enabling tumor survival against chemo-
therapy and radiotherapy (88). Targeting the RSR 
pathway is a promising approach to overcome drug 
resistance, with ATR inhibitors (AZD6738, M6620) 
being evaluated to sensitize GBM to radiotherapy 
and PARP inhibitors (89, 90). A Phase I trial is assess-
ing the CHK1/CHK2 inhibitor triapine with radiother-
apy in recurrent GBM (NCT06860594). Additionally, 
the antisense oligonucleotide TUG1-DDS, which 
targets the long noncoding RNA (lncRNA) Taurine 
Upregulated Gene 1 (TUG1), induces R-loop accumu-
lation and DNA damage, suppressing tumor growth 
preclinically and supporting future clinical develop-
ment (91) (Table 2).

Table 2. Selected clinical trials and therapeutic strategies in recalcitrant tumors.

TUMOR 
TYPE

THERAPEUTIC 
STRATEGY

AGENT(S) / 
REGIMEN

TRIAL 
IDENTIFIER PHASE MAIN MESSAGE (REVISED)

PDAC CDK inhibition Palbociclib Not specified Not 
specified

CDK4/6 inhibition showed 
limited clinical activity as 
monotherapy, consistent 

with rapid adaptive bypass 
signaling and lack of 

durable disease control in 
PDAC.

PDAC RSR inhibition Azenosertib + 
gemcitabine NCT06015659 Phase II

This trial reflects a 
biomarker-oriented 
strategy to exploit 

replication stress in second-
line advanced PDAC, but 
efficacy remains under 

investigation.

PDAC ICI + DDR/RSR 
targeting

PARP inhibitor 
+ PD-1/PD-L1 

blockade

NCT04548752; 
NCT04493060; 
NCT03330405

Not 
consistently 

specified

These studies test 
whether DDR-targeted 
therapy can increase 

tumor immunogenicity 
and sensitize selected 

PDAC subsets, particularly 
BRCA-mutated or platinum-

sensitive disease, to 
immunotherapy.

PDAC TME/adenosine 
axis

Quemliclustat + 
etrumadenant 
+ SBRT-based 
neoadjuvant 

therapy

NCT06048484 
(AIRPanc) Phase II

This study evaluates 
whether adenosine-
pathway blockade 
plus radiotherapy 

and immunotherapy 
can remodel the 

immunosuppressive PDAC 
microenvironment in 

surgically eligible disease.

(Continued on next page)
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TUMOR 
TYPE

THERAPEUTIC 
STRATEGY

AGENT(S) / 
REGIMEN

TRIAL 
IDENTIFIER PHASE MAIN MESSAGE (REVISED)

PDAC TME/CXCL12 
axis

NOX-A12 
(olaptesed pegol) + 

pembrolizumab
NCT03168139 Phase I/II

This trial investigates 
stromal chemokine 

blockade as a strategy 
to improve immune-cell 
trafficking and overcome 
CAF-mediated immune 

exclusion.

PDAC Autophagy 
inhibition

Hydroxychloroquine 
+ gemcitabine/nab-

paclitaxel
NCT01978184 Phase II

This randomized trial tested 
autophagy inhibition as a 
metabolic vulnerability in 
resectable PDAC; clinical 
benefit appears modest 

and insufficient to establish 
HCQ as an effective 
standard strategy.

SCLC CDK/DDR 
interface Trilaciclib

Not an 
antitumor 

efficacy trial in 
this context

Approved 
supportive-

care use

Trilaciclib should not 
be framed as an active 
antitumor strategy; its 
clinical value in SCLC is 

myelopreservation during 
chemotherapy rather than 

direct tumor control.

SCLC RSR inhibition Prexasertib 
(LY2606368) NCT02735980 Phase II

Prexasertib monotherapy 
showed limited efficacy 
in extensive-stage SCLC 
despite strong biological 

rationale, underscoring the 
gap between replication-
stress dependency and 

clinical benefit.

SCLC DDR inhibition Berzosertib + 
topotecan

DDRiver SCLC 
250 Phase II

The combination 
represents an attempt 

to potentiate topotecan 
through ATR inhibition in 
platinum-resistant SCLC, 

but available evidence 
remains preliminary and 

does not yet support 
practice change.

SCLC ICI + PARP 
inhibition

Olaparib + 
durvalumab MEDIOLA Phase I/II

The regimen was tolerable 
but did not achieve the 

desired level of antitumor 
activity, highlighting the 

need for biomarker-guided 
combination strategies in 

relapsed SCLC.

SCLC
CHK1 

inhibition + 
immunotherapy

Prexasertib + anti-
PD-L1 NCT03495323

Early-phase/
clinical 

exploration

This program is hypothesis-
generating and should be 
described as translation 

of strong preclinical 
synergy into early clinical 
testing, not as evidence of 

established efficacy.

GBM Multi-CDK 
inhibition Zotiraciclib (TG02) NCT03224104

Phase Ib / 
early clinical 

program

Zotiraciclib-based regimens 
illustrate continued 

interest in transcriptional 
CDK targeting in GBM, 
but clinical activity to 

date remains limited and 
investigational.

(Continued from previous page)

(Continued on next page)
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TUMOR 
TYPE

THERAPEUTIC 
STRATEGY

AGENT(S) / 
REGIMEN

TRIAL 
IDENTIFIER PHASE MAIN MESSAGE (REVISED)

GBM RSR inhibition Triapine + 
radiotherapy NCT06860594 Phase I

This first-in-human 
combination explores 

whether checkpoint kinase 
inhibition can radiosensitize 

recurrent glioblastoma 
while remaining tolerable in 

the CNS setting.

GBM PARP inhibition
Talazoparib + 

chemotherapy  
(TAC-GReD)

NCT04740190 Early-phase 
trial

This trial targets DDR-
deficient recurrent high-

grade glioma, testing 
whether PARP inhibition 
can exploit molecularly 

defined DNA-repair 
vulnerability.

GBM ICI Nivolumab-based 
programs Not specified Phase III

Large randomized trials 
of checkpoint blockade in 

GBM failed to demonstrate 
meaningful survival 

improvement, reinforcing 
the immune-cold biology of 
this disease and the need 
for rational combinations.

HCC CDK4/6 
inhibition Palbociclib NCT04162301; 

NCT02255461 Early-phase

Clinical development 
of CDK4/6 inhibition 
in advanced HCC has 
been constrained by 
limited efficacy and 

pathway compensation, 
indicating that cytostatic 

monotherapy is unlikely to 
be sufficient.

HCC RSR inhibition
WEE1/CHK1 

pathway-targeted 
regimens

NCT04158336 Ongoing 
clinical trial

This trial exemplifies the 
strategy of leveraging 

high replication stress in 
HCC, but outcome data 
remain immature and 

should be presented as 
investigational.

CCA/BTC RSR inhibition
ATR/CHK1/WEE1/

PARP-targeted 
programs

NCT04298021; 
NCT03878095; 
NCT02576444

Early-phase 
trials

These studies collectively 
reflect an exploratory 

DDR-targeting approach in 
biliary tract malignancies, 
especially in genomically 

selected or treatment-
refractory settings.

CCA/BTC PARP inhibition Olaparib NCT04042831 Phase II

The manuscript should 
correct the registry number 
to NCT04042831; this phase 
II study evaluates olaparib 
in metastatic biliary tract 
cancer with DNA-repair 

alterations.

CCA/BTC ICI + 
chemotherapy

Durvalumab + 
gemcitabine/

cisplatin
Not specified Phase III

TOPAZ-1 established 
chemo-immunotherapy 
as a clinically meaningful 

standard in advanced 
biliary tract cancer, 

although absolute survival 
gains remain modest 

and resistance remains 
common.

(Continued from previous page)

(Continued on next page)
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Tumors exhibiting a “High Replication Stress” profile, 
such as HCC, are associated with poorer survival out-
comes but demonstrate increased sensitivity to ther-
apies targeting the ATR-CHK1-WEE1 pathway (92-94). 
Agents such as ceralasertib (AZD6738) and elimus-
ertib (BAY1895344) are currently being evaluated in 
early phase clinical trials for advanced solid tumors, 
including those resistant to standard treatments (95, 
96). Preclinical studies have shown that ATR inhi-
bition in high-risk HCC suppresses tumor progres-
sion and modulates antitumor immune response 
(92). Inhibitors of WEE1 and CHK1 induce mitotic 
catastrophe in cancer cells, further supporting their 
therapeutic potential. Ongoing trials (NCT04158336) 
are investigating these agents as monotherapies or 

in combination with chemotherapy and immune 
checkpoint inhibitors to exploit high replication 
stress (97, 98). Additionally, research is progress-
ing toward integrating RSR inhibitors with radio-
therapy or immunotherapy to reverse the immu-
nosuppressive tumor microenvironment charac-
teristics of resistant HCC.
In CCA, ongoing clinical trials are investigating inhib-
itors of RSR proteins, including ATR, CHK1, WEE1, 
and PARP as potential strategies (NCT04298021, 
NCT03878095, NCT02576444) (99). Of particular inter-
est, the PARP inhibitor olaparib is currently under 
evaluation in Phase II clinical trials (NCT04042831) 
for metastatic biliary tract cancer characterized by 
mutations in DNA repair genes (Table 2).

TUMOR 
TYPE

THERAPEUTIC 
STRATEGY

AGENT(S) / 
REGIMEN

TRIAL 
IDENTIFIER PHASE MAIN MESSAGE (REVISED)

CCA/BTC ICI-based 
combination

Nivolumab + 
gemcitabine/
cisplatin or 

nivolumab + 
ipilimumab

Not specified Randomized 
Phase II

BilT-01 supports continued 
evaluation of immune-
based combinations in 

untreated advanced biliary 
cancer, but its results 

should be interpreted as 
signal-seeking rather than 

definitive practice-changing 
evidence.

Esophageal 
cancer

CDK4/6 
inhibition Palbociclib

Phase II trial 
in advanced 

esophageal or 
gastric cancer

Phase II

Palbociclib monotherapy 
showed limited efficacy 

in upper gastrointestinal 
cancers, consistent with 
intrinsic cell-cycle bypass 

mechanisms such as cyclin 
E upregulation.

Esophageal 
cancer ICI Nivolumab vs 

chemotherapy ATTRACTION-3 Phase III

ATTRACTION-3 
demonstrated an overall 

survival advantage 
for nivolumab over 

chemotherapy in previously 
treated advanced 

esophageal squamous 
cell carcinoma, validating 

immune checkpoint 
blockade in a subset of 

patients.

Esophageal 
cancer ICI Pembrolizumab vs 

chemotherapy KEYNOTE-181 Phase III

KEYNOTE-181 showed 
that benefit from 
pembrolizumab is 

concentrated in biomarker-
enriched populations, 

supporting patient selection 
rather than indiscriminate 

monotherapy use.

PDAC: pancreatic ductal adenocarcinoma; SCLC: small-cell lung cancer; GBM: glioblastoma; HCC: hepatocellular carcinoma; CCA/BTC: 
cholangiocarcinoma/biliary tract cancer; RSR: replication stress response; DDR: DNA damage response; ICI: immune checkpoint inhibitor; 
TME: tumor microenvironment.

(Continued from previous page)
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Gastroesophageal adenocarcinomas with high chro-
mosomal instability and TP53 mutations in 72-90% 
of cases are particularly sensitive to CHK1 inhibitors 
(100). Clinical trials have indicated that the combina-
tion of these inhibitors with chemotherapy enhances 
therapeutic efficacy. The ATR inhibitor VX-970 (ber-
zosertib) sensitizes esophageal cancer cells to che-
motherapy and radiotherapy in preclinical models 
(101). Other ATR inhibitors, including ceralasertib and 
elimusertib (BAY 1895344), are under clinical evalu-
ation for advanced solid tumors with DNA damage 
response defects (102, 103) (Table 2).

Immune checkpoint inhibitors
Many recalcitrant tumors exhibit an immunolog-
ically “cold” phenotype with low T-cell infiltration 
and abundant immunosuppressive cells, facilitating 
immune evasion and resistance to immunotherapy. 
Evaluating immune checkpoints remains crucial for 
developing combination therapies to convert cold 
tumors into “hot” tumors.
PDAC is characterized by a dense stroma, known as a 
desmoplastic reaction, which prevents immune cells 
from accessing the cancer cells. The tumor microen-
vironment (TME) contains immunosuppressive cells, 
including myeloid-derived suppressor cells (MDSCs), 
tumor-associated macrophages (TAMs), and regu-
latory T cells (Tregs), which inhibit cytotoxic T cell 
infiltration. Dense stroma causes poor vasculariza-
tion, creating a hypoxic and acidic environment that 
kills or exhausts effector T cells (104). PDACs have 
a low-to-intermediate mutational burden, resulting 
in fewer neoantigens and limited immune recogni-
tion (105). Consequently, ICIs show minimal efficacy 
in resistant PDAC and are FDA-approved only for 
patients with microsatellite instability-high (MSI-H) 
or deficient mismatch repair (dMMR) (~0.5-1%) (106). 
Meta-analyses have indicated that combining ICIs 
with chemotherapy provides modest benefits over 
chemotherapy alone (107). Clinical trials are evalu-
ating ICI and RSR inhibitor combinations in resis-
tant PDAC, focusing on PARP and PD-1/PD-L1 inhib-
itors in BRCA-mutated or platinum-sensitive cases 
(NCT04548752, NCT04493060, and NCT03330405). 
The Phase II POLAR study assessed ATR inhibitors 
to counteract PARP inhibitor resistance linked to 
ATR/CHK1 pathway hyperactivation (108) (Table 2).
Despite a high tumor mutational burden from 
smoking-induced DNA damage, SCLC exhibits an 
immune-cold microenvironment with low immune 
infiltration, enabling immune evasion (109). None-
theless, ICIs have improved treatment efficacy, with 

the Phase III IMpower133 (Atezolizumab) and CAS-
PIAN (Durvalumab) trials demonstrating the effi-
cacy of ICI-chemotherapy combinations in exten-
sive-stage SCLC (110). The MEDIOLA trial of olaparib 
plus durvalumab in relapsed SCLC showed tolera-
bility but failed to meet primary efficacy endpoints, 
underscoring the need for biomarker-based patient 
selection (111). Prexasertib (Chk1 inhibitor) combined 
with anti-PD-L1 induced significant tumor regression 
in SCLC mouse models, achieving complete regres-
sion in up to 60% of cases, prompting early phase 
clinical evaluation (NCT03495323) (112) (Table 2).
GBM is an immunologically cold tumor character-
ized by low T cell infiltration and an immunosuppres-
sive microenvironment driven by M2-type TAMs and 
Tregs. Its low mutational burden contributes to poor 
ICI monotherapy outcomes, as shown in the Check-
Mate 143, 498, and 548 trials (113-116). Additionally, 
the blood-brain barrier restricts the delivery of ther-
apeutic antibodies, further limiting the engagement 
of the immune system. Current approaches focus on 
combination therapies, neoadjuvant use, and novel 
checkpoint targets. RSR defects are emerging bio-
markers for predicting responses. Preclinical stud-
ies are assessing whether ATR inhibitors can pre-
vent radiation-induced CD8+ T-cell depletion and 
target glioma stem cells with high replication stress 
(117, 118). Clinical trials are evaluating PARP inhibitors, 
such as talazoparib, combined with chemotherapy 
in high-grade gliomas (NCT04740190) (119) (Table 2).
Recalcitrant HCC is an immunologically cold tumor 
characterized by poor T cell infiltration, high immu-
nosuppression, and limited responses to ICIs despite 
arising in a chronically inflamed liver. Tumors exploit 
liver immune tolerance by accumulating M2-type 
TAMs, Tregs, and CAFs, which hinder immune cell 
infiltration (120). Many HCCs have few neoantigens, 
rendering them “invisible” to immune recognition 
(121). ICIs have changed HCC treatment, particu-
larly in advanced cases that fail conventional ther-
apies. Although atezolizumab plus bevacizumab is 
the first-line treatment for advanced HCC, ongoing 
trials are exploring combination and neoadjuvant 
therapies to overcome drug resistance (122). Clinical 
trials are evaluating RSR inhibitors in patients with 
advanced HCC. Patients with HBV-associated HCC 
show increased sensitivity to DNA damage, mak-
ing DNA damage repair (DDR) inhibitors suitable 
for immunotherapy in this subpopulation (123). RSR 
inhibitors, including ATR inhibitors ceralasertib and 
berzosertib, combined with anti-PD-1/PD-L1, show 
promise in enhancing T cell activation in preclinical 
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models (102). Prexasertib and adavosertib (WEE1 
inhibitor) have been evaluated in refractory solid 
tumors, showing potential benefits in Phase I trials 
(124, 125) in HCC with genomic signatures of chro-
mosomal instability (CIN).
CCA is an immunologically cold tumor character-
ized by poor T cell infiltration, an immunosuppres-
sive microenvironment, desmoplasia, and low anti-
genicity, leading to resistance to standard immuno-
therapy (126). In relapsed or advanced CCA, immune 
checkpoint inhibitors (durvalumab, nivolumab, and 
pembrolizumab) modestly improve overall survival 
compared to gemcitabine/cisplatin chemotherapy 
(1-2 months) (127-130). Combining ICIs with RSR 
inhibitors, including PARP inhibitors (olaparib) and 
ATR inhibitors (camonsertib), is under clinical inves-
tigation to enhance efficacy by targeting DNA repair 
mechanisms, increasing tumor mutational burden, 
and stimulating antitumor immune pathways (NCI-
2020-05323, BIL-PPP) (131). While ICI monotherapy 
shows limited response rates (5-20%), combina-
tion strategies may improve outcomes in resistant 
CCA (Table 2).
Esophageal cancers are immunologically cold, char-
acterized by an immunosuppressive microenvi-
ronment with Tregs and MDSCs and loss of MHC-I 
expression, enabling immune evasion (132). ICIs have 
improved treatment outcomes, with monotherapy 
and combination regimens (ATTRACTION-3, KEY-
NOTE-181) extending survival, although response 
rates remain 10-20% (133, 134). The combination 
of ICIs with RSR inhibitors is being investigated 
to enhance tumor immunogenicity and improve 
durable responses in resistant esophageal cancer 
(Table 2).

Remodeling of TME metabolism
Remodeling TME metabolism is essential for over-
coming resistance in refractory tumors by revers-
ing immunosuppression and inhibiting adaptive sur-
vival mechanisms under hypoxic and nutrient-de-
prived conditions. Tumor cells preferentially con-
sume glucose, glutamine, and amino acids, thereby 
limiting the nutrients required for immune-cell acti-
vation and effector function. Lactic acid accumula-
tion acidifies the TME, impairing the cytotoxic func-
tions of NK cells and T lymphocytes. Extracellular 
ATP released during cellular stress is enzymatically 
converted to immunosuppressive adenosine via 
the action of CD39 and CD73. Under hypoxic con-
ditions, refractory tumors depend on enhanced 
lipid biosynthesis and cholesterol accumulation to 

evade immune surveillance and sustain their pro-
liferation (135).
PDAC cells induce adjacent CAFs to undergo gly-
colysis, producing metabolites such as lactate and 
alanine that support tumor growth. This metabolic 
reprogramming generates a highly acidic and hypoxic 
TME that promotes aggressive tumor phenotypes. 
Fibroblast Activation Protein (FAP)-expressing CAFs 
secrete CXCL12, thereby inhibiting T cell infiltration, 
while inflammatory CAFs (iCAFs) release proinflam-
matory factors that facilitate immune evasion and 
tumor progression (136-138). Several clinical tri-
als have investigated therapies targeting the TME. 
Study NCT06048484 evaluates stereotactic body 
radiation therapy (SBRT) combined with quemli-
clustat, a CD73 inhibitor, and etrumadenant, an 
A2A/B receptor antagonist, aiming to block the ade-
nosine pathway exploited by tumors for immune 
suppression (139). A Phase I/II trial (NCT03168139) 
assessed pembrolizumab in combination with NOX-
A12, a CXCL12 inhibitor, targeting chemokine secre-
tion from FAP-positive CAFs to impede tumor pro-
gression (140). Another trial focused on inhibiting the 
CSF1R/FAK pathway to reprogram MDSCs and TAMs, 
thereby enhancing T cell-mediated tumor eradica-
tion (141). PDAC also depends on macropinocytosis 
and autophagy for survival under nutrient depriva-
tion, making these pathways potential therapeutic 
targets (142). Although hydroxychloroquine (HCQ) 
is the only autophagy inhibitor clinically tested in 
PDAC (NCT01978184), tolerated doses may para-
doxically enhance macropinocytosis, thereby limit-
ing its efficacy (143) (Table 2). Novel macropinocy-
tosis inhibitors, including ivermectin, tyrphostin A9, 
and pyrimethamine, are currently under preclinical 
investigation in combination with autophagy block-
ers (144). Additional preclinical studies are explor-
ing nutrient restriction strategies, such as vitamin 
B6 depletion, to inhibit PDAC growth (145). Despite 
promising preclinical results, translation to human 
trials remains challenging because of stromal het-
erogeneity.
SCLC features a hypoxic environment that drives 
its drug resistance. Hypoxia induces glycolysis, with 
CAFs activating FGF/FGFR signaling to enhance gly-
colysis and lactate production in non-neuroendo-
crine SCLC cells. Targeting monocarboxylate trans-
porters (MCTs) reduce TME acidification and immune 
suppression. FGFR inhibitors are being investigated 
to block FGF-mediated metabolic and phenotypic 
tumor progression (146). SCLC cells have reduced 
levels of n-3 fatty acids in their phospholipids com-
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pared to healthy tissues, contributing to a pro-in-
flammatory TME that promotes tumor progres-
sion. CAF-driven lipid metabolism reprogramming 
creates a fat-rich, immunosuppressive niche that 
supports tumor survival under hypoxia (147). Anti-
gen-presenting CAFs (apCAF) sequester CD8+ T cells 
or induce their differentiation into Tregs, impairing 
cytotoxic responses (148). Inhibition of phospholi-
pase D1 (PLD1), which generates pro-tumor phos-
phatidic acid, reduces lung metastasis and sensi-
tizes chemotherapy-resistant tumors in preclini-
cal models (149).
The GBM TME is an adaptive ecosystem in which CAFs 
drive therapeutic resistance by producing metab-
olites, such as lactate and pyruvate, that promote 
tumor growth. CAFs and GBM-associated mesen-
chymal stem cells (GA-MSCs) enhance GSC stem-
ness and supply amino acids, such as glutamine 
and aspartate, which are vital for tumor biosynthe-
sis under hypoxia (150). Glutaminase inhibitors (e.g., 
CB-839) show limited efficacy because of poor blood-
brain barrier penetration (151, 152). Monocarboxyl-
ate transporter 4 (MCT4) inhibitors offer a promis-
ing strategy for blocking lactate export from CAFs 
and disrupting tumor-stroma metabolic crosstalk 
(153). Emerging therapies aim to reprogram CAFs 
from pro-tumorigenic to tumor-suppressive phe-
notypes, rather than eliminating them, to minimize 
potential harm to healthy tissues (154).
HCC and CCA exhibit an immunosuppressive TME 
driven by nutrient competition, lactate accumulation, 
and hypoxia. CAFs promote metabolic crosstalk that 
supports tumor progression and immune evasion 
by inducing the Warburg effect and producing lac-
tate and metabolites that enhance chemoresistance 
and suppress immunity (155). Metabolic reprogram-
ming of CAFs generates a hypoxic, hypoglycemic, and 
acidic TME that impairs CD8+ T cell functions. CAFs 
increase fatty acid synthase (FASN) expression and 
secrete lipids to fuel HCC cells while supplying glu-
tamine for proliferation and glutathione synthesis 
to reduce oxidative stress (156). Preclinical targeting 
of CAF metabolism reduces tumor burden, normal-
izes vasculature, and enhances CD8+ T cell infiltra-
tion by inhibiting CAF cytokines, fatty acid synthe-
sis, and CD36-mediated lipid uptake (156).
Esophageal cancer cells exhibit high glucose uptake, 
depleting energy sources for effector T cells and 
producing lactate, which acidifies the TME, induc-
ing T cell exhaustion and M2 macrophage polariza-
tion. CAFs enhance lipogenesis and secrete lipids, 
such as lysophosphatidylcholine, supporting tumor 

metabolism via PI3K/AKT pathway activation. The 
metabolic exchange of aspartate and glutamate 
between tumor cells and CAFs sustains prolifer-
ation and redox balance under nutrient scarcity 
(157, 158). Targeting CAF metabolism with phos-
phodiesterase 5 (PDE5) inhibitors, such as silde-
nafil, restricts fibroblast transdifferentiation, sen-
sitizing tumors to chemotherapy (159). Inhibitors 
of FASN and lipid transporter CD36 are also under 
investigation to disrupt CAF-mediated metabolic 
support (160, 161).
Physical activity is a viable strategy for modulating 
the TME in patients with cancer. Tumors resistant 
to ICIs are often characterized by low infiltration of 
antitumor immune cells and an immunosuppres-
sive TME. Exercise enhances immune cell circula-
tion and improves immunosurveillance. Recent 
studies have indicated that physical activity facili-
tates the mobilization and redistribution of immune 
cells into the TME, thereby augmenting antitumor 
immune responses and potentially improving the 
efficacy of ICIs (162).

Softening of the extracellular matrix
Extracellular matrix (ECM) remodeling is a critical 
factor in the progression of recalcitrant tumors, 
particularly solid malignancies such as PDAC and 
GBM. The dense ECM serves as a physical barrier, 
impeding drug delivery and immune cell infiltration 
while simultaneously promoting tumor survival and 
metastasis (163). Current clinical trials are focused 
on “normalizing” the ECM to overcome chemoresis-
tance and enhance immunotherapy efficacy. One 
approach involves the degradation of barrier compo-
nents using enzymes such as pegvorhyaluronidase 
alfa (PEGPH20) to degrade hyaluronic acid or colla-
gen, thereby reducing tumor interstitial pressure 
and facilitating drug delivery (164). Another strategy 
targets the inhibition of remodeling processes, with 
drugs such as pamrevlumab, an antibody targeting 
connective tissue growth factor (CTGF) was evalu-
ated in Phase III trials for unresectable pancreatic 
cancer. The available clinical data did not demon-
strate the expected benefits, suggesting that the pro-
jected therapeutic benefits were not fully achieved 
(165). Additionally, the modulation of matrix stiff-
ness is being investigated through the inhibition of 
lysyl oxidase (LOX) to prevent collagen cross-link-
ing, thus reducing the stiffness that supports tumor 
stem cell survival and metastasis (166). Despite his-
torically disappointing outcomes, new generations 
of integrin inhibitors are being developed to block 
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the interaction between the extracellular matrix and 
surface receptors, thereby disrupting tumor survival 
signaling (167, 168).

CONCLUSIONS
Recalcitrant tumors represent a major challenge 
in oncology because of their resistance to conven-
tional therapies, necessitating a comprehensive 
multidisciplinary approach to improve patient out-
comes. Preventive strategies remain essential, with 
lifestyle modifications – such as abstaining from 
alcohol and tobacco, maintaining a balanced diet, 
and engaging in regular physical activity – serving 
as foundational measures to reduce cancer risk. 
Early detection is equally critical, and advancements 
in liquid biopsy combined with multiomic analy-
ses offer promising avenues for identifying novel 
biomarkers that enable diagnosis at stages when 
therapeutic interventions are more effective. This 
potential for early intervention could significantly 
improve clinical outcomes by facilitating person-
alized treatment strategies tailored to the tumor’s 
molecular profile.
Looking ahead, the future of oncology is centered on 
innovative therapeutic modalities targeting the TME 
and its pro-tumorigenic functions. Emerging phar-
macological strategies, including proteolysis-target-
ing chimera (PROTAC) platforms, chimeric antigen 
receptor T cells (CAR T cells) engineered to recog-
nize tumor-specific antigens, and immune modula-
tion therapies, are anticipated to transform cancer 
treatment. These interventions aim to inhibit tumor 
progression and reprogram the TME to enhance 
antitumor immunity, thereby improving the effi-
cacy of current therapies and patient survival out-
comes. Until these advancements become widely 
accessible, maintaining a healthy lifestyle remains 
an accessible and effective strategy for cancer-risk 
reductions and overall health promotion.
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ABSTRACT: This narrative review addresses how evidence on treatment-related fertility risk, fertility-preservation strategies, inequities 
in access, and post-treatment reproductive outcomes can be integrated into individualized and equitable care for young women 
with breast cancer. Its objective is not to restate existing guideline recommendations, but to identify where their implementation 
fails in routine practice and to synthesize clinically actionable strategies across the care continuum, from diagnosis to survivorship. 
Fertility preservation (FP) has emerged as a critical component of comprehensive care for young women diagnosed with breast 
cancer. Advances in reproductive technologies, including oocyte and embryo cryopreservation, alongside growing evidence on 
ovarian protection strategies and prospective trials such as the POSITIVE (Pregnancy Outcome and Safety of Interrupting Therapy 
for Women with Endocrine-Responsive Breast Cancer) study, have expanded both counseling and reproductive options for survivors. 
Observational data and meta-analyses consistently demonstrate that pregnancy after breast cancer is generally safe, including in 
hormone receptor-positive disease and among BRCA mutation carriers, without increasing recurrence risk when appropriately 
timed. Nevertheless, substantial disparities persist in FP access, influenced by socioeconomic status, race/ethnicity, insurance 
coverage, and geographic location. System-level interventions – such as automatic referrals to oncofertility specialists, dedicated 
FP navigation programs, and mandated or publicly funded coverage – have improved uptake and patient satisfaction. Psychosocial 
interventions and structured decision aids further reduce decisional conflict and regret, supporting informed reproductive choices. 
Emerging challenges include understanding the impact of newer oncologic therapies, such as PARP (Poly (ADP-ribose) polymerase) 
inhibitors, immune checkpoint inhibitors, and antibody-drug conjugates, on fertility potential. By bringing together evidence that is 
usually dispersed across oncology, reproductive medicine, health-services research, and survivorship studies, this review highlights 
practical actions for clinicians: early risk-based counselling, prompt referral, multidisciplinary coordination, navigation support, and 
attention to financial and geographic barriers. Long-term survivorship registries capturing ovarian reserve, FP utilization, pregnancy 
outcomes, child health, and psychosocial metrics are essential for evaluating real-world effectiveness and equity. Integrating FP into 
routine breast cancer care requires a dual strategy: implementation of evidence-based clinical pathways and system-level support, 
combined with research to refine guidance as therapies evolve. This approach has the potential to safeguard reproductive potential, 
reduce psychosocial burden, and enhance quality of life for young breast cancer survivors.

Doi: 10.48286/aro.2026.129

Impact statement: This review highlights clinically actiona-
ble strategies for timely fertility counselling and preservation in 
young women with breast cancer, addressing treatment-related 
risks, access disparities, and reproductive outcomes to improve 
survivorship care.
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INTRODUCTION
Breast cancer diagnosed during the reproductive 
years represents both a clinical and psychosocial 
challenge. While age cutoffs vary, many studies and 
guidelines define “young” as ≤ 40 years (some use ≤ 
45) because fertility considerations, hormonal milieu, 
and life plans differ substantially from older patients. 
In many high-income settings, breast cancer before 
age 40 accounts for a small but clinically important 
minority of all cases, generally estimated at approx-
imately 5% (1, 2). In contrast, data from certain low- 
and middle-income countries report substantially 
higher proportions – for instance, up to 10-20% of 
breast cancers in women under 40 (2). This higher 
proportional burden partly reflects the younger 
underlying population age structure in many low- 
and middle-income countries, in addition to differ-
ences in incidence patterns, reproductive risk factors, 
and access to early detection; proportional compar-
isons should therefore not be interpreted as direct 
evidence of a uniformly higher age-specific risk.
Survivorship improvements make reproductive ques-
tions central to care planning; fertility preservation 
(FP) counseling at diagnosis is now standard-of-care 
in most oncology guidelines (3, 4). Young patients 
often face a compressed timeline:

diagnosis → need for rapid treatment initiation → 
complex fertility decisions that require specialist input.

The cancer treatment itself (chemotherapy, ovarian 
suppression, certain targeted agents) can reduce 
ovarian reserve and increase the risk of premature 
ovarian insufficiency (POI). Beyond biological risk, 
disparities in awareness, referral, and access lead to 
unequal uptake of preserving options across socioeco-
nomic strata – an issue of reproductive justice (4, 5).
Although international guidelines consistently recom-
mend timely discussion of infertility risk and referral 
for FP, they necessarily provide broad recommenda-
tions and do not fully resolve how treatment-related 
risk, patient preferences, access barriers, and sub-
sequent reproductive plans should be integrated in 
routine breast cancer care. The evidence is dispersed 
across oncology, reproductive medicine, health-ser-
vices research, and survivorship studies, often using 
different populations, outcomes, and definitions. Con-
sequently, clinicians may know that FP should be dis-
cussed, yet still lack an integrated framework for iden-
tifying where implementation fails, which patients are 
most likely to encounter barriers, and how counsel-

ling should extend beyond gamete cryopreservation 
to pregnancy planning and long-term reproductive 
health. This review therefore addresses the follow-
ing question: how can current evidence on gonado-
toxic risk, fertility-preservation strategies, inequities 
in access, and reproductive outcomes after breast 
cancer be integrated to support equitable, individu-
alized clinical decision-making in young women? Our 
objective is to provide a clinically oriented synthesis of 
the care continuum – from diagnosis and treatment 
planning to survivorship – and to identify actionable 
system-level interventions and priority evidence gaps.

METHODS
This article was designed as a narrative review sup-
ported by a structured literature search. The aim 
was to address a broad, clinically integrative ques-
tion spanning treatment-related gonadotoxicity, fer-
tility-preservation interventions, health-care access, 
social determinants, pregnancy after breast can-
cer, and long-term survivorship outcomes. Because 
these domains include heterogeneous study designs, 
populations, exposures, outcome definitions, and 
health-system contexts, a systematic review focused 
on a single, prespecified outcome was not consid-
ered suitable. Rather than estimate a pooled effect, 
we aimed to interpret how evidence across these 
domains can inform individualized counselling and 
equitable clinical pathways.
We searched PubMed/MEDLINE and Embase for 
English-language articles published up to March 2026 
using combinations of the terms “breast neoplasms”, 
“fertility preservation”, “oncofertility”, “premature 
ovarian insufficiency”, “pregnancy after breast can-
cer”, and “socioeconomic factors”. We used the 
search to identify influential and contemporary evi-
dence, prioritising clinical practice guidelines, pro-
spective cohorts, registry-based studies, clinical tri-
als, systematic reviews, and studies reporting fertil-
ity-related outcomes in women diagnosed at ≤40-
45 years. Reference lists of key studies and guide-
lines were also reviewed. This was not a systematic 
review: we did not conduct duplicate screening, a 
formal risk-of-bias assessment, PRISMA-based study 
selection, or quantitative pooling. The resulting evi-
dence was organised into a structured qualitative 
synthesis around four clinically connected domains: 
treatment-related fertility risk, available preserva-
tion strategies, determinants of access and uptake, 
and reproductive outcomes during survivorship.
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FERTILITY RISK ASSOCIATED WITH 
BREAST CANCER THERAPY
Advances in systemic therapy have markedly 
improved survival outcomes for young women with 
breast cancer, yet many of these same treatments 
pose a threat to reproductive function. The degree of 
gonadal toxicity varies widely by drug class, cumula-
tive dose, patient age, and baseline ovarian reserve, 
but the potential for POI or long-term infertility 
remains a central survivorship concern.

Chemotherapy and ovarian failure
Contemporary anthracycline-cyclophosphamide reg-
imens, with or without taxanes, are integral to early 
breast cancer therapy but confer a measurable risk 
of chemotherapy-induced ovarian dysfunction and 
POI. Although individual studies vary in methodol-
ogy and outcome definitions, the collective evidence 
from prospective trials and meta-analyses confirms 
that the majority of premenopausal women experi-
ence transient ovarian failure during treatment, and 
that a substantial subset develop persistent dysfunc-
tion thereafter. In a large pooled prospective analy-
sis of 696 women aged ≤45 years treated with anth-
racycline/taxane-based chemotherapy, Furlanetto et 
al. reported that 85.1% met criteria for chemothera-
py-induced ovarian failure at the end of treatment. 
Among those with longitudinal follow-up, most sub-
sequently regained premenopausal hormone lev-
els, but a clinically relevant minority had persistent 
ovarian dysfunction at 24 months (6). These find-
ings underscore the distinction between transient 
treatment-related amenorrhea and long-term POI. 
Complementary evidence from biochemical studies 
underscores the extent of gonadal damage: a sys-
tematic review and meta-analysis by Romito et al. 
documented consistent and clinically meaningful 
declines in anti-Müllerian hormone (AMH) follow-
ing standard breast cancer chemotherapy in women 
under 40, reflecting substantial depletion of ovarian 
reserve (7). In clinical practice, AMH is a widely used 
biomarker of ovarian reserve and a robust predic-
tor of ovarian response to stimulation for oocyte or 
embryo cryopreservation, but AMH alone is a lim-
ited predictor of natural fertility and time to spon-
taneous conception. At the population level, a com-
prehensive meta-analysis including 68 studies and 
more than 26,000 patients estimated that approx-
imately 64% of women experienced chemothera-
py-induced amenorrhea at the reported follow-up 
time points, with substantial heterogeneity in defini-

tions and timing across studies (8). This figure there-
fore reflects a high overall burden of treatment-re-
lated amenorrhea rather than a precise estimate 
of permanent POI.
These findings collectively indicate that while most 
younger women eventually recover ovarian function, 
anthracycline- and taxane-based regimens carry a 
clinically relevant long-term risk of ovarian insuffi-
ciency, particularly in those approaching the late 
reproductive years. Consistent data from AMH-based 
longitudinal analyses further reinforce that the risk 
of sustained ovarian dysfunction rises sharply with 
age and cumulative cyclophosphamide exposure. 
Although women under 35 years often retain some 
degree of ovarian reserve, they nevertheless experi-
ence pronounced AMH declines, signifying subclini-
cal gonadotoxicity and reduced reproductive poten-
tial. These observations highlight the importance of 
integrating structured FP counseling into treatment 
planning for all premenopausal patients, irrespec-
tive of apparent low-risk age or regimen intensity.

Endocrine therapy
In hormone receptor-positive (HR+) breast cancer, 
adjuvant endocrine therapy remains fundamen-
tal, typically extending over 5-10 years. Standard 
approaches include tamoxifen alone or aromatase 
inhibitors combined with ovarian function suppres-
sion (OFS), depending on menopausal status and 
recurrence risk. Although these drugs are not directly 
cytotoxic to ovarian follicles, their prolonged use 
substantially delays childbearing, creating a unique 
challenge for young women with reproductive aspi-
rations. The central dilemma is balancing oncologic 
safety against fertility goals. Long-term endocrine 
therapy effectively reduces recurrence risk but over-
laps with a woman’s most fertile years, often com-
pelling difficult decisions regarding pregnancy timing 
and the risks associated with therapy interruption 
or deferral (9). The landmark POSITIVE trial (Preg-
nancy Outcome and Safety of Interrupting Therapy 
for Women with Endocrine-Responsive Breast Can-
cer) directly addressed this issue. The study enrolled 
premenopausal women with HR+ early breast can-
cer who had completed 18-30 months of adjuvant 
endocrine therapy and desired pregnancy. Partici-
pants temporarily paused treatment for up to two 
years to attempt conception. The results demon-
strated no excess short-term recurrence risk com-
pared with historical controls and favorable preg-
nancy outcomes among participants who interrupted 
therapy under close monitoring (10).
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Table 1. Fertility-related impact of systemic therapies used in young women with breast cancer.

THERAPY CLASS
MECHANISM 

AND CLINICAL 
CONTEXT

EVIDENCE OF FERTILITY 
IMPACT

MAIN MODIFIERS OF 
RISK OR CLINICAL 
CONSIDERATIONS

KEY 
REFERENCES

Chemotherapy: 
anthracycline-

cyclophosphamide 
regimens with or 
without taxanes

Cytotoxic 
therapy 

damages 
growing and 

resting ovarian 
follicles and 

remains 
a major 

component of 
treatment for 
early breast 

cancer.

High risk of transient 
amenorrhea and clinically 
relevant risk of persistent 

ovarian dysfunction or 
premature ovarian insufficiency. 
In prospective studies, ovarian 
failure was common at the end 

of treatment, while a smaller 
proportion had persistent 
dysfunction during follow-
up. Chemotherapy is also 

associated with substantial 
declines in anti-Müllerian 

hormone, reflecting reduced 
ovarian reserve.

Older age, especially 
>40 years; cumulative 

cyclophosphamide dose; 
baseline ovarian reserve; 
and concomitant ovarian 
suppression. Resumption 

of menstruation does 
not necessarily indicate 
full recovery of fertility 

potential.

[6-8]

Endocrine therapy: 
tamoxifen with 

or without 
ovarian function 

suppression; 
aromatase 

inhibitors plus 
ovarian function 

suppression

Endocrine 
therapy is 

not directly 
cytotoxic to 

ovarian follicles 
but may delay 

pregnancy 
because 

treatment 
is usually 

prescribed for 
5-10 years.

The principal fertility-related 
effect is postponement of 

childbearing during the years 
of highest natural fertility. In 

selected women with hormone 
receptor-positive early breast 

cancer, temporary interruption 
of endocrine therapy after 
18-30 months to attempt 

pregnancy did not increase 
short-term recurrence risk.

Duration of planned 
endocrine therapy; 

residual recurrence risk; 
age and ovarian reserve; 

reproductive plans; 
and the feasibility of a 
monitored treatment 

interruption.

[9-11]

HER2-directed 
monoclonal 
antibodies: 

trastuzumab and 
pertuzumab

Targeted anti-
HER2 therapies 
are commonly 
administered 

with 
chemotherapy 

in HER2-
positive breast 

cancer.

HER2-directed monoclonal 
antibodies alone are 

not considered directly 
gonadotoxic, and there is no 

established evidence that they 
independently cause premature 

ovarian insufficiency.

Fertility risk is 
primarily determined 

by accompanying 
chemotherapy, patient 

age, and baseline ovarian 
reserve. Pregnancy 

should be avoided during 
treatment because of 

fetal risk.

[13]

Antibody-drug 
conjugates: 

trastuzumab 
emtansine and 
trastuzumab 
deruxtecan

HER2-targeted 
antibodies 
conjugated 
to cytotoxic 
payloads.

Human data on ovarian toxicity 
are limited. The cytotoxic 

payload creates a plausible 
risk of off-target ovarian injury; 
therefore, fertility risk should 

be considered uncertain rather 
than absent.

Cumulative exposure; 
concurrent or previous 
chemotherapy; patient 

age; and treatment 
setting. Fertility 

preservation counselling 
should be offered before 

treatment whenever 
feasible.

[13,14]

PARP inhibitors: 
olaparib and 
talazoparib

DNA-repair 
inhibitors 

used mainly 
in germline 

BRCA-mutated 
breast cancer.

Preclinical studies indicate 
embryotoxicity and 

teratogenicity. Their effect on 
human ovarian reserve and 
long-term fertility remains 

uncertain.

Duration of treatment; 
previous exposure to 
chemotherapy; BRCA 
status; and planned 
pregnancy. Effective 

contraception is required 
during treatment and 
for the recommended 
period after treatment 

discontinuation.

[14,15]

Immune 
checkpoint 
inhibitors: 

pembrolizumab 
and atezolizumab

Anti-PD-1/PD-
L1 therapies 
increasingly 

used in triple-
negative and 

high-risk early 
breast cancer.

Definitive clinical data on 
ovarian reserve, fertility, 
pregnancy, and offspring 

outcomes are lacking. Potential 
effects include immune-

mediated ovarian inflammation 
and disruption of reproductive 
immune tolerance, but current 

evidence remains limited.

Pre-existing autoimmune 
disease; duration of 

exposure; concomitant 
chemotherapy; endocrine 
immune-related adverse 
events; and the need for 
long-term reproductive 

monitoring.

[16]

AMH: anti-Müllerian hormone; HER2: human epidermal growth factor receptor 2; PARP: poly(ADP-ribose) polymerase; PD-1: programmed 
cell death protein 1; PD-L1: programmed death-ligand 1.
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These findings have reshaped clinical counseling, 
providing evidence-based reassurance that tem-
porary interruption of endocrine therapy can be 
feasible and oncologically safe in carefully selected 
patients. Recent expert consensus and guideline 
updates emphasize a multidisciplinary approach – 
encompassing oncology, reproductive endocrinol-
ogy, and psycho-oncology – to ensure that fertil-
ity goals are addressed without compromising dis-
ease control (11, 9). This collaborative framework 
enhances reproductive autonomy while maintain-
ing adherence to oncologic principles, marking a 
major step toward patient-centered survivorship 
care in HR+ disease.

Targeted and novel agents
The rapid evolution of targeted and immune-
based therapies in breast cancer has introduced 
new uncertainties about their reproductive safety. 
HER2-directed monoclonal antibodies such as tras-
tuzumab and pertuzumab, integral to HER2-posi-
tive regimens, are not classically gonadotoxic and 
have not been associated with POI (12). However, 
newer antibody-drug conjugates (ADCs), including 
trastuzumab emtansine (T-DM1) and trastuzumab 
deruxtecan, deliver cytotoxic payloads that may 
induce off-target ovarian injury, though clinical data 
remain limited (13, 14). Similarly, poly (ADP-ribose) 
polymerase (PARP) inhibitors such as olaparib and 
talazoparib – now standard for germline BRCA-mu-
tated early and metastatic disease – show embryo-
toxic and teratogenic effects in preclinical models. 
Their effect on ovarian reserve in humans remains 
uncertain, but animal studies suggest potential 
sublethal follicular injury, warranting strict contra-
ception during and after therapy (13, 14). Immune 
checkpoint inhibitors, including pembrolizumab 
and atezolizumab, increasingly used in triple-neg-
ative and high-risk early breast cancer, may influ-
ence fertility indirectly through immune-mediated 
ovarian inflammation or interference with placen-
tal immune tolerance. Current evidence is limited 
to preclinical findings and isolated clinical reports, 
but systematic reproductive monitoring in ongo-
ing trials is warranted (14, 15). Despite the wide-
spread adoption of these agents, fertility-related 
outcomes remain poorly captured in pivotal clini-
cal studies. Consequently, major societies such as 
ASCO (4), ESMO (16), and ESHRE (17) underscore 
the need to discuss FP with all women of reproduc-
tive age before initiating treatments with uncertain 
gonadotoxic profiles. Until robust human data are 

available, a precautionary approach should prevail, 
ensuring that oocyte or embryo cryopreservation 
is offered whenever feasible, especially for those 
receiving experimental or high-risk regimens. This 
gap between oncologic innovation and reproduc-
tive survivorship highlights the urgency of incor-
porating fertility and pregnancy outcomes as pre-
defined endpoints in future clinical trials. Doing 
so will align precision oncology with reproductive 
health equity for young women with breast can-
cer (18, 19).
Table 1 summarizes the variable impact of breast 
cancer therapies on fertility, highlighting chemo-
therapy as the main cause of ovarian damage, the 
timing challenges posed by endocrine therapy, and 
the uncertain gonadotoxicity of newer targeted and 
immune agents. Early, individualized fertility coun-
seling remains essential.

FP IN YOUNG BREAST 
CANCER PATIENTS: CURRENT 
TECHNIQUES, IMPLEMENTATION, 
AND UPTAKE
FP has become a fundamental component of com-
prehensive cancer care for reproductive-age women, 
reflecting both the increasing survival of young 
patients and the recognition of reproductive health 
as a key determinant of long-term quality of life. Cur-
rent international guidelines from ASCO, ESMO, and 
ESHRE unanimously recommend that all women of 
reproductive age who are candidates for gonado-
toxic therapy receive prompt counselling on fertil-
ity risks and timely referral to FP services (16, 17, 20).

Established FP techniques
Among established strategies, embryo cryopreser-
vation remains the gold standard for women with 
a partner or those willing to use donor sperm. The 
process involves controlled ovarian stimulation 
(COS), oocyte retrieval, in vitro fertilization, and vit-
rification of embryos, achieving the highest cumu-
lative live-birth rates (CLBRs) when performed at 
younger ages and with more embryos preserved 
(21, 22). The introduction of random-start COS pro-
tocols has revolutionized practice, allowing ovar-
ian stimulation at any point in the menstrual cycle 
and enabling FP even in patients requiring urgent 
chemotherapy initiation (23). For women without 
a partner or those preferring to avoid embryo cre-
ation, oocyte cryopreservation represents an equally 
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effective and ethically acceptable alternative. Pop-
ulation-based data confirm that live-birth rates fol-
lowing oocyte vitrification now approximate those 
of embryo cryopreservation, especially when FP 
is undertaken before age 35 (24, 25). The techni-
cal reliability and efficiency of modern vitrification 
have consolidated oocyte cryopreservation as a cor-
nerstone of oncofertility practice. Ovarian tissue 
cryopreservation (OTC) occupies a unique role for 
patients unable to undergo ovarian stimulation or 
for prepubertal girls. The procedure entails laparo-
scopic retrieval and storage of ovarian cortical tis-
sue, followed by reimplantation after cancer ther-
apy. More than 200 live births have been reported 
worldwide, demonstrating the capacity of OTC to 
restore both endocrine function and fertility (26). 
Nonetheless, the potential for malignant cell rein-
troduction – particularly in hematologic malignan-
cies – remains a concern, mandating strict patient 
selection and rigorous tissue screening. Gonadotro-
pin-releasing hormone agonists (GnRHa) during che-
motherapy offer a non-invasive adjunctive measure 
to reduce ovarian toxicity. An individual patient-level 
meta-analysis confirmed that GnRHa co-treatment 
significantly decreases the risk of chemotherapy-in-
duced POI and increases post-treatment pregnancies 
(27, 28). Although GnRHa do not preserve gametes, 
they serve as a valuable option when cryopreserva-
tion is not feasible. Additional surgical approaches, 
such as ovarian transposition prior to pelvic irra-
diation, can safeguard ovarian function by reposi-
tioning the ovaries outside the radiation field (29). 
Emerging experimental techniques, including in 
vitro follicle maturation and artificial ovary bioengi-
neering, are under investigation and hold promise 
for expanding FP options in high-risk or time-con-
strained scenarios.

Ethical and legal considerations
Ethical and legal frameworks governing FP vary sub-
stantially across countries, necessitating explicit 
informed consent for embryo creation, storage, and 
potential disposition (30). In Italy, for example, regu-
latory changes since the enactment of Law 40/2004 
have progressively expanded the permissibility of 
assisted reproduction techniques, reflecting evolv-
ing societal and clinical perspectives (31).

Counselling and uptake in clinical practice
Despite clear guideline recommendations, real-
world uptake of fertility counselling and preserva-
tion remains limited. Across large observational 

and registry-based cohorts, reported fertility coun-
selling rates among eligible young breast cancer 
patients have ranged from approximately 40% to 
70%, depending on country, insurance coverage, 
institutional resources, and the presence of dedi-
cated oncofertility pathways. In these same settings, 
uptake of fertility-preservation strategies has gen-
erally remained substantially lower, often around 
10-30% of eligible patients. These figures illustrate 
a persistent unmet need but should not be inter-
preted as universal benchmarks, given the marked 
heterogeneity across healthcare systems and study 
populations (32-34). Barriers include inadequate 
referral systems, lack of interdisciplinary coor-
dination, time constraints, and unequal regional 
availability of FP services. Within this context, the 
women who proceed with active FP – most com-
monly oocyte or embryo cryopreservation – tend 
to be younger, nulliparous, and of higher socio-
economic status or with private insurance cover-
age, while financial and logistical barriers continue 
to deter participation, particularly in settings with-
out public reimbursement (16, 35). Encouragingly, 
recent years have witnessed gradual improvements 
in both counselling and FP uptake, reflecting wider 
awareness, dissemination of international guide-
lines, and technological advances such as vitrifica-
tion and random-start COS. Nonetheless, persistent 
inequities related to socioeconomic status, geogra-
phy, and ethnicity remain. Overcoming these dis-
parities will require system-level strategies includ-
ing standardized referral protocols, integration of 
fertility specialists within oncology teams, and pol-
icy frameworks ensuring equitable access. In con-
clusion, FP is now recognized as an essential ele-
ment of multidisciplinary care for young breast 
cancer patients. Embryo and oocyte cryopreserva-
tion remain the most effective and widely acces-
sible techniques, while OTC and GnRHa co-treat-
ment extend the spectrum of options. Although 
significant progress has been achieved, consistent 
implementation and equitable access remain chal-
lenges. Embedding fertility counselling and pres-
ervation into standard oncologic pathways is cru-
cial to ensure that all women facing breast can-
cer can make informed, autonomous reproduc-
tive decisions.
Figure 1 illustrates current FP techniques, ethical 
frameworks, and real-world uptake among young 
breast cancer patients, emphasizing the gap between 
guideline recommendations and clinical implemen-
tation.
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DETERMINANTS OF DECISION-
MAKING
FP represents a critical yet unevenly accessible com-
ponent of oncofertility care, where persistent dis-
parities across racial, socioeconomic, and systemic 
lines profoundly shape reproductive outcomes for 
young women with cancer. Understanding why some 
women receive fertility counseling and pursue cryo-
preservation while others do not require a multidi-
mensional perspective encompassing patient, pro-
vider, and system-level determinants. Evidence con-
sistently shows that socioeconomic status, educa-
tion, race and ethnicity, geographic access, physician 
attitudes, and psychosocial characteristics jointly 
influence FP decision-making in oncology.

Inequities in FP access
The landmark study by Letourneau et al. (36) high-
lighted these disparities, showing that minority 
women and those with lower socioeconomic sta-
tus were substantially less likely to receive fertility 
counseling or pursue FP. Among 1,041 reproduc-
tive-age women diagnosed with cancer, White and 

privately insured patients were disproportionately 
represented among those who received counsel-
ing and underwent oocyte or embryo cryopreserva-
tion. Even after controlling for age, parity, and can-
cer type, racial and socioeconomic factors remained 
independently predictive of FP uptake, indicating 
systemic inequities embedded in oncology care 
delivery. Building on these findings, Tierney et al. 
(5) demonstrated that disparities begin even ear-
lier, at the level of disease incidence. Their popula-
tion-based analysis revealed that young Black and 
Hispanic women had higher incidence rates of fer-
tility-impacting malignancies, yet were less likely to 
receive counseling or preservation services. These 
inequities are compounded by broader social deter-
minants of health, including insurance gaps, envi-
ronmental risk exposures, and geographic barriers 
to specialty care. Despite increasing awareness and 
dissemination of ASCO and ESMO FP guidelines, 
access to FP services remains uneven across patient 
populations. Recent evidence indicates that refer-
ral and uptake of FP interventions are frequently 
suboptimal, with marked disparities linked to race, 

Figure 1. Fertility preservation in young breast cancer patients: counselling, uptake, and implementation barriers.
This schematic illustrates the clinical pathway from diagnosis of breast cancer in reproductive-age women to FP decision-making. Although 
international guidelines recommend fertility counselling for all eligible patients, only 40-70% of women receive counselling in routine practice. 
Among those counselled, approximately 10-20% proceed with active FP, highlighting a substantial gap between recommendations and real-world 
uptake. Available FP strategies include embryo cryopreservation, oocyte cryopreservation, ovarian tissue cryopreservation, and ovarian suppression 
with GnRHa during chemotherapy. Multiple barriers contribute to limited implementation, including time constraints before treatment initiation, 
inadequate referral pathways, limited interdisciplinary coordination, financial costs, and geographic disparities in access to fertility services. 
At the same time, increasing awareness, wider dissemination of international guidelines, and technological advances such as vitrification and 
random-start controlled ovarian stimulation (COS) are progressively improving access and uptake of FP among young women with breast cancer.



Vol. 6(3), 161-177, 2026

168

socioeconomic status, and geography. Turner et al. 
reported persistent gaps in oncofertility care in the 
United States, highlighting that guideline dissemi-
nation alone has not resolved inequities in coun-
seling or service utilization (37). Structural barriers 
further compound these disparities: Peipert et al. 
showed through geospatial analysis that distance 
to fertility centers and limited regional availabil-
ity of reproductive specialists disproportionately 
affect women in rural or economically disadvan-
taged areas (38). Similarly, Coker Appiah et al. iden-
tified ongoing unmet needs among pediatric, ado-
lescent, and young adult female patients, empha-
sizing the role of provider awareness and institu-
tional resources alongside sociodemographic fac-
tors in shaping access (39). Population-based anal-
yses corroborate these findings, demonstrating that 
minority and low-income women are less likely to 
receive timely referrals to reproductive specialists, 
with persistent barriers including limited provider 
knowledge, inconsistent insurance coverage, and cul-
tural or communication gaps between patients and 
oncology teams (40). A recent narrative review also 
highlighted structural inequities such as cost barri-
ers, differential clinic availability, and underrepre-
sentation in clinical research as contributors to ongo-
ing racial disparities in both FP and assisted repro-
ductive technology (ART) utilization (41). Together, 
these data underscore that translating FP guidelines 
into equitable clinical practice remains incomplete 
and call for coordinated policy initiatives, insurance 
reform, and culturally tailored counseling strategies 
to ensure all women with cancer can access fertili-
ty-preserving care.

LONG-TERM REPRODUCTIVE 
OUTCOMES ACROSS 
SOCIOECONOMIC STRATA
Most studies of social determinants in oncofertility 
have focused on counselling, referral, and FP uptake, 
whereas fewer have reported long-term reproduc-
tive outcomes stratified by socioeconomic posi-
tion. Existing data, although limited, suggest that 
social gradients in access to FP may extend to sub-
sequent pregnancies and live births. For example, 
registry-based cohorts and insurance-claims analy-
ses have shown that women with private or compre-
hensive insurance are more likely to undergo FP and 
to achieve post-treatment pregnancies than those 
with public or no insurance, even after accounting for 

age and tumor characteristics (39, 40, 42). Similarly, 
studies from racially and ethnically diverse health 
systems indicate lower cumulative live-birth rates 
and higher rates of treatment-related amenorrhea 
among Black and Hispanic survivors compared with 
White survivors, patterns that likely reflect intersect-
ing effects of structural racism, differential access 
to specialist care, and financial barriers (5, 36, 37). 
At the same time, robust data on child health out-
comes and on ovarian-reserve trajectories by socio-
economic strata remain scarce. Closing these evi-
dence gaps – through prospective survivorship reg-
istries that capture both social determinants and 
reproductive endpoints – should be considered a 
priority for future research.

SOCIOECONOMIC STATUS AND 
INSURANCE COVERAGE
Socioeconomic status and insurance coverage are 
among the strongest predictors of FP utilization. 
Multiple studies show that higher income, private 
insurance, and residence in states with FP bene-
fit mandates correlate with increased FP uptake. 
Sauerbrun-Cutler et al. (43) reported that expand-
ing insurance mandates and employer-based fertil-
ity benefits significantly improved utilization. Simi-
larly, Flores Ortega et al. (44) demonstrated that cost 
remains the predominant barrier in systems reli-
ant on out-of-pocket payment, while Peipert et al. 
(38) showed that FP benefit mandates led to mea-
surable increases in service utilization. Collectively, 
these data affirm that financial policy reform can 
materially reduce inequities in FP access.

Education and health literacy
Educational attainment and health literacy strongly 
influence understanding of infertility risks and sub-
sequent decisions regarding FP. Women with higher 
levels of education are more likely to appreciate the 
gonadotoxic potential of cancer therapy and to seek 
timely counselling. A systematic review of interven-
tions to improve FP decision-making among young 
women with cancer found that structured counsel-
ing, decision aids, and educational tools can enhance 
patient knowledge and reduce decisional conflict, 
particularly mitigating disparities linked to limited 
health literacy (45, 46). Similarly, evidence from 
decision aid trials in breast cancer patients demon-
strated that these tools increase knowledge, confi-
dence, and satisfaction with fertility-related decisions, 
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with the greatest benefit observed among women 
with higher baseline health literacy (47, 48). How-
ever, persistent gaps remain among socioeconom-
ically disadvantaged groups, emphasizing the need 
for tailored communication strategies.

Race and ethnicity
Racial and ethnic disparities in FP counselling and 
utilization are consistently documented across oncol-
ogy care. Minority women – including Black and His-
panic/Latina patients – are less likely to receive FP 
counselling or to undergo fertility-preserving pro-
cedures, even when adjusting for income, insur-
ance status and other sociodemographic factors. 
A New York City cohort study by Voigt et al. found 
that, among 107 patients who underwent medically 
indicated FP between 2017 and 2018, only 3 patients 
(2.8%) identified as Black and 6 (5.6%) as Hispanic. 
In the subgroup with available comparator data, 
these observed numbers were substantially lower 
than those expected from the racial and ethnic dis-
tribution of reproductive-age women with cancer in 
New York City: 3 observed versus 15 expected Black 
patients and 6 observed versus 15 expected Hispanic 
patients (p < 0.001) (42).
More broadly, Turner et al. analyzed national onco-
fertility data and reported significantly lower refer-
ral and utilization rates for minority women, impli-
cating structural and cultural barriers, language dif-
ferences and implicit clinician biases as critical driv-
ers of inequity (37). A narrative review by Gadson, 
Sauerbrun-Cutler and Eaton highlighted the per-
sistent gap in FP access among minority popula-
tions and emphasized that culturally tailored edu-
cation, interpreter services and systematic moni-
toring of referral pathways are essential to ensure 
equitable utilization (41).

Geographic access
Geographic location exerts a profound influence on 
access to FP. Women treated at rural, community, 
or regional oncology centers often face delayed or 
absent referral to oncofertility specialists, limiting 
timely access to FP counselling and services. A sys-
tematic review by Pathak et al. found that clinics with 
limited local reproductive-specialty resources and 
fragmented referral pathways were associated with 
markedly lower FP uptake among eligible patients 
(49). In parallel, a national geospatial analysis by 
Peipert et al. showed that 3.63 million female indi-
viduals aged 15-44 years – corresponding to 5.70% 
of the reproductive-age female population in the 

continental United States – lived outside a two-hour 
travel radius of an oncofertility center, particularly 
in states lacking FP insurance mandates, highlight-
ing structural geographic inequities (38).
Interventions such as tele-medicine linkage to fer-
tility specialists, standardized referral algorithms 
embedded in oncology workflow, and travel-sup-
port programs have shown promise in mitigating 
these geographic disparities.

Physician-related factors
Physician engagement and institutional support play 
a critical role in FP access. Oncologists vary substan-
tially in how frequently, how early, and how com-
prehensively they address fertility risks with repro-
ductive-age patients. In their systematic review, 
Deshpande et al. found that many women who 
were clearly eligible for FP never received counsel-
ling, underscoring failure at the provider- or sys-
tem-level rather than solely patient choice (50). Pro-
vider knowledge, comfort with fertility discussions, 
competing workflow demands, and lack of stan-
dardized referral pathways all influence the likeli-
hood of FP-counselling and referral. The use of ded-
icated fertility navigators – specialized coordinators 
embedded within oncology or oncofertility clinics 
– has emerged as a promising strategy. In a qual-
itative evaluation at an academic center, van den 
Berg et al. found that fertility navigators improved 
patient satisfaction, offered consistent information 
and emotional support, and strengthened collab-
oration between oncology and fertility teams (51). 
Centers that integrate navigators, standardized elec-
tronic-health-record prompts, and routine fertility 
referral-checklists report higher rates of timely FP 
discussion and uptake. However, enhancing physi-
cian-related factors requires institutional commit-
ment to fertility pathways: mandatory referral trig-
gers at diagnosis, training modules on oncofertility 
for oncology teams, and inter-disciplinary coordina-
tion with reproductive specialists. Only when coun-
selling and referral become system-standard rather 
than optional will FP access approach equity across 
age, race, and socioeconomic strata.

Psychosocial determinants
Psychosocial factors play a significant role in fertili-
ty‑preservation decision‑making. Emotional distress 
at diagnosis, the perceived urgency to initiate onco-
logic treatment, relationship status, and partner sup-
port all influence whether a woman chooses to pur-
sue FP. Time pressure, information overload, and 
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uncertainty often lead cancer patients to defer fer-
tility‑preservation decisions (52). Yuen et al. reported 
that patients who received oncofertility counsel-
ling were younger, with a median age of 35 com-
pared with 38 years for those not counselled, and 
were more likely to be nulliparous, 45 percent ver-
sus 18.5 percent (32). A systematic review of fertili-
ty‑preservation patient decision aids demonstrated 
that structured tools significantly increased fertili-
ty‑preservation knowledge and reduced decisional 
conflict (53). Together, these findings emphasize the 
need to integrate psychosocial assessment and sup-
port into fertility‑preservation counselling to facili-
tate informed, value‑congruent choices.
Figure 2 provides a clear, visually intuitive summary 
of the complex interplay of patient, provider, and 
system determinants affecting FP decisions.

PREGNANCY AFTER BREAST 
CANCER
Pregnancy represents an important and often com-
plex consideration for young breast‑cancer survi-
vors. Advances in oncologic care and fertility-pres-
ervation strategies mean that an increasing number 
of women diagnosed with breast cancer in repro-
ductive years are contemplating conception after 
treatment. Clinicians and patients alike confront 
key questions about the safety of pregnancy, opti-
mal timing, reproductive outcomes, and breastfeed-
ing – all within the context of tumor biology, prior 
treatment exposures, ovarian reserve, and personal 
reproductive goals. This section synthesizes current 
evidence and guidelines to support informed deci-
sion‑making in this population.

Figure 2. Multilevel determinants of fertility preservation decision-making in young women with cancer.
FP utilization is shaped by the interaction of patient-, provider-, and system-level determinants. Patient factors include socioeconomic status, 
education and health literacy, race and ethnicity, reproductive history, and psychosocial context. Provider determinants encompass clinician 
awareness of fertility risks, timing of counselling, referral practices, and the availability of fertility navigators or institutional oncofertility 
pathways. System-level influences include insurance coverage, cost barriers, geographic access to fertility centers, and the availability of 
reproductive specialists. These determinants operate within a broader context of structural inequities – including racial, socioeconomic, and 
geographic disparities – which collectively influence whether young women with cancer receive timely fertility counselling and ultimately 
pursue FP interventions.
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Safety of pregnancy
The preponderance of observational evidence – from 
meta-analyses, registries, and narrative reviews – indi-
cates that pregnancy after breast cancer does not 
increase the risk of recurrence; indeed, in many studies, 
survivors who become pregnant demonstrate similar 
or even apparently improved survival outcomes com-
pared with those who do not, although these findings 
are likely influenced by the selection of women who 
remain recurrence-free and well enough to conceive. 
For example, in the narrative review by Carneiro et al., 
the authors concluded that “the best published evi-
dence suggests pregnancy after breast cancer does 
not increase the risk of disease recurrence, thus preg-
nancy should not be forbidden once treatment is com-
pleted” (54). Large systematic reviews further support 
this: Nolan et al. found no detrimental effect of preg-
nancy on Disease-Free Survival (DFS) or Overall Sur-
vival (OS) in patients with hormone-receptor (HR)-pos-
itive disease (55) and Arecco et al., in a meta-analysis 
of young women with HR-positive early breast cancer, 
reported no adverse effect of pregnancy on DFS (HR 
0.96, 95%CI 0.79-1.16) and an apparently improved OS 
(HR 0.46, 95%CI 0.24‑0.87) (56); however, the latter is 
likely driven by strong selection of women who sur-
vived, remained recurrence-free, and subsequently 
pursued pregnancy (the “healthy mother effect”) rather 
than a causal protective effect of pregnancy.
More recently, a large cohort study of 4,732 women 
with germline BRCA1/2 pathogenic variants diag-
nosed with invasive breast cancer before age 40 
found, among the 659 who became pregnant, an 
adjusted hazard ratio for DFS of 0.99 (95%CI 0.81-
1.20) compared to those who did not become preg-
nant – indicating no increased risk in this high‑risk 
genetic subgroup (57).
Taken together, these data provide robust reassurance 
that, in selected survivors (especially those in remis-
sion, with favorable tumor characteristics, and pre-
served fertility potential), pregnancy can be pursued 
safely. Some meta‑analytic data even suggest superior 
survival outcomes in women who become pregnant 
(for example, pooled HR for DFS ~0.66; 95%CI 0.49-
0.89) (3, 58). However, caution remains warranted due 
to potential selection bias (“healthy mother effect”), 
shorter follow‑up in many studies, and the predom-
inance of lower‑risk patients in published cohorts.

Timing of pregnancy after breast cancer: 
evidence-based recommendations
Historically, clinicians advised delaying pregnancy for 
at least 2 years after treatment, coinciding with the 

period of highest risk for recurrence. Emerging evi-
dence now supports the possibility of earlier concep-
tion in carefully selected women, particularly when 
tumor characteristics, stage, and patient preferences 
are favorable. This question has been most rigor-
ously evaluated in the POSITIVE trial, in which tem-
porary interruption of endocrine therapy after 18-30 
months to allow pregnancy did not increase short-
term recurrence risk in carefully selected women 
with HR-positive disease (10) (see Endocrine Ther-
apy section). Counseling should be individualized, 
taking into account tumor biology, stage, duration 
of endocrine therapy, fertility potential, and patient 
preferences. This evidence underscores the impor-
tance of early, multidisciplinary oncofertility consul-
tation to guide timing, optimize outcomes, and sup-
port informed reproductive decisions.

Fertility, pregnancy, and postpartum 
outcomes
Pregnancy after breast cancer, whether achieved 
spontaneously or via FP strategies, is generally feasi-
ble, and many survivors successfully deliver healthy 
infants. Pregnancy rates in survivors remain lower 
than in age-matched general populations, but ART 
using cryopreserved gametes yields satisfactory 
conception and live birth rates. Slight increases in 
preterm birth or low birthweight have been reported 
in some series, yet overall neonatal outcomes are 
reassuring (59). Breastfeeding is generally safe and 
feasible, with no evidence of increased recurrence 
risk, though prior surgery or radiotherapy may limit 
lactation capacity. Importantly, breastfeeding pre-
serves benefits for maternal-infant bonding, and 
structured postpartum support is recommended 
to optimize both maternal and neonatal outcomes 
(54). However, practical ability to breastfeed may be 
limited by prior breast surgery (e.g., mastectomy or 
extensive lumpectomy), radiotherapy involving the 
breast and axilla, or adjuvant systemic therapy. Cli-
nicians should support survivors’ interest in breast-
feeding with realistic counselling about potential 
anatomical/physiologic limitations

Long-term reproductive and psychosocial 
outcomes
Long-term reproductive health remains a central con-
cern for young breast cancer survivors. Anti-Mülle-
rian hormone (AMH) is a widely used biomarker of 
ovarian reserve in clinical practice, and chemother-
apy-related declines in AMH – particularly in older 
premenopausal women – underline the risk of sus-
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tained ovarian dysfunction (see Chemotherapy and 
ovarian failure) (7, 60). Serial AMH monitoring may 
assist clinicians in counselling survivors about resid-
ual fertility potential and in planning the timing of 
conception attempts, although AMH alone is a lim-
ited predictor of natural fertility and time to spon-
taneous conception.
Among survivors of breast cancer who did not use 
cryopreserved gametes, spontaneous conception 
rates remain substantially lower than in age‑matched 
controls. For example, one prospective cohort found 
that among women who returned to ovarian func-
tion after chemotherapy, ~65% attempted concep-
tion and about half achieved pregnancy through 
intercourse alone (61). In the oncofertility series 
more broadly, the rates of spontaneous pregnancy 
appear to cluster roughly in the range of ~10%-30% 
depending on age at diagnosis, treatment type, 
and duration of follow‑up. Patients who banked 
oocytes or embryos before therapy demonstrate 
higher live‑birth or pregnancy success rates, partic-
ularly when cryopreservation occurred at younger 
ages. Nevertheless, even when menstrual func-
tion resumes post‑treatment, a diminished ovarian 
reserve may restrict the long‑term fertility window. 
Fertility concerns in cancer survivors carry major 
psychosocial consequences. Pre‑treatment fertil-
ity‑preservation counselling has been associated 
with lower decisional regret, improved quality of 
life, and better satisfaction with fertility outcomes 
(50, 62). While direct data on structured decision‑aid 
tools and peer‑support programs for oncofertility 
remain relatively limited, emerging evidence sup-
ports their role in reducing decisional conflict and 
regret in reproductive‑aged cancer survivors (62). 
Although much of the published work has focused on 
the safety and outcomes of pregnancy after breast 
cancer, the longer‑term reproductive lifespan of 
survivors – including time to menopause, the resid-
ual fertility window beyond the first post‑treatment 
conception, and the psychosocial sequelae across 
years of survivorship – remains under‑investigated 
and deserves dedicated prospective research.

CONCLUSIONS
FP is an essential component of comprehensive care 
for young women with breast cancer. Advances over 
the past decade – including optimized oocyte and 
embryo cryopreservation, accumulation of meta‑an-
alytic evidence on ovarian-protection strategies, and 

prospective trials such as the POSITIVE trial – have 
significantly expanded counseling and reproduc-
tive options (63). Despite these advances, substan-
tial inequities persist, driven by socioeconomic sta-
tus, race/ethnicity, insurance coverage, and geog-
raphy, which limit equitable access to FP (64). Sys-
tem-level interventions can help bridge these gaps: 
automatic referrals to onco-fertility specialists, ded-
icated FP navigation programs, and mandated or 
publicly funded coverage for medically indicated 
FP have demonstrated effectiveness in improving 
uptake and patient satisfaction (65). Long-term sur-
vivorship registries capturing harmonized data on 
FP procedures, ovarian reserve markers, pregnancy 
attempts and outcomes, child health, and psycho-
social metrics are crucial for evaluating real‑world 
effectiveness and disparities, with international 
collaboration maximizing statistical power for sub-
group analyses such as BRCA mutation carriers (66).
Emerging evidence indicates that BRCA pathogenic 
variants may independently reduce ovarian reserve, 
emphasizing the need for tailored counselling and 
early FP in this population (67). Furthermore, the 
fertility effects of newer oncologic agents – includ-
ing PARP inhibitors, immune‑checkpoint inhibitors, 
antibody-drug conjugates, and other targeted ther-
apies – remain largely uncharacterized, highlighting 
an urgent research priority for trials enrolling pre-
menopausal women to include fertility endpoints and 
biologic sampling (4). Psychosocial interventions and 
structured decision aids are increasingly recognized 
as critical to reduce decisional regret, improve qual-
ity of life, and address anxiety and distress related 
to fertility concerns (53). Finally, health‑economic 
research incorporating quality‑of‑life outcomes and 
the societal value of parenthood can inform policy 
and coverage decisions, ensuring equitable access 
to FP (68).
This review has several limitations. First, it is a nar-
rative rather than a systematic review, and we may 
therefore have missed some relevant studies despite 
a broad search strategy. Second, most of the avail-
able evidence comes from high-income countries 
with well-resourced oncology and fertility services, 
limiting the generalizability of our conclusions to 
low- and middle-income settings. Third, long-term 
data on ovarian reserve, live-birth rates, and child 
health after FP remain sparse, particularly when 
stratified by socioeconomic status, race/ethnicity, or 
insurance coverage. Fourth, evidence on the gonad-
otoxicity and reproductive safety of newer agents – 
such as PARP inhibitors, antibody-drug conjugates, 
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and immune checkpoint inhibitors – is still evolving. 
Finally, pregnancy-after-cancer cohorts are inher-
ently affected by selection bias, as only women 
who have survived, remained recurrence-free, and 
actively pursued pregnancy are captured, complicat-
ing causal inference regarding the impact of preg-
nancy on prognosis.
In conclusion, integrating FP into routine breast‑can-
cer care requires a dual approach: implementing evi-
dence‑based clinical pathways and system‑level sup-
port while pursuing targeted research to refine guid-
ance as oncologic therapies evolve. Such an approach 
promises to safeguard reproductive potential, mit-
igate psychosocial burden, and enhance long‑term 
quality of life for young breast‑cancer survivors.
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INTRODUCTION
Consider Kamala, a 52-year-old woman in rural Odi-
sha who has chewed areca-nut-tobacco quids for 
two decades. A frontline health worker visiting her 
hamlet notices a white patch on her buccal mucosa, 
applies toluidine blue, photographs the stained 
lesion on a smartphone, and uploads it to a cloud-
hosted classifier that flags it as high-risk within sec-
onds. Within a week, an oral-medicine specialist at 
the district hub reviews the image and Kamala is 
scheduled for biopsy. This is not a technology story. 
It is an equity story: a triage layer that costs pennies 

per image, delivered by workers who already visit 
her village, is either offered to Kamala or it is not.
Oral squamous cell carcinoma (OSCC) is one of the 
most prevalent malignancies globally and dispro-
portionately burdens South Asia. India recorded 
143,759 new lip and oral cavity cancer cases and 
79,979 deaths in 2022 – roughly a third of the global 
burden – with men bearing an age-standardized rate 
of 15.6 versus 5.0 per 100,000 in women (1, 2). That 
burden is overwhelmingly attributable to modifi-
able behavioral exposures: smokeless tobacco, are-
ca-nut chewing, bidi smoking and alcohol together 
account for the great majority of Indian cases (3). 
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Human papillomavirus (HPV), while carcinogenic at 
the oropharynx, has neither a strong nor consistent 
causal association with cancer at the oral cavity sub-
site in Indian populations (4), which is why India’s 
National Programme for Prevention and Control of 
Non-Communicable Diseases (NP-NCD, formerly 
NPCDCS) targets tobacco cessation and opportu-
nistic oral, breast and cervical screening rather than 
viral prophylaxis; HPV vaccination sits under the Uni-
versal Immunisation Programme and is being intro-
duced in phases for cervical cancer prevention (5). 
The implication for policy is unambiguous: any ear-
ly-detection strategy for OSCC in India must be built 
around behavioral risk factors and the visible muco-
sal lesions they produce, and it must reach the vil-
lages in which those exposures occur.
The persistent challenges in early diagnosis stem 
from limited infrastructure, insufficient trained per-
sonnel, and lack of population-wide screening imple-
mentation. Even where NP-NCD has been rolled 
out, rural and underserved populations often lack 
access to timely screening, specialist consultation, 
and definitive diagnosis. What is needed is a diag-
nostic strategy that is cost-effective, scalable, and 
adaptable to varying health system capacities – one 
that meets this gap directly with a hybrid workflow 
combining a low-cost dye-based screen with an 
AI-assisted classification layer capable of running 
on a smartphone.

THE EXISTING LANDSCAPE OF 
OSCC DETECTION
Vital staining methods –Toluidine Blue, Methylene 
Blue, Lugol’s Iodine – have long been used as adjuncts 
to clinical examination in OSCC detection. Their 
appeal in LMICs rests on affordability, simplicity and 
chairside use. They suffer, however, from operator 

variability and reduced specificity, generating false 
positives and, less often, false negatives (6).
AI-assisted image analysis offers the reverse profile: 
reproducibility and scale when supported by ade-
quate infrastructure. Convolutional neural networks 
and related deep-learning architectures have demon-
strated strong classification performance for oral 
potentially malignant disorders (OPMDs) and OSCC 
on clinical, histological and radiographic images (7). 
Most such systems, however, are confined to aca-
demic or urban settings with the technological read-
iness to support them, while in LMICs – where the 
majority of OSCC deaths occur – the digital divide 
continues to hinder frontline deployment. A con-
text-appropriate pairing of the two, rather than a 
choice between them, is the pragmatic path forward.

A TIERED GLOBAL OVERVIEW: 
DIAGNOSTIC CHOICES BY HEALTH 
SYSTEM STRENGTH
Diagnostic choices in OSCC do not diverge across 
settings by accident; they track health-system capac-
ity in ways that matter for how any new tool is 
deployed. In high-resource tertiary centers, work-
flows are anchored by biopsy with histopathology, 
adjunct optical technologies and, increasingly, AI-as-
sisted histopathology or radiology, in which speci-
ficity is prioritized over cost and where a false pos-
itive is absorbed as an additional pathology review. 
In middle-resource settings – urban and semi-urban 
public hospitals in India among them – clinicians 
rely on visual and adjunctive examination, oppor-
tunistic screening within NP-NCD, and referral path-
ways whose bottleneck is specialist availability rather 
than the screening step itself. In resource-limited 
village and outreach settings, the dominant modal-
ity remains visual inspection by non-specialist staff, 

Table 1. The diagnostic capabilities of countries with maximum oral cancer burden.

COUNTRY TYPE EXAMPLES  
(TOP 10 BURDEN) DIAGNOSTIC PREFERENCE AND RATIONALE

Developed, robust 
healthcare systems Japan, France AI is increasingly adopted due to solid digital 

infrastructure and insurance-backed health systems.

Developed but inequitable USA Feasible AI use but hindered by high costs and 
disparities in healthcare access.

Rapidly developing China, Brazil Hybrid models are emerging with expanding digital 
literacy and infrastructure.

Resource-limited/
developing

India, Bangladesh, 
Indonesia

Vital staining remains primary due to cost-
effectiveness; AI integration is slowly emerging.
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supplemented in some programs by vital staining 
and, where connectivity permits, by smartphone 
photography. Table 1 summarizes this landscape.
Two features of this comparison bear directly on 
the position we develop below. First, the diagnostic 
tools chosen at each tier reflect what is affordable 
and delegable, not what is most accurate; where 
health workers rather than clinicians perform the 
screen, sensitivity and low training burden matter 
more than headline specificity. Second, the transi-
tion between tiers – village screen to district hub to 
tertiary confirmation – is where preventable delay 
accumulates in Indian OSCC and where a triage 
layer, if it is standardized and digitally linked, does 
the most work per rupee spent. It follows that the 
design question is not whether to introduce AI, but 
where in the tiered pathway to place it so that the 
modality complements rather than displaces the 
human screen at the village end (8).

VITAL STAINING: STRENGTHS, 
LIMITATIONS, AND CURRENT 
EVIDENCE
Standardizing the pre-application decontamination, 
dye concentration and rinsing sequence, and docu-
menting deviations at the time of image capture, may 
improve consistency in field-based staining (9, 10).
Its utility as a low-cost triage tool in areas lacking 
biopsy facilities remains uncontested. Clinicians com-
monly use it to delineate biopsy sites, track lesion 
progression, or screen large populations during out-
reach programs. It is safe, requires minimal train-
ing, and yields immediate visual feedback – qualities 
that make it ideal for field-level application. Limita-
tions persist: dysplastic changes may go unstained 
if the lesion is keratinized.

ARTIFICIAL INTELLIGENCE 
IN OSCC DETECTION: A NEW 
FRONTIER
AI applications in dentistry are rapidly evolving. 
Deep-learning algorithms trained on large image 
datasets have achieved sensitivity approaching 100% 
and specificity above 90%, in histopathologic and clin-
ical imaging tasks (7, 11). A 2024 systematic review 
and meta-analysis by Li and colleagues reported a 
notably high diagnostic odds ratio for AI-assisted 
clinical photography, suggesting transformative 

potential in early oral cancer detection (11). That 
pooled estimate, however, carries substantial cave-
ats: recent meta-analyses report between-study het-
erogeneity of I2 > 98% for both sensitivity and spec-
ificity, and the majority of primary studies are rated 
high or unclear risk of bias for patient selection 
under QUADAS-2, largely because of retrospective 
designs, convenience sampling and lack of external 
validation (12). Headline accuracy figures therefore 
reflect model performance under favorable condi-
tions, not real-world screening performance in an 
unselected village population.
Given more than 6.5 billion smartphone users glob-
ally, even rural clinics can potentially implement 
AI-assisted imaging with modest resources. Two 
published pilots make this concrete. Birur and col-
leagues deployed a smartphone-based oral cancer 
screening application with frontline health workers 
across four Indian states from 2010 to 2018, screen-
ing 42,754 individuals in door-to-door, workplace 
and village programs and identifying 5,406 OPMDs, 
of which 516 were biopsy-confirmed at remote loca-
tions (13). In their initial targeted cohort, however, 
only 61% of images captured by frontline work-
ers were deemed interpretable – a stark reminder 
that image quality, not model architecture, is the 
rate-limiting step. Uthoff and colleagues developed 
a dual-modality (autofluorescence plus white-light) 
smartphone probe and evaluated it in 190 patients 
from Indian oral-oncology clinics; the CNN classifier 
trained on data from 99 patients achieved point-
of-care performance suitable for remote diagnosis 
but again required careful attention to acquisition 
geometry and lighting (14). These pilots demonstrate 
that smartphone-AI screening in rural India is fea-
sible; they also show that interpretability rates and 
calibration drift, not headline AUCs, are the metrics 
that determine field utility.
AI performance in this domain depends on image 
quality and standardization, algorithm training 
across diverse populations, and clinician interpre-
tation and validation. Challenges such as poor light-
ing, lesion retraction, anatomical complexity and 
image resolution all affect diagnostic accuracy (15-
17), and models developed in homogeneous popu-
lations may generalize poorly across ethnic groups 
or lesion types. Table 2 compares vital staining and 
AI across principle, cost, training, sensitivity, speci-
ficity and scalability; neither tool is sufficient alone, 
but synergizing both can improve diagnostic accu-
racy in both resource-rich and resource-poor envi-
ronments.
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Our proposal differs from earlier hybrid concepts 
in a specific way. Most published integrations treat 
toluidine-blue uptake as a categorical input to a deci-
sion rule (positive stain → biopsy) or feed unstained 
clinical photographs into a CNN. We propose that 
the stained image itself – the spatial pattern, inten-
sity gradient and border characteristics of dye reten-
tion – becomes the CNN input. This preserves the 
biological signal the dye captures (nucleic-acid-rich 
dysplastic epithelium) while adding the pattern-rec-
ognition capacity of deep learning to distinguish gen-
uine dysplastic uptake from candidal, inflammatory 
or traumatic false-positive uptake.

CHALLENGES AND THE NEED FOR 
CLINICAL OVERSIGHT
AI systems face validation, ethical and legal barriers 
in clinical deployment. Misclassification mistaking 
benign lesions for malignancies, or vice versa, could 
have severe implications. AI must therefore be inte-
grated as a decision-support tool, not a replacement 
for clinician judgment. Oral medicine specialists play 
a pivotal role, from standardized image acquisition 
to interpreting ambiguous outcomes; centralized 
repositories and biobanks can improve AI training, 
and protocols for intraoral photography (lighting, 
retraction, resolution) can standardize diagnostic 
inputs (15-18).
Beyond model validation, three governance issues 
warrant attention. First, data privacy: intraoral images 

uploaded from village camps carry facial and identify-
ing features and must be handled under India’s Dig-
ital Personal Data Protection Act, 2023, with explicit 
consent for research reuse. Second, maintenance 
and calibration: classifier drift over time and across 
handset generations is well documented in real-
world medical AI and mandates a scheduled re-val-
idation cadence with locally acquired hold-out data. 
Third, training and accountability: frontline workers 
require a defined competency threshold before they 
upload images, and the clinician of record – usually 
the oral-medicine specialist at the hub – retains diag-
nostic responsibility for every flagged case, with the 
AI output treated as advisory. These governance ele-
ments are not optional add-ons; they are the differ-
ence between a research pilot and a system that 
survives public-sector procurement.

IMPLEMENTATION STRATEGY
A decision-tree protocol (Figure 1) can be employed 
in primary care settings. Where the frontline worker 
observes no dye retention, the patient is placed 
under routine monitoring, with a biopsy triggered 
only where clinical suspicion overrides the negative 
stain. Where dye is retained, a smartphone image of 
the stained lesion is captured under standardized 
conditions (fixed working distance, retracted field, 
ring-lit or flash-lit white balance) and uploaded to 
the AI classifier. Cases stratified as low-risk return 
to observation with a follow-up interval of eight 

Table 2. Comparison between vital staining and artificial intelligence as adjunct diagnostic tools.

PARAMETER VITAL STAINING ARTIFICIAL INTELLIGENCE (AI)
Principle Dye retention in dysplastic epithelial cells Pattern recognition from image datasets

Techniques Toluidine Blue, Lugol’s Iodine CNNs, supervised/unsupervised learning

Application Chairside adjunct to clinical exam Image analysis, prediction models

Cost Very low High initially, cost reduces with scale

Invasiveness Non-invasive Non-invasive

Training needed Moderate (clinical judgment) High (AI model development, validation)

Turnaround Time Immediate Fast post-deployment

Sensitivity and 
specificity Variable across studies; dependent on dataset, imaging modality and validation setting

Accessibility High in LMICs Limited by infrastructure in LMICs

Use in mass screening Highly feasible Growing feasibility with mobile AI

Suitability in LMICs Very high Currently limited

Scalability Proven Uncertain, but promising
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to twelve weeks; cases stratified as high-risk are 
referred through the tele-network to the specialist 
hub for biopsy, histopathology and definitive man-
agement.

FUTURE DIRECTIONS: A HYBRID, 
CONTEXTUALIZED APPROACH
The equity claim opened this Opinion; it also deter-
mines what research is worth doing next. If a smart-
phone classifier that costs pennies per image can 
shift even 10% of Indian OSCC diagnoses from stage 
IV to stage II, the mortality reduction dwarfs any con-
ceivable investment in additional specialist infrastruc-
ture. That is the arithmetic. What follows from it is 
a hybrid workflow in which vital staining is the first-
line screen at primary health centers and commu-
nity camps, AI-based imaging is the second-line sup-
port that guides referral and remote consultation, 
and centralized diagnostic hubs, staffed by special-
ists, deliver review and intervention. Research over 
the next 24-36 months should follow four sequen-
tial, measurable milestones rather than the dif-
fuse partnerships-and-repositories language of ear-

lier commentaries. In months 0-6, curate a popu-
lation-representative image repository of at least 
10,000 paired white-light and toluidine-blue-stained 
lesion images from at least four Indian states, with 
structured metadata (age, sex, tobacco and areca his-
tory, lesion site, histopathology ground truth, stain-
ing protocol used) following FAIR data-sharing stan-
dards. In months 6-18, conduct prospective, pre-reg-
istered diagnostic-accuracy trials enrolling at least 
2,000 community-screened participants in a multi-
center STARD-compliant study, with pre-specified 
classifier operating threshold, primary sensitivity 
and specificity endpoints, and subgroup analyses by 
state, sex and lesion site. In months 12-30, embed 
cost-effectiveness and equity metrics: incremental 
cost per OPMD detected, per stage-shift achieved 
and per disability-adjusted life-year averted, with 
equity reported as the ratio of rural-to-urban uptake, 
the reduction in the proportion of OSCC diagnosed 
at stage III/IV, and the time from screen-positive to 
biopsy result. In months 24-36, work with the Cen-
tral Drugs Standard Control Organization and state 
health authorities to pilot the classifier as a soft-
ware-as-a-medical-device under a phased regula-
tory sandbox, with periodic external audits. None of 

Figure 1. A flow chart describing the workflow of a hybrid model using vital staining integrating artificial intelligence for oral cancer diagnosis.
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this is speculative; each step has an owner, a time-
frame and a measurable output.

CONCLUSIONS
No single diagnostic strategy will close the OSCC gap 
in India. Vital staining is indispensable for its sim-
plicity and cost; AI adds precision and reproducibil-
ity. Together they can bridge the distance between 
advanced urban hospitals and resource-deprived 
rural clinics. The next step is not another position 
paper, but a coordinated four-step research pro-
gram – image repository, prospective diagnostic-ac-
curacy trial, cost-and-equity metrics, and regulatory 
sandbox – that converts the hybrid concept into evi-
dence a district hospital can act on.
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