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Abstract

Pancreatic ductal adenocarcinoma (PDAC) remains one of the deadliest malignancies, largely due to
late-stage diagnosis and lacks effective early detection procedures. Despite advances in the discovery
of biomarkers, imaging technologies, and artificial intelligence, clinically scalable frameworks for
detection of early PDAC have not yet emerged. This minireview evaluates the current diagnostic
approaches for PDAC including serum biomarkers, cross-sectional imaging, invasive diagnostic
procedures, and emerging non-invasive strategies. We further synthesize the recent developments in
liquid biopsy and multi-omics profiling and Al-assisted diagnostics which enable the detection of
molecular and radiographic features in association with PDAC. We argue that the principal barrier
to reaching improved PDAC outcomes is not the lack of diagnostic innovation, but that fragmented
advancements do not translate into integrated, scalable, multi-modal diagnostic frameworks.
Advancing such integrated detection strategies may enable diagnosis at earlier, potentially curable
stages and ultimately improve patient outcomes.

Keywords: diagnostics; pancreatic cancer; pancreatic ductal adenocarcinoma; imaging; biomarkers;
radiomics

Introduction

Pancreatic Ductal Adenocarcinoma (PDAC), responsible for almost 90-95% of pancreatic cancer
cases, remains one of the deadliest forms of cancer despite decades of advances in cancer research
[1,2]. Although the overall cancer survival rate has substantially improved to almost 70% in the last
few decades, PDAC survival has only increased modestly, to about 13%, reflecting its persistent
mortality burden. PDAC is characterized by aggressive biological characteristics such as early
metastasis, treatment-resistant tumors, and a longer asymptomatic phase during early disease
progression [1]. This is further compounded by epidemiological trends demonstrating a rising global
incidence of PDAC and its growing contribution to cancer-related mortality [3].

Current diagnostic strategies have not produced significant improvements in early PDAC
detection. Existing screening approaches are largely restricted to high-risk populations due to PDAC
having a low population incidence and limited predictive power of known risk factors [4]. The
continued reliance on carbohydrate antigen 19-9 (CA19-9) reflects a broader limitation in PDAC
diagnostics, where single-analyte approaches fail to capture the biological heterogeneity of the
disease [5]. Additionally, studies conflict on the predictive validity of CA19-9 alone, highlighting the
constraints of single-analyte methods and the necessity for multi-marker diagnostic strategies [5,6].

While imaging modalities such as computed tomography (CT), magnetic resonance imaging
(MRI), and endoscopic ultrasonography (EUS) are essential for clinical diagnosis, their effectiveness
is constrained by factors including cost, accessibility, operator dependency, and decreased sensitivity
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for small or early-stage lesions [7-9] This reduced sensitivity for small lesions contrasts with the early
molecular signals captured by emerging biomarkers, underscoring the complementary yet
insufficient nature of each modality when used in isolation [5-9]. Collectively, these limitations
highlight a major diagnostic gap: despite the availability of multiple technologies, no validated,
minimally invasive, and scalable approach currently exists to detect PDAC at a feasible and curable
stage.

This minireview is guided by the central thesis that the major obstacle to improving PDAC
outcomes is not a lack of diagnostic innovation but rather the absence of clinically validated,
integrated and scalable early detection models. Hence, this review critically examines existing
diagnostic approaches and integrates emerging ones, in support of advances across the molecular
systems, imaging, and computation disciplines. It considers both traditional clinical practices and
cutting-edge technologies, such as liquid biopsy platforms, multi-omics biomarker identification, and
imaging aided by artificial intelligence. In doing so, it evaluates the translational readiness of these
approaches from the evolving diagnostic landscape and shows their application within the last
several years in the context of clinical implementation.

While these developments have advanced considerably, the early diagnosis of PDAC remains
an unresolved challenge. One of the obstacles is the so-called “low prevalence paradox” in which the
very low lifetime risk of PDAC (approximately 0.89%) limits the feasibility of population-wide
screening and can create false-positive results [1]. These limitations reflect a systems-level failure in
PDAC diagnostics, in which biomarker, imaging, and computational approaches remain fragmented
rather than integrated into unified, clinically actionable early detection frameworks. This disconnect
between technological progress and clinical implementation remains a central translational barrier.

At the same time, diagnostic research has rapidly advanced. Liquid biopsy technologies have
enabled detection of circulating DNA, RNA, and extracellular vesicles in peripheral blood, offering a
minimally invasive avenue for early detection and disease monitoring. In addition, the use of multi-
omics for different kinds of biomarkers, such as genomic, transcriptomic, and proteomics, has
enhanced the capabilities to identify biomarkers and better predict their prognosis through biological
methods [10]. The identification of subtle radiographic characteristics that may precede traditional
clinical assessment of PDAC has been further enhanced by artificial intelligence-assisted imaging.
However, these approaches are often developed in isolation, with limited standardization,
insufficient prospective validation, and unclear pathways for clinical integration [11,12]. Moreover,
socioeconomic disparities, metabolic disturbances before diagnosis, and complete risk stratification
models are underrepresented within the diagnostic systems [6,13,14].

Given these scientific and translational challenges, there is a clear need for a focused minireview
that not only highlights recent advances but critically evaluates their clinical relevance and
implementation potential. This review synthesizes evidence across molecular, imaging, and
computational diagnostics to identify ongoing gaps and assess the case for integrated, multi-modal
early detection strategies. It clarifies key priorities for the development of clinically applicable early
detection frameworks by integrating insights from molecular biology, imaging, and computational
methods. Ultimately, improving early diagnosis represents the most promising strategy in reducing
PDAC-associated mortality.

Emerging PDAC Biomarker Diagnostics

Poor early detection of PDAC can be attributed to a lack of disease specific biomarkers.
Currently, the only FDA approved PDAC serum biomarker is CA19-9, but it has low sensitivity and
specificity during early disease stages, it has been linked to other conditions like pancreatitis and
other cancers, and its expression is known to be influenced by patient genetics, rendering its main
use as a prognostic marker in already diagnosed cases [5,15]. This has led to researchers focusing on
identifying novel markers of early-stage PDAC with the hope for earlier intervention.
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Biomarker Panel Screening

Recent work by Krusen et al. [5] screened for serum protein markers linked to early disease
stages. In a PDAC biomarker panel, increased levels of thrombospondin 2 (THBS2), aminopeptidase
N (ANPEP), and polymeric immunoglobin receptor (PIGR), all linked to tumor progression and
metastasis, along with CA19-9, were found to improve early detection when compared to healthy
controls [5]. Importantly, these results were validated in phase 2 multi-institutional clinical studies,
showing a 95% specificity and 86% sensitivity for early stages [5]. Further, a blood panel presents
multiple benefits. It is minimally invasive, low-cost, and blood is easily obtained from patients.
Additionally, it could be integrated into regular screening for high-risk individuals, or if FDA
approved, multiplexed detection tools like lateral flow assays could be developed to increase its
diagnostic accessibility and enable large scale population screening.

While protein screening is fast and cost effective, the development of high-throughput next-
generation sequencing allows for detection of disease associated RNA and DNA to become an
increasingly useful diagnostic modality. For instance, Kane et al. [6] analyzed differentially expressed
proteins in combination with micro-RNA found in the pancreatic cyst fluid of low- and high-risk
patients. This allowed for development of an 11-marker multi-omics screening panel with high
sensitivity and specificity, stating an area under the receiver operating characteristic curve (AUC) of
0.97. Interestingly, their work found that CA19-9 was not significant for categorizing patients as high
or low risk, pointing to its lack of specificity despite being the only approved marker [6]. Multi-
marker approaches also have increased screening benefits. As patient-to-patient genetic variation
may reduce or mute the expression of one marker on its own, causing false negatives, screening for
a combination of biomarkers can allow for a more accurate diagnosis. However, combining marker
types and increasing number of tested markers can lead to increased cost and diagnosis time due to
the additional lab work or required multiplexing technologies.

Liquid Biopsy Approaches

Biopsy analysis from the tumor itself is the most accurate way to obtain a diagnosis, but it is
invasive and can put the patient at surgical risk for hard to accesses tumor locations. As such, liquid
biopsies have emerged as an alternative approach, utilizing easily obtainable samples to gather
diagnostic information. Instead of looking at markers from the body’s disease response, such as
proteins, this approach collects DNA and RNA that are shed from the tumor site, or even broken
away tumor cells, which can be found in bodily fluids to gather disease information.

Short, freely circulating DNA released from cancer cells have recently gained interest as specific
diagnostic and prognostic biomarkers due to the development of next-generation sequencing
methods and ease of collection from blood or urine. Termed cell-free DNA (cfDNA), their features
such as length, nucleosome footprint, end motif, and copy number alterations can provide
information about disease presence and progression [16]. Work by Wu et al. [16] looked to develop a
cfDNA detection model for PDAC, achieving an AUC of 0.886, detecting early disease and prognostic
outcomes, and they were able to differentiate between malignant and benign pancreatic tumors. Their
work highlights the potential of cfDNA in combination with other diagnostics. As imaging for PDAC
can be inconclusive of disease or tumor type, cfDNA could be used in combination to aid physicians
in diagnostic decision making. As well, Wu et al. Found that cfDNA in combination with CA19-9
further improved diagnostic accuracy [16]. However, cf DNA approaches are just emerging, will take
time to validate before clinical use, and as there is a lack of DNA rapid diagnostic options so they
currently would not aid in reducing diagnosis timelines.

Circulating tumor cells (CTCs) are an alternative to traditional biopsies as they are cells that have
released from the primary tumor into the circulatory system, which can then be sampled for
diagnostic information. A recent study from Shishido et al. [17] points to CTCs as potential diagnostic
pancreatic cancer markers. The authors suggests that portal vein blood sampling can be used to
capture and identify CTCs that have broken away from PDAC for earlier diagnosis, and be used to
predict 1-year survival outcomes [17]. However, there are limitations to CTCs that should be
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considered, such as they are associated with disease progression and metastasis making them a better
marker for monitoring over identification of disease. CTCs are also very rare in blood and the bodies
normal defenses work to destroy them, and they require techniques like flow cytometry to separate
them out for identification, making it non-ideal for rapid diagnostic approaches.

Like cfDNA and CTCs, small extracellular vesicles (sEVs) are potential disease biomarkers
found in easy to collect samples like blood. They are small membrane bound vesicles released from
cells, containing proteins, lipids, and RNA, and their profile can be linked to normal cell behaviour
and disease [18]. Current limitations of sEV in PDAC diagnosis come down to identifying profiles
linked to disease states, and technology surrounding their isolation and detection [18]. Greenberg et
al. [18] recently published work identifying the gene ATP6VO0b, a sEV pancreatic tumor marker,
which they isolated using a pH-responsive magnetic bead approach followed by next-generation
sequencing. It was reported that ATP6VOb had up to a 0.88 AUC showing that sEVs methods hold
promise as a potential PDAC diagnostic tool, and that cost-effective isolation approaches are being
developed [18]. One limitation noted is that isolation methods for sEVs can affect their profiles, and
while ultracentrifugation is the currently used isolation method, it requires expensive equipment, is
time consuming, and produces low yields of sEVs [18]. So as novel isolation methods are developed,
standards will need to be implemented to ensure their reliable use in diagnostics.

Biomarker Outlook

Identification of disease specific biomarkers is often the gold standard in diagnosis, but this relies
on identifying a specific marker that can be tied to the disease of interest, at a detectable level. The
approaches discussed here look to identify PDAC diagnostic markers through improvements in
sequencing technology, multiplexing, and data analysis. Faster panel screening for disease related
proteins and RNA, with and without the only approved biomarker, CA19-9, shows promise and have
the potential to reduce false diagnosese [5,6]. Liquid biopsy approaches, enabled through
improvements in marker detection and better understanding of tumor biology, are also promising
tools for earlier PDAC diagnosis outcomes.

Comparison of liquid biopsy and panel screening techniques highlights limitations and benefits
of each. Screening for multiple protein or RNA markers utilizes an established technology but
requires finding the right combination that will have an acceptable specificity and selectivity for
PDAC and can increase processing time. Liquid biopsy methods could instead rely on a single marker
to confirm disease presence, but as this is a newer technology, work is still required to establish the
required markers, like sEVs or cfDNA, as well as rapid, reliable, and cost-effective detection methods.
It is more likely that combinations of markers will be utilized to confirm a diagnosis, as they can help
prevent false negatives from genetic variation or processing errors, and that may include those from
the developing liquid biopsy methods.

Imaging Techniques for PDAC Detection
Computed Tomography

Contrast-enhanced CT remains the first-line imaging modality for suspected PDAC due to its
accessibility and ability to assess tumor extent and vascular involvement. Recent studies confirm that
CT maintains high overall diagnostic performance for pancreatic cancer. A contemporary imaging
review reported that CT achieves approximately 89-97% sensitivity for PDAC detection, reinforcing
its role as the primary diagnostic tool in clinical practice [19].

However, CT performance declines in early-stage disease. Tumors smaller than 2 cm and
isoattenuating lesions remain difficult to detect on standard imaging, which contributes to delayed
diagnosis [20]. Advances in imaging protocols and multiphasic acquisition have improved lesion
conspicuity, but sensitivity in small lesions remains lower than that of EUS [19]. This is supported by
Costache and Costache, who reported that CT sensitivity decreases to approximately 69% for tumors
smaller than 2 cm, highlighting a key limitation in early-stage detection [21].
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Emerging computational approaches demonstrate the upper limits of CT performance. A recent
large-scale deep learning study using over 1,500 patients reported AUC values of 0.939-0.999,
sensitivity of 95.3%, and specificity of 98.7% for detecting small PDAC (<2 c¢m), with maintained
performance in external validation cohorts (AUC 0.918-0.945; sensitivity 91.5%) [22]. While these
results exceed routine clinical performance, they highlight that CT contains detectable disease
features even before they are visually apparent.

Magnetic Resonance Imaging

MRI provides superior soft tissue contrast and is particularly useful when CT findings are
inconclusive. Comparative imaging studies demonstrate that MRI performs similarly to CT in
detecting PDAC, with reported sensitivities of 93.5% for MRI versus 96% for CT in some cohorts [23].
MRI offers specific advantages in characterizing small lesions and evaluating the pancreatic ductal
system. Advanced techniques such as diffusion-weighted imaging (DWI) further improve diagnostic
performance. Recent work has shown that DWI-based MRI can achieve sensitivity and specificity
exceeding 95% for PDAC detection, reflecting its ability to detect changes in tissue cellularity [24].

MRI is also particularly valuable for liver metastasis detection and for evaluating patients who
cannot undergo contrast-enhanced CT. However, longer acquisition times and limited availability
restrict its routine use as a first-line modality. Overall, MRI serves as a critical complementary tool,
especially for small lesions, equivocal CT findings, and metastatic assessment.

Endoscopic Ultrasound

EUS is widely regarded as the most sensitive imaging modality for detecting small pancreatic
tumors. Recent clinical studies report that EUS-guided fine-needle aspiration or biopsy achieves
sensitivity of 85-92% and specificity of 96-98% for diagnosing PDAC [25]. The strength of EUS lies
in its ability to detect lesions that are not visible on CT or MRI, particularly tumors smaller than 2 cm.
In addition, EUS allows real-time tissue sampling, making it the only imaging modality that provides
both visualization and histological confirmation.

Recent advances, including contrast-enhanced EUS and improved biopsy techniques, have
further increased diagnostic accuracy. For example, contrast-enhanced EUS combined with biopsy
has demonstrated diagnostic accuracy of 93.8%, compared to 91.3% with conventional approaches
[25]. Despite these advantages, EUS is limited by operator dependency and inability to assess distant
metastases. As a result, it is typically used in conjunction with CT or MRI rather than as a standalone
modality.

Functional Imaging

Fluorodeoxyglucose-positron emission tomography (FDG-PET)/CT provides metabolic
information that complements anatomical imaging and is primarily used for staging and detection of
metastatic disease. Studies report that PET/CT achieves approximately 90% sensitivity for PDAC
detection, although it does not significantly outperform CT or MRI for primary tumor identification
[19]. The main advantage of PET/CT lies in detecting occult metastases and evaluating systemic
disease spread. This can influence treatment decisions, particularly by identifying patients who are
not surgical candidates due to previously unrecognized metastatic disease.

More advanced hybrid imaging techniques, such as PET/MRI, have shown improved diagnostic
accuracy compared to PET/CT alone. Studies report diagnostic accuracy of up to 96.6% for PET/MRI
versus 86.6% for PET/CT, highlighting the benefit of combining metabolic and high-resolution
anatomical imaging [23]. However, PET/CT remains limited by false-positive uptake in inflammatory
conditions such as pancreatitis, reducing specificity in certain clinical scenarios.
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Artificial Intelligence in PDAC Diagnosis

The integration of Al in PDAC diagnostics has emerged as a rapidly advancing area in oncology,
with meaningful progress across imaging interpretation, and molecular-biomarker discovery. Al
offers the ability to detect patterns in high-dimensional, multimodal data that may go unnoticed by
technologists and can address some of the most persistent shortcomings of conventional PDAC
diagnostic methods.

Al- Assisted Imaging Interpretation

Contrast-enhanced CT remains as the first-line detection modality recommended for PDAC
detection; however, early-stage tumors can be difficult to identify, and inter-reader variability among
radiologists can be a challenge [11]. In contrast, Al systems are not subject to inter-reader variability,
attentional bias, or perceptual fatigue, and can be trained on datasets larger than what an individual
radiologist can encounter.

The PANORAMA study represents the most rigorous evaluation of Al-assisted CT
interpretation for PDAC detection [11]. The objectives of this study were to establish average
radiologist’s performance, benchmark state-of-the-art Al through open global challenges, and to
critically compare both on paired data to generate evidence supporting clinical integration of Al in
PDAC detection. Rather than evaluating a single model, the investigators assembled an ensemble of
the three highest- performing algorithms. This served to capture the upper bounds of current Al
capability. On the sequestered 1,130- patient test cohort, the ensemble achieved an AUC of 0.92, with
a sensitivity of 85.7% and a specificity of 83.5%. The study then directly compared the Al system
against 68 radiologists from 40 centers across 12 countries who independently reviewed the same
scan subset. The pooled radiologist AUC was 0.88 indicating that the Al system demonstrated
statistical superiority (p=0.001) while generating 38% fewer false positives. The reduction of false
positives is substantial as this triggers an invasive cascade through the diagnostic process, including
procedural risk, patient anxiety, and considerable healthcare costs.

Additionally, the PANCANAI model explored retrospective detection of PDAC on scans
acquired before pre-diagnostic imaging [26]. Since PDAC does not appear instantaneously and has
subtle morphological changes that may be present in imaging months or years before a tumor is
formally diagnosed, this aspect of Al integration into imaging is valuable. The PANCANAI model,
validated on a large biopsy-confirmed cohort, illustrated that Al could identify PDAC suspicion in
more than half of CT scans acquired at least one year prior to histopathologic diagnosis. The study
divided scans into two groups: concurrent diagnosis scans acquired within two months of
histopathologic diagnosis, and pre-diagnosis scans acquired with a median time of seven months
before a formal diagnosis was established. On concurrent diagnosis scans, the PANCANAI model
achieved a sensitivity of 91.8%. With the pre-diagnosis group, the model achieved a sensitivity of
68.7. Furthermore, sensitivity on CT scans acquired at least one year prior and at stage I was 53.9%
and 82.9%, respectively. These findings suggest that Al systems can detect subclinical imaging
features well before conventional diagnostic thresholds are met. As such, these systems could
compress the diagnostic timeline and enable earlier clinical interventions in a disease where
outcomes are strongly stage dependent.

AI-Driven Molecular Biomarker Discovery

Beyond imaging integration, Al is playing a transformative role in the discovery and validation
of molecular biomarkers for PDAC. The complexity of profiling PDAC tissues that yield thousands
of differentially expressed features into those that carry genuine, reproducible diagnostic signals
amidst biological noise, represents a significant burden on the healthcare system. As such, machine
learning (ML) is a viable method to evaluate combinatorial feature interactions across high-
dimensional genomic, transcriptomic, and proteomic datasets.
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The inadequacy of CA19-9 as a single diagnostic marker has driven ML efforts across multiple
molecular domains. For instance, in the proteomic domain, a diagnosis-specific ensemble learning
approach was applied to serum samples from patients and identified a proteomic biomarker
signature that achieved an AUC of 0.98 and a sensitivity of 0.99 at 90% [27]. Comparing this to the
AUC of CA19-9 alone with the AUC of 0.79 and a sensitivity of 0.67, it is evident that the model has
outperformed CA19-9 alone.

This improvement reflects a shift in diagnostic strategy as relying on a single analyte can
introduce vulnerability in diagnostic approaches as the analyte can be subject to variability and
expression constraints. In contrast, ML models can integrate multiple protein signals whose
expression patterns carry complementary diagnostic information. As demonstrated by this study, the
result is a diagnostic tool that maintains high sensitivity in clinical scenarios where CA19-9 fails most
severely; patients with ambiguous early symptoms or whose results would have generated false
positive CA19-9 readings. The combination of high specificity and sensitivity minimizes unnecessary
downstream procedures such as invasive biopsy procedures.

Collectively, these developments reflect a meaningful shift in the role of Alin PDAC diagnostics:
from pattern recognition within a single data modality toward a unifying computational layer
capable of integrating heterogeneous clinical, molecular, and imaging inputs into actionable
diagnostic decisions. Rather than operating as isolated tools, these Al systems are positioned as
integrative frameworks that synthesize complementary information and capture the
multidimensional nature of disease progression.

Limitations, Challenges, and Critical Analysis

While progress has been made in PDAC diagnostics, it has been hindered by major biological,
technological, and translational barriers that preclude detection and assessment. Thus, despite the
current technological improvement, currently available diagnostic strategies are insufficient for early
diagnosis and for better health outcomes.

The main hurdle for the screening is the low prevalence of PDAC in the general population. It is
known that diagnostic tests with moderate sensitivity to PDAC are unlikely to give a positive
outcome in asymptomatic subjects and can result in numerous false-positive tests and unnecessary
secondary studies [3]. Consequently, in practice, the population-based evaluation is not possible, and
most approaches do not focus on diagnosis but target for prevention of high-risk patients. This is,
however, limited because risk stratification is quite poorly constructed and the data may not be
accurate enough for the full spectrum of people who were to be involved. This therefore leads to most
of these patients are diagnosed at later stages as present screening tools may not work until a disease
is well recognized and taken care of at a later stage.

From a biomarker perspective, the most common target, CA19-9, lacks sensitivity and specificity
to late-stage clinical progression. Its affinity to the early stage of disease, which is usually elevated in
both patients with advanced disease and those with less significant inflammatory risk, is in turn
problematic in the screening department. Liquid biopsy for cfDNA, CTCs, and sEVs, is a promising
next-generation method for less invasive testing. However, such interventions are subject to lack of
diagnostic precision and reproducibility given that circulating concentrations are low in early stages
of cancer, which in turn makes comparisons with historical clinical trials for early development of
biomarkers in this study with non-clinical populations not reliable. Such weaknesses imply that
biomarker-based approaches will not hold standard clinical screening because they are not currently
reliable in time and consistency [18].

Existing imaging forms used in PDAC diagnosis, such as CT, MRI, and EUS, are not particularly
effective in detecting early-stage tumors or distinguishing between malignant and benign areas [21],
and the accuracy of diagnosis is highly dependent on the skills of the operator, in particular in the
EUS procedure [8]. Furthermore, difficult access costs, as well as waiting time and a general time-
strain to start treatment, make accurate diagnosis difficult from early days. The reality is today,
imaging methods can only provide one or more of the results, and less on the other.
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Al-supported diagnostics is emerging as a promising tool for imaging processing and biomarker
discovery, but there is a shortage in clinical practice, for example with large, high-quality annotated
data sets, complex model interpretation, and the difficulties of generalizing them [11,12]. There is also
the issue of Al biases, regulatory approval, trust, and accuracy issues in clinical applications. In this
regard, Al-based systems, although working well in a controlled study environment, have yet to
become truly useful at their clinical implementation even for PDAC.

A critical gap remains to develop new diagnostic technologies in medicine and make them
scalable and self-sufficient. There will be new, novel approaches with promising results in a
controlled environment, but few of these technologies have had a successful implementation into
clinical workflows. This translation bottleneck also is emblematic of underlying systemic issues of an
over-evangelized system with expensive systems and insufficient longitudinal measurement. All the
things we find in biomarkers, imaging technologies, and Al-based methods, these current diagnostic
technologies are quite different and not enough as a stand-alone solution.

As a result of these factors, the challenges with PDAC diagnosis affect the patient at a system
level in terms of diagnostic and therapeutic challenges like disease control, diagnosis costs, clinical
delivery methods, and clinical management. It will also require better risk stratification models,
standardized methodologies, and diagnostic techniques, which will lead to cost improvements, and
effective diagnostic tools which are minimally invasive and would support earlier identification with
patients and better patient diagnosis and treatment options which could reduce mortality. Without
such systemic and cultural impediments, advances in PDAC diagnostic technologies are unlikely to
boost the early detection and reduce mortality rate in PDAC.

Conclusions and Future Outlook

PDAC remains one of the most lethal malignancies with its persistently poor prognosis largely
driven by the failure to detect the disease at an early, treatable stage. However, the evolving
diagnostic landscape spanning molecular biomarker discovery, advanced imaging, and Al assisted
diagnostics demonstrate meaningful progress.

Biomarker-based diagnostics have advanced considerably beyond the limitations of CA19-9 as
a single analyte strategy. Multi-protein panels incorporating THBS2, ANPEP, and PIGR, alongside
multi-omics and liquid biopsy approaches, represent a substantial step. However, low analyte
concentrations at early disease stages remain barriers to clinical adoption.

Imaging remains the backbone of PDAC clinical evaluation. Imaging modalities such as CT,
MRI, EUS-ENA, and FDG-PET/CT continue to enhance diagnostic performance while emerging
radiomic approaches offer an additional layer of quantitative insight from existing scans. Despite this
progress, diagnostic accuracy for early-stage lesions remains limited across modalities and practical
barriers including cost and accessibility further constrain their use as routine early detection tools.

Al represents the most transformative opportunity in this space. The PANORAMA study
demonstrated that an Al ensemble applied to CT scans outperforms pooled radiologist performance,
and the PANCANAI model identified imaging signatures in scans acquired up to a year before
formal diagnosis. However, Al-based diagnostic systems face significant barriers in clinical
implementation due to challenges in model interpretability and limited external validation across
diverse populations.

The future of PDAC diagnostics will likely be defined not by a single dominant modality, but
by convergence of molecular, imaging, and computational approaches. Prospective, multi-
institutional validation of emerging biomarker panels and Al models are needed as most published
studies rely on retrospective cohorts. Performance in real-world clinical environments differs
compared to controlled settings. Additionally, attention to additive versus redundant contributions
of combined modalities should be evaluated to optimize these tools in clinical workflows without
additional cost or patient burden. Lastly, improved risk stratification models that incorporate genetic
predisposition, metabolic precursors, and socioeconomic determinants will be essential in identifying
those that will benefit most from intensified screening. In summary, the field demonstrates scientific
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foundation, and the remaining challenge lies in effective clinical translation into measurable
reductions in PDAC mortality.

Advances in Existin \
( Imaging Technologyg ( \ / Novel Biomarker Discovery \

4 )

1 @ - o W

Cell Free DNA
CT scan
Blood/Plasma
) |
‘ High-Risk Patient Micro RNA
3 (& 4 Urine
[ ¢ MRI
Circulating
e Tumor Cells
* Saliva
Endoscopic Sample Q
Ultrasound Al Integration For Imaging Collec‘:ion -
and Biomarker Discovery Multi-Marker
Screening
\. J

) N\ 100]
S 7 E <75
o 4 > e o /!
&=t ~,\ 325
S &- 0
= Time
Earlier Tumor Detection Earlier Intervention ) Improved Patient Outcomes

Figure 1. Current strategies to improve pancreatic ductal adenocarcinoma detection for earlier diagnosis and

better patient outcomes. Figure created using InkScape —Draw Freely (2026). Version 1.4.3 (InkScape).
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