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Abstract

Pancreatic cancer (PC) remains a formidable challenge in oncology due to its notoriously poor prognosis, often resulting from
late-stage diagnosis. Early detection through effective screening methods is crucial not only to improving patient outcomes
but also to enhancing their quality of life. This review focuses on the latest advancements in PC screening and early diagnostic
strategies. Key areas include the integration of artificial intelligence in radiology, the search for novel biomarkers, and the de-
velopment of predictive models. This review aimed to provide a comprehensive overview, serving as a stepping stone toward
transforming early detection strategies for PC in the digital age.

Introduction

Aggressive progression and insidious symptoms often result in
pancreatic cancer (PC) patients receiving diagnoses at late stages.
Therefore, treatment landscapes and survival rates have remained
pessimistic, even with advancements in oncology. According to
Cancer Statistics 2024, PC ranked 4th among the leading causes
of cancer death across all age groups in the United States, with an
estimated 66,440 new cases and 51,750 deaths reported in 2024.!
In China, 118,672 new PC cases were reported in 2022, with an
incidence rate of 4.4 per 100 and a mortality rate of 3.9 per 100. In
contrast, global statistics reported 510,992 new cases, an incidence
rate of 4.7 per 100, and a mortality rate of 4.2 per 100.%
Ethnically, the Asian population may be more susceptible to
PC in the presence of certain disease backgrounds, such as gall-
stones and Crohn’s disease.>* Additionally, the large number of PC
patients and deaths in China has created significant medical and
socioeconomic burdens, warranting immediate attention. PC pa-
tients require a considerable amount of healthcare resources, lead-
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ing to a substantial number of hospitalizations and medical costs
significantly higher than those for other cancer types.’ The rising
incidence and associated costs have contributed to PC’s growing
burden, especially in regions with rapid economic growth and ag-
ing populations, such as China.®” PC’s 5-year overall survival rate
is currently 13%.! Early diagnosis, however, holds great promise
for improving patient outcomes, overall survival rates, and associ-
ated costs. Studies have shown that patients diagnosed at an early
stage exhibit significantly improved survival outcomes, with a me-
dian overall survival of nearly 10 years compared to 1.5 years for
those diagnosed at later stages.® Consequently, it is imminent to
implement prevention strategies and early detection programs to
screen this disease early.”

The challenge of conducting effective early screening for PC
stems from three main factors: 1. The lack of indicative risk fac-
tors; 2. the absence of reliable, specific, and sensitive screening
protocols; and 3. the relatively low prevalence of PC in the general
population. The mechanisms behind PC incidence and progression
remain poorly understood,® hindering the identification of serum
biomarkers strongly associated with early disease onset. While the
development of endoscopic ultrasonography (EUS) and endoscop-
ic retrograde cholangiopancreatography has improved sensitivity
and specificity in PC screening, issues such as a shortage of trained
operators and long appointment wait times have failed to meet
clinical needs.!’ Furthermore, the low sensitivity and laborious
protocols of current detection methods present significant obsta-
cles to large-scale screening efforts.!! Although serum biomarker
carbohydrate antigen 19-9 (CA19-9) is routinely used in clinics to
diagnose PC, its limited sensitivity and specificity undermine its
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Fig. 1. An illustration of integrating artificial intelligence in various regimes to aid in identifying pancreatic cancer promptly. Al, artificial intelligence.

atic juice.!S As more novel biomarkers, including proteins, genetic
signatures, DNA, RNA, and exosomes, are identified through liq-
uid biopsy,!’ integrated data may help reveal the mechanisms of
cancer development. Beyond screening, the application of liquid
biopsy extends to monitoring treatment response, evaluating prog-

reliability in early detection despite widespread use.'? Finally, the
relatively low prevalence of PC makes extensive screening infea-
sible.® Therefore, further research into imaging techniques, early-
stage biomarkers, and predictive risk factors is imperative for de-
veloping timely, specific, convenient, and cost-effective screening

methods.

This review will discuss the latest advancements in early PC de-
tection, including radiology, serum markers, and the incorporation
of artificial intelligence (Al). By critically evaluating the strengths
and limitations of existing technologies, this study endeavored to
elucidate optimal strategies for early detection protocol develop-
ment for scientists, engineers, and physicians (Fig. 1).

Advancements in diagnostic technologies

Significant strides have been made in radiology for screening pan-
creatic lesions in recent years. High-resolution computed tomog-
raphy (CT), magnetic resonance imaging (MRI) with diffusion-
weighted sequences, and EUS have emerged as front-line tools
for identifying pancreatic lesions at early stages, when curative
interventions may still be viable. EUS, particularly contrast-en-
hanced EUS, has enabled efficient imaging, differential diagnosis,
and staging of pancreatic lesions that might otherwise be missed
by other imaging modalities.!>!* Concurrently, advancements
in more sensitive molecular detection methods have rapidly ex-
panded biomarker research, leading to the identification of reliable
hematological indicators for early PC screening. Liquid biopsy, a
non-invasive technique, can detect various biomarkers, from cir-
culating tumor cells to tumor RNA, in blood, urine, and pancre-
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nosis, and identifying therapeutic targets.'®

In addition to developing more precise imaging and sampling
methods, the integration of Al into nearly every aspect of early
diagnostic tools has been unprecedented and indispensable. Al-
driven approaches show promise in streamlining the diagnostic
process. By synthesizing diverse sources of information from
radiology, serum biomarker panels, health records, etc., Al pro-
grams can potentially identify high-risk individuals and early-
stage pancreatic lesions with much greater accuracy than human
capabilities.®1® Undoubtedly, the incorporation of Al will enhance
the efficiency and precision of medical professionals’ work. How-
ever, various concerns accompany these advancements, requiring
comprehensive solutions to address biases, transparency, privacy,
liability, and ethical considerations.!’

CT, positron emission tomography (PET)-CT, & MRI

Diffusion-weighted imaging (DWI) and contrast were used to
further enhance MRI scan details. By analyzing water molecules,
DWI MRI can reveal tissue microstructures, enabling differentia-
tion between healthy and pathological regions with increased sen-
sitivity.!® MRI with DWI significantly improves diagnostic accu-
racy and the detection of early-stage cancer.!® Through the use of
contrast agent injections, dynamic contrast-enhanced MRI (DCE-
MRI) allows for both qualitative and quantitative assessments of
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tumor lesions. Although quantitative DCE-MRI is currently lim-
ited to clinical trials, ongoing efforts are proposing standardized
protocols for recruiting DCE-MRI to clinical practice.?’

Fibroblast activation protein (FAP), predominantly found in
activated fibroblasts associated with cancer, chronic inflamma-
tion, and fibrosis, is a type Il transmembrane protease with both
dipeptidyl peptidase and endopeptidase activities. FAP is involved
in tissue remodeling, angiogenesis, and collagen degradation. The
FAP inhibitor (FAPI) is a radiolabeled quinoline tracer designed
for PET.?! Specifically, [68Ga]Ga-FAPI-04 PET has demonstrat-
ed high expression in various cancers, including those with low
[18F]-FDG affinity, and minimal uptake in most healthy tissues.
Recent studies of [68Ga]Ga-FAPI-04 PET suggest its potential to
predict tumor invasiveness, provide prognostic information, and
assist in treatment decision-making.?>3

The increasing detail in medical imaging introduces an over-
whelming amount of information, often indecipherable to the hu-
man eye, providing an opportunity for Al to excel. Al applications
in medical imaging have ushered in a new era of early PC diagno-
sis, where robust feature detection and subtle pattern recognition
are now possible. Machine learning and deep learning algorithms
are particularly adept at analyzing complex imaging datasets from
medical scans, including CT, MRI, and PET scans, giving rise
to the new field of “radiomics”.24?5 These algorithms can detect
subtle changes in pancreatic morphology and identify small, po-
tentially malignant lesions that may escape traditional radiological
interpretation, allowing clinicians to detect pancreatic abnormali-
ties at an earlier and potentially more treatable stage. By training
algorithms with CT or MRI scans labeled with PC lesions, they
have shown higher sensitivity for PC diagnosis compared to radi-
ologists.?® Deep learning and radiomics not only enhance the ac-
curacy and efficiency of PC diagnosis but also demonstrate a high
level of generalizability, accommodating individuals from various
ethnic backgrounds (The performance of Al models was evaluated
using several key measures. The models achieved a mean accuracy
of 89.4%, ranging from 71.6% to 99%. The area under the curve
had a mean value of 88.05%, ranging from 86% to 95.3%. Preci-
sion averaged 69.1%, ranging from 14% to 99.5%. Sensitivity was
high, with a mean of 91.3%, ranging from 60% to 99.9%, while
specificity averaged 83.2%, with a range of 69.5% to 100%. These
results indicate strong overall performance across different met-
rics).1%20 Li et al.?” also developed a novel causality-driven graph
neural network to analyze CT scans. This innovative learning al-
gorithm yielded promising results in enhancing the stability and
generalization of early PC diagnosis and may serve as a valuable
clinical tool in the foreseeable future. Al technologies undoubtedly
hold great promise in developing automated systems to identify
subtle features indicative of early-stage PC. While there is still a
long way to go before Al technologies can function independently
in medical diagnosis, they could significantly aid physicians in im-
proving early detection rates and patient outcomes.*?

In summary, enhanced visualization and Al integration in medi-
cal imaging have significantly improved the accuracy and effi-
ciency of early detection, precise staging, and treatment planning
for PC.

Molecular imaging

In addition to detecting PC early by analyzing image features, Zhu
et al.?® developed a nanoplatform to deliver MRI contrast agents
with cancer specificity. These peptide-functionalized polymeric
magnetic nanoparticles were selectively internalized by PC cells
through specific bonding. This differential binding created a con-
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trast enhancement between healthy and cancerous pancreatic tis-
sue and holds promise for targeted imaging in the early diagnosis
of PC.?% A similar approach, where molecular-level targets were
selected to enable specific and sensitive imaging, was applied in
functional imaging techniques, including single-photon emission
computed tomography and PET. Wang et al.3? used a radioactively
labeled inhibitor to integrin a5 (ITGAS), a protein specifically
overexpressed in the pancreatic stroma, to enhance single-photon
emission computed tomography/CT scans of PC in a mouse xeno-
graft model. Though a preliminary study, this method offered valu-
able insights into how advances in imaging specificity and treat-
ment specificity could complement each other.

Al also played a role in accelerating biomarker recognition that
could be employed in molecular imaging. Combining Al with hy-
perpolarized magnetic resonance and multimodal imaging data fa-
cilitated the discovery of real-time biomarkers to detect PC early.?!
This fusion of Al with advanced imaging technologies holds great
promise for transforming the early detection and management of PC.

Endoscopic ultrasonography

Challenges exist when applying EUS to the early detection of PC.
Many different types of pancreatic lesions present with a similar
hypoechoic appearance on EUS, making it difficult to differentiate
between benign and malignant lesions based solely on images.?
Moreover, for pancreatic tumors around 2-3 cm, EUS can achieve
satisfying sensitivity compared to other radiological images, but
this sensitivity drops rapidly as lesion size decreases.?® It is espe-
cially challenging to widely adopt EUS for early diagnosis when
lesions are usually minimal. Though EUS images alone sometimes
fail to provide the sensitivity and accuracy desired for early PC
diagnosis, its visual guidance is undoubtedly valuable and has led
to advancements in operations, from biopsy of pancreatic tissue to
treatment and symptom relief 3

The application of Al in EUS-related operations is also notewor-
thy. Al algorithms, incorporating artificial neural networks and re-
gion-based convolutional neural networks, have been used for early
and precise PC identification. Al and endoscopists can help verify
each other’s judgments to avoid missed readings.?> In a meta-anal-
ysis by Yin et al.;’® Al-assisted image classification demonstrated
an accuracy of 0.95 in PC prediction, a sensitivity of 93%, and a
specificity of 90%. This high level of accuracy likely stems from
Al’s unbiased nature in reading image details, reducing the intrinsic
variability among EUS operators.’” Operating and interpreting EUS
results require years of specialized training. Unequal distribution of
EUS specialists can result in healthcare disparities, making certain
populations more susceptible to missed early PC diagnoses. Certain
Al algorithms have achieved specimen recognition levels compara-
ble to EUS experts, which could be crucial in reducing disparities
in timely PC diagnosis due to a lack of specialists.

In conclusion, EUS and its associated procedures are founda-
tional to the early diagnosis of pancreatic cancer, given their high
diagnostic accuracy, safety, and versatility in obtaining tissue sam-
ples for cytological and histological assessments. Al image classi-
fication offers great support to endoscopists by providing addition-
al security checks and could potentially reduce disparities in early
PC diagnosis. Moreover, live Al-assisted EUS operations or train-
ing programs could help improve PC patient outcomes by reducing
variability between skilled and less experienced EUS technicians.

Liquid biopsy

Exosomes are a significant liquid biopsy approach for the early di-
agnosis of PC due to their minimal invasiveness.?® Research by Yu
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et al3° developed a nanoliquid biopsy test to enhance PC exosome
detection while addressing low specificity and sensitivity, labor-
intensiveness, and technical obstacles. Liquid biopsy of cell-free
DNA has also demonstrated its potential as an adjunct to standard
care for PC patients.*

Piwi-interacting RNAs, which act as epigenetic modulators,
were identified from pancreatic tissue through liquid biopsy to dif-
ferentiate healthy individuals from PC patients. Additionally, the
detection of Piwi-interacting RNAs enhanced the diagnostic po-
tential of the serum marker CA19-9 for early PC detection.*!

However, the effectiveness of liquid biopsies for early can-
cer detection varies greatly depending on the technique and tu-
mor type. To improve performance, intensive inspections of the
circulome and comprehensive profiling of a panel of biomarkers,
including circulating tumor cells (CTCs), circulating tumor DNA
(ctDNA), extracellular vesicles, etc., could be applied, although
the diagnostic validity and accuracy warrant further investiga-
tion.*?

Liquid biopsy holds the potential to facilitate a prompt, mini-
mally invasive, and accurate diagnosis of PC. As more molecules
are discovered through liquid biopsy, understanding the genesis
and progression of cancer will improve, expediting early PC de-
tection.

Traditional serum markers

CA19-9 and carcinoembryonic antigen are widely used serum
markers in clinical practice to screen PC, despite their unsatisfac-
tory specificity and sensitivity.*> CA19-9, the sole biomarker au-
thorized by the United States Food and Drug Administration, is
more indicative of treatment response monitoring than early PC
detection.** Panel analysis of different biomarkers in combination
with CA19-9 has enhanced the accuracy of early PC detection.
Xiao et al.* created a detection panel consisting of the exosomal
surface protein glypican-1, an exosomal cluster of differentia-
tion-82, and serum CA19-9. This panel exhibited excellent diag-
nostic accuracy (AUC = 0.942) in distinguishing healthy individu-
als, pancreatitis patients, and PC patients, holding the potential to
become a standard PC screening protocol.*> Suehiro et al.*® also
evaluated the diagnostic performance of serum-methylated Home-
obox Al and methylated somatostatin in combination with CA19-
9 using the combined restriction digital PCR assay. The sensitivity
for stage I PC increased from 50% during a single-marker test of
CA19-9 to above 85% when other biomarkers were included in the
diagnosis.*® This multiplex approach shows promise in improving
the specificity and sensitivity of early PC screening.

Ongoing research is focused on identifying novel biomark-
ers and adjusting multi-marker panels. The diagnostic cocktail
of traditional markers combined with other macromolecules and
metabolic profiling data will further enhance screening methods to
detect PC at earlier stages.

Other serum markers

Metabolomic profiling involves the comprehensive analysis of
small-molecule metabolites in biological samples. Altered meta-
bolic pathways in PC cells can lead to distinct metabolite profiles
in patient biofluids and therefore could serve as a gateway for early
detection and disease monitoring. Research has delved into the role
of metabolites and genetic signatures, such as single nucleotide
polymorphisms, in predicting PC risk to enable early diagnosis and
therapeutic interventions.*’” Serum fatty acid synthase levels are
significantly elevated in PC patients and have been proposed as a
diagnostic marker for early PC detection.*® However, it is still un-
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clear how early fatty acid synthase levels rise in the bloodstream,
which complicates determining an appropriate timeline for early
PC diagnosis. Elevated levels of serum ferritin are also indicative
of PC and could be applied to identify at-risk individuals for early
intervention.*?

Furthermore, chronic inflammation markers, including C-reac-
tive protein, albumin, haptoglobin, and leukocytes, are associated
with the risk of PC. Analysis of these expression patterns could po-
tentially be used to assess PC risk.3” Another notable advancement
in isolating serum markers for PC involves utilizing a microfluidic
immunoassay system for the rapid detection and semi-quantitative
determination of the potential serum biomarker mesothelin.>!

CTCs

Many CTCs enter the bloodstream early in tumorigenesis through
passive shedding from the primary tumor site.5? Therefore, CTCs
are theoretically suitable for early cancer screening. CTCs were
identified and analyzed in PC alongside other macromolecules
through liquid biopsy for detection and early disease screening.!!
Vimentin was used as an antigen to extract serum CTCs in PC pa-
tients, presenting satisfactory diagnostic potency alongside CA19-
9.53 CTCs isolated from preoperative blood draws could predict
the early recurrence of PC, rendering them a valuable tool for
monitoring disease progression.5* In addition to serum, CTCs and
ctDNA from pancreatic juice have also been recognized for their
contributions to early PC diagnosis.5®

As more biomolecules become available through liquid biopsy,
CTCs are increasingly evaluated alongside other biomarkers to
provide more accurate and comprehensive information regarding
early tumor genesis and disease progression.

Exosomes

Primarily extracted through liquid biopsy, tumor exosomes (T-Ex-
os) have emerged as essential components of the biomarker panel
for early PC diagnosis. Yu et al.3° developed a nano-liquid biopsy
assay to detect PC T-Exos with excellent specificity, ultrahigh
sensitivity, and cost-effectiveness. T-Exos can be detected at con-
centrations as low as 78 pg/mL.3* Moreover, Li et al.5% employed
a hierarchical surface-enhanced Raman scattering substrate and a
rapid enrichment strategy using magnetic beads to successfully en-
hance the quantitative detection of exosomes specific to PC, even
at early stages.

Circulating nucleotides

ctDNA is fragmented tumor DNA released from tumor sites and
shows promise as a tumor-specific biomarker for PC.57 ctDNA
serves as a non-invasive tool for early diagnosis, molecular charac-
terization, and monitoring of tumor progression in PC. While pre-
operative ctDNA is a prognostic marker for poor survival, post-
operative ctDNA levels indicate minimal residual disease. ctDNA
also shares genetic information with the primary tumor site, thus
aiding in directing personalized treatment.>8

Two main approaches to identifying genetic alterations in ctD-
NA are advanced PCR-based techniques, which are highly sen-
sitive in targeting known mutations, and NGS-based techniques,
which can analyze multiple alterations in a single experiment,
albeit with a sacrifice of sensitivity.3-¢! Evaluation of ctDNA
through liquid biopsy presents a promising tool for early diagnosis
and personalized treatment of PC.%? A recent study by Bayle et
al %% found that ctDNA genetic testing could enhance and poten-
tially substitute tissue testing, based on data from over 1,000 en-
rolled patients. However, detecting ctDNA at lower concentrations
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remains challenging.5® Additionally, normal aging and the accu-
mulation of blood cell mutations could contribute to false positives
in ctDNA analysis.®

Circular RNAs also show promise as biomarkers for early diag-
nosis. hsa_circ_0013587, identified through qRT-PCR, is elevated
in serum samples of PC patients. Though detected in the early
stages of PC, the expression of hsa circ_ 0013587 is more upreg-
ulated in PC patients at later stages.®> Therefore, guidelines and
more reliable testing techniques are needed to ensure the detec-
tion of hsa_circ 0013587 at lower levels for early diagnosis. Long
non-coding RNAs are also being explored as potential biomarkers
for PC diagnosis and prognosis prediction, as they are involved in
various cellular functions.®

Integration of information by Al

As tumor cells are a dynamic biological entity, it is nearly impos-
sible to determine the existence of cancer-based on a singular re-
sult. Therefore, integrated information from a panel of multiple
biomarkers, including proteins, genetic mutations, and epigenetic
alterations, is being developed to improve diagnostic accuracy. To
manage the overwhelming amount of information, Al has become
a valuable tool for searching and interpreting non-invasive bio-
markers for the timely detection and intervention of PC.67

A deep learning model, Pancreatic Cancer Detection with Ar-
tificial Intelligence, demonstrated high accuracy in detecting
and classifying pancreatic lesions using non-contrast CT scans.
Trained on a dataset of 3,208 patients from a single center, this
model achieved an AUC ranging from 0.986 to 0.996 in a mul-
ticenter validation involving 6,239 patients across ten centers. It
outperformed the average radiologist’s performance by 34.1% in
sensitivity and 6.3% in specificity for identifying pancreatic ductal
adenocarcinoma. In real-world scenarios, the model achieved a
sensitivity of 92.9% and a specificity of 99.9% in detecting lesions
among 20,530 consecutive patients. Notably, the model’s perfor-
mance with non-contrast CT was comparable to radiology reports
using contrast-enhanced CT when distinguishing common pancre-
atic lesion subtypes. This accuracy instills confidence in applying
the model as a valuable tool for large-scale PC screening.®®

Moreover, mass spectrometry, machine learning, and liquid
biopsy have facilitated the identification of clusters of biomark-
ers for PC diagnosis.®® By amalgamating multiple biomarkers, re-
searchers aimed to overcome the limitations of existing screening
tools and enhance the overall management of PC.

Al has been instrumental in compiling imaging data, biomarker
profiles, and clinical information to identify subtle abnormalities
indicative of PC.'® Machine learning algorithms have helped inte-
grate diverse data sources to enhance patient care.

Screening and identifying high-risk individuals

From an epidemiological perspective, it is impossible to screen
the general population for PC. Therefore, medical professionals in
primary care or community medical facilities must identify high-
risk individuals to conduct routine and targeted screening. Routine
EUS and/or MRI/magnetic resonance cholangiopancreatography
(MRCP) are recommended for screening high-risk individuals
once they are identified.”

The development of PC is influenced by both genetic and envi-
ronmental factors.” Genetic factors include familial PC, hereditary
pancreatitis, known genetic mutations, and syndromes that render
certain populations more susceptible.”! A genome-wide associa-
tion study found that variants in the ABO locus are associated with
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a differential risk of PC, with blood types A and B contributing to
a higher risk compared to blood type O.”? SIK3 has been identified
as a potential new susceptibility gene predisposing its carriers to
PC.7 Germline pathogenic variants of genes, including BRCA1/2,
PALB2, ATM, and RADI17, are linked to familial PC cases.”’>
Variations at the single nucleotide level also exerted an effect on
PC risk; eight single nucleotide polymorphisms associated with
increased susceptibility have been identified on chromosomes
13g22.1, 1932.1, and 5p15.33.76

Furthermore, epigenetic modifications can alter PC risks. Joris
et al.” investigated methylome data and identified 45 cytosine-
phosphate-guanine (CpQ) sites associated with PC risk. These ge-
netic variations and their regulation predispose individuals to PC
and can influence familial aggregation patterns, highlighting the
importance of genetic testing in high-risk populations.

In addition to genetic factors, lifestyle choices such as alcohol
consumption and smoking, medical histories such as diabetes and
chronic pancreatitis, and environmental exposures play intricate
roles in PC risk.” Interactions between genetic predisposition
and environmental factors influence this risk. Significant asso-
ciations have been found between poor oral hygiene and NRSA2
rs2816938, as well as between obesity and PDX1 rs9581943, high-
lighting gene-environment interactions.>!

Collectively, lifestyle factors, medical histories, genetic poly-
morphisms, and gene-environment interactions influence the
elevated risk of PC. Therefore, it is essential to conduct a com-
prehensive analysis of these various components. Al and machine
learning can enhance patient risk stratification by integrating
a range of input factors, streamlining the identification of high-
risk individuals.”” Risk models based on clinical characteristics,
genetic polymorphisms, and biomarkers improve precision in dis-
ease recognition compared to models that rely solely on clinical
factors.”® Placido et al.” constructed Al models to retrospectively
analyze clinical data from millions of patients in Denmark and the
United States, identifying critical trajectories indicative of PC.
These models can significantly enhance surveillance programs for
at-risk patients to detect PC early.””

A combination of genetic, epigenetic, and environmental fac-
tors influences PC risk. Understanding the genetic backgrounds
that predispose individuals to PC is crucial for early detection and
intervention. Until widely available genetic testing and screening
become a reality, Al algorithms that analyze medical records and
lifestyle choices hold substantial promise in identifying at-risk in-
dividuals from the general population for further examination.

Challenges and advantages in applying Al to clinical settings

Al is a valuable tool that significantly enhances the early diag-
nosis of PC from various perspectives. Algorithms can efficiently
identify at-risk individuals by processing substantial amounts of
information from medical images, pathological examinations,
biomarkers, and other factors.® Al algorithms equip medical pro-
fessionals with precise decision-making tools for early screening,
diagnosis, and management of PC.3 This increased accessibility to
convenient screening approaches may also help alleviate dispari-
ties in medical services for disease management.

However, the application of Al in clinical practice is not with-
out concerns. Potential biases intrinsic to Al algorithms can lead
to skewed outcomes and decisions.®! A lack of transparency re-
garding information safety and associated risks is another major
concern. Significant gaps in documentation about Al training data
and ethical considerations raise issues of trust and accountabili-
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ty.82 Privacy concerns, challenges to job security among healthcare
professionals, and over-reliance on Al must all be carefully ad-
dressed.?? Additionally, the reallocation of responsibility between
Al and healthcare providers should be optimized to ensure maxi-
mum patient safety.%3

The new era of Al has prompted many professional fields to ad-
dress issues of data bias, transparency, privacy, liability, and ethi-
cal considerations in clinical settings. By actively acknowledging
these concerns, the integration of Al in the early diagnosis of PC
can be continuously optimized.

Future directions

Successful early diagnosis of an insidious malignancy such as
PC requires a multifaceted approach. Current challenges primar-
ily consist of a lack of highly specific and cost-effective markers
indicative of early stages, alongside high screening costs due to
the relatively low incidence among the general public. Therefore,
future research efforts should focus on developing low-cost, ef-
ficient, early, and specific screening strategies.

Studies on molecular pathways involved in early tumorigenesis
and progression, including CIRBP, p53, and RADSI, represent
significant advancements in developing early diagnostic regi-
mens.335 A deeper understanding of molecular mechanisms will
aid in identifying markers that emerge at increasingly earlier stages
of cancer development. As previously mentioned, these markers
could be utilized in molecular imaging to generate highly tumor-
specific scans, enabling radiologists to detect subtle changes that
might otherwise be overlooked.

The discovery of molecular biomarkers hinges on the develop-
ment of accurate and economical cell assays. Liquid biopsy has
ushered in a new era for detecting a broad range of molecules at
various cancer stages. However, its high material costs and com-
plex procedures remain significant barriers to widespread appli-
cation in routine screening. With AI’s assistance, the utility and
efficiency of liquid biopsy could be significantly amplified. Al
could help identify and analyze key targets in a panel of biomark-
ers, potentially simplifying the number of biomarkers needed in a
single test.

The development and application of Al tools for PC screen-
ing based on imaging results and medical records may be more
achievable than addressing other technical challenges that require
a deeper understanding of physical and life sciences. Collabora-
tion among Al developers, government officials, and medical pro-
fessionals is essential to resolve ethical and liability concerns and
facilitate the broad application of Al-assisted screening programs.

Last but not least, screening and advocacy efforts from clini-
cians to improve patient education represent the most cost-effec-
tive yet significant strategies. The impact of social determinants of
health on PC diagnosis and survival has garnered attention, with
studies suggesting that addressing modifiable social risk factors
could enhance early diagnosis rates and ultimately improve patient
outcomes.? Understanding the interplay between social determi-
nants of health and disease prognosis is crucial for developing ho-
listic approaches to PC management that extend beyond traditional
medical interventions.

Future directions in early diagnosis of PC lie in the collabora-
tion of innovative biomarker identification, the application of ar-
tificial intelligence tools, and the dedicated efforts of medical per-
sonnel. Continued interdisciplinary collaboration and translational
research are essential to realizing these transformative potentials
and addressing the challenges posed by this devastating disease.
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Despite the variety of advanced technologies available for early
diagnosis of PC, notable limitations persist. Current research on
these technologies is often superficial and lacks in-depth valida-
tion. While promising diagnostic tools, such as advanced imaging
techniques, biomarkers, and liquid biopsies, have been developed,
their clinical translation and prospects for general adoption remain
limited. The gap between theoretical advancements and practical
implementation in clinical settings needs to be narrowed.

Although this article proposes a novel early diagnostic model
based on Al, the supporting research for its clinical application is
sparse. Relatively few studies explore how Al-based models per-
form in real-world clinical environments, limiting our understand-
ing of their efficacy and integration into routine practice. Address-
ing these gaps through more comprehensive research and clinical
trials is essential for advancing the field and improving early diag-
nosis strategies for PC.

Conclusions

PC screening and early diagnosis are rapidly evolving due to ad-
vancements in imaging technologies, biomarker discovery, and
artificial intelligence. Despite challenges such as cost, accessi-
bility, and ethical concerns, ongoing research holds promise for
improving early detection rates and patient outcomes. Continued
interdisciplinary collaboration and the integration of innovative
technologies are essential to translate these advancements into ef-
fective clinical practice.
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