d

Bllé*
ntegration
From Bench-to-Bedside: A Review of

Clinical Trials in Drug Discovery and
Development

MIIAD

Graphical abstract Authors

Tianyang Wang, Ming Liu, Beniji
Peng, Xinyuan Song, Charles
Zhang, Xintian Sun, Qian Niu,
Junyu Liu, Silin Chen, Keyu Chen,
Ming Li, Pohsun Feng, Zigian

Bi, Yunze Wang, Yichao Zhang,
Cheng Fei, Lawrence K. Q. Yan,
Ziyuan Qin, Riyang Bao and Zekun

&
Io

E £,

S P

]

Jian
S g
Drug Discovery Clinical Trials Patient Treatment
Hiahliaht Correspondence
Ighlights zekun_jiang@ 163.com
(Z. Jiang)

e Clinical trials progress through four sequential phases (I-IV), each
addressing distinct safety and efficacy questions in drug development.

e Adaptive trial designs and Bayesian approaches enable real-time modifica- .
tions, improving efficiency and reducing development timelines. Brief statement

e Artificial intelligence and machine learning are transforming patient
recruitment, trial monitoring, and data analysis processes.

¢ Emerging therapies, including gene therapy and immunotherapy, require
innovative trial designs with biomarker-driven enrollment strategies.

 International regulatory harmonization and decentralized trial capabilities
are essential for global clinical development programs.

This comprehensive review synthe-
sizes current knowledge on clinical
trial methodology, technological inno-
vations, and regulatory frameworks,
providing actionable insights for
researchers, sponsors, and policymak-
ers to accelerate drug development,
while maintaining scientific rigor and
patient safety.
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Abstract

Clinical trials bridge basic research and clinical application, serving as essential steps in drug development.
This review examines clinical trial phases (Phase I [safety assessment], Phase II [efficacy evaluation], Phase
III [large-scale validation], and Phase IV [post-marketing surveillance]), highlighting the distinct character-
istics and interconnections. Major challenges are identified, including ethical compliance, participant recruit-
ment, and ensuring diversity and representativeness in trial populations, while proposing evidence-based
mitigation strategies. To address these challenges, innovative technologies, such as artificial intelligence,
big data analytics, and digital health tools, are transforming trial design and implementation, enhancing
efficiency and data quality. Looking forward, the review explores how emerging therapies, including gene
therapy and immunotherapy, are reshaping trial design requirements and emphasizes the growing importance
of regulatory harmonization and global collaboration. Clinical trials remain central to advancing innovative

drug development and improving patient outcomes.
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Introduction

Clinical trials serve as the critical bridge
connecting laboratory discoveries to clin-
ical practice, representing the cornerstone
of evidence-based drug development [1, 2].
These rigorously designed studies generate
the scientific evidence required by regu-
latory authorities to evaluate whether new
therapeutics should be approved for patient
use [3]. Without clinical trials promising
laboratory findings would remain untrans-
lated and unable to benefit the millions of
patients worldwide who depend on innova-
tive treatments for major diseases [4].

The clinical trial framework comprises
four sequential phases, each addressing
specific questions in drug development
[5, 6]. Phase I trials, typically enroll-
ing 20-100 healthy volunteers, establish
safety profiles and determine appropriate
dosing ranges. Phase II trials expand to
100-300 patients with the target condi-
tion to evaluate preliminary efficacy and
optimize dosing regimens. Phase III tri-
als involve 300-3000 participants across

multiple centers to confirm therapeutic
benefits and monitor adverse effects in
diverse populations. Finally, Phase IV
post-marketing surveillance continues
after regulatory approval, detecting rare
adverse events and assessing long-term
outcomes in real-world settings [7].

Despite an essential role, clinical trials
face substantial challenges that contrib-
ute to high failure rates and escalating
costs [8]. Ethical considerations demand
rigorous informed consent processes and
institutional oversight to protect partici-
pant welfare. Patient recruitment remains
a persistent bottleneck with many trials
failing to meet enrollment targets due to
strict eligibility criteria, geographic barri-
ers, and patient concerns about experimen-
tal treatments [9, 10]. The globalization of
clinical research has introduced additional
complexity, requiring navigation of diverse
regulatory frameworks, cultural contexts,
and healthcare systems [11].

Recent years have witnessed transformative
technological advances reshaping clinical
trial conduct [12, 13]. Artificial intelligence
and machine learning now support patient
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identification, trial design optimization, and real-time safety
monitoring. Digital health technologies, including wearable
devices and mobile applications, enable remote data collec-
tion and decentralized trial models that reduce participant bur-
den [14]. Real-world evidence derived from electronic health
records and claims databases increasingly supplements tradi-
tional trial data, providing insights into treatment effectiveness
across diverse patient populations [15].

The emergence of novel therapeutic modalities, includ-
ing gene therapies, cell-based treatments, and immuno-
therapies, poses unique challenges for conventional trial
designs [16, 17]. These innovative approaches often target
small patient populations with rare diseases, require person-
alized manufacturing processes, and necessitate extended
follow-up periods to assess durability of response. Precision
medicine principles increasingly guide trial design with bio-
marker-driven enrollment strategies enabling more efficient
identification of responsive patient subgroups [18].

Regulatory frameworks continue to evolve in response
to scientific advances and globalization pressures [19, 20].
Expedited approval pathways, including breakthrough ther-
apy designations and accelerated approval mechanisms, aim
to bring promising treatments to patients faster, while main-
taining safety standards. However, international regulatory
harmonization remains incomplete, creating challenges for
multinational trials and global drug development programs.
The future of clinical trials will require balancing innova-
tion with rigor, leveraging new technologies, while ensuring
robust evidence generation.

This review provides a comprehensive examination of clin-
ical trials in drug discovery and development with emphasis
on three integrated themes: (1) methodologic foundations
of trial design across all phases; (2) technological innova-
tions, including artificial intelligence, real-world evidence,
and digital health tools; and (3) regulatory considerations
and strategies for addressing persistent challenges. Unlike
reviews focusing on individual aspects, this work synthesizes
methodologic, technological, and regulatory perspectives to
provide actionable insights for researchers, sponsors, regu-
lators, and policymakers. The opportunities and limitations
of emerging approaches are critically evaluated, identifying
gaps between technological promise and practical imple-
mentation in the evolving clinical trial landscape.

Literature search strategy

This review was conducted following a structured literature
search methodology. PubMed, Web of Science, Scopus, and
Cochrane Library databases were searched for articles pub-
lished between January 2015 and December 2024. Search
terms included combinations of “clinical trials,” “drug devel-
opment,” “trial design,” “regulatory approval,” “artificial
intelligence,” “adaptive design,” and “personalized medi-
cine.” Peer-reviewed original research, systematic reviews,
meta-analyses, and regulatory guidance documents pub-
lished in English were included. Seminal historical works
and landmark trial reports were included regardless of pub-
lication date to provide foundational context. Reference lists
of the included articles were manually screened to identify
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additional relevant publications. In total, more than 150 arti-
cles were reviewed with 95 meeting inclusion criteria for
citation in this manuscript.

Early stages of drug discovery

Target identification and validation

The first critical step in drug discovery is the identification
and validation of potential drug targets [21]. Drug targets are
typically proteins, enzymes, or receptors that have key roles
in disease processes. The process begins with understanding
the biological mechanisms underlying a particular disease,
often through genomic, proteomic, and bioinformatics tech-
niques [22]. Once a potential target is identified, the target
must be validated to ensure that modulating activity will
have a therapeutic effect. Target validation can be achieved
through various methods, including genetic manipulation
(e.g., gene knockouts or knockdowns), pharmacologic inhi-
bition, or the use of animal models that mimic the disease
condition [23]. Only after thorough validation can a target
move forward to the next stages of drug discovery [24].

Hit discovery and screening

After target identification and validation, the next step is to
discover small molecules, biologics, or other entities that
can interact with the target effectively [25]. This process
is known as hit discovery, which involves screening large
chemical libraries or using computational methods like vir-
tual screening. High-throughput screening (HTS) is a widely
used method that tests thousands of compounds against the
target to identify “hits” (compounds that show desired activ-
ity). In addition to chemical libraries, natural products and
biologics, including monoclonal antibodies or peptides, may
also be investigated for potential as therapeutic agents [26,
27]. The identified hits are then subjected to further testing
for potency, selectivity, and the potential for off-target effects.

Lead optimization

Following identification, hits undergo a process called lead
optimization. During this stage, the goal is to refine the
chemical structure of the hit compounds to improve the
potency, selectivity, pharmacokinetics, and toxicity profiles
[28]. Medicinal chemistry has a crucial role in optimizing
leads to enhance drug-like properties. Techniques, such as
structure-activity relationship (SAR) studies, molecular
modeling, and iterative chemical synthesis, are used to mod-
ify the compounds [29]. This stage may involve the synthesis
of hundreds or thousands of analogs, followed by biological
testing to identify the best candidates for preclinical devel-
opment. Lead optimization is crucial to developing drug
candidates with the desired characteristics for clinical trials;
failure to optimize effectively can lead to failure of the drug
at later stages [30].
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Preclinical development

Preclinical development involves evaluating the drug can-
didate in non-human models to assess the safety, pharma-
cokinetics, and efficacy before moving to human trials [31].
This phase includes a variety of in vitro and in vivo studies
to determine the absorption, distribution, metabolism, excre-
tion, and toxicity (ADMET) properties of the compound.
Animal studies are also used to establish the preliminary
therapeutic window and dosing regimen. The results of pre-
clinical studies are critical in informing decisions regarding
the appropriate dose range, treatment schedule, and potential
side effects in humans [32, 33]. Regulatory agencies, such as
the US Food and Drug Administration (FDA) and European
Medicines Agency (EMA), require extensive preclinical data
to approve the initiation of clinical trials, ensuring that the
drug candidate is safe enough for human testing [34, 35].

The transition from preclinical development-to-clinical
trials represents a critical decision point in drug develop-
ment. An Investigational New Drug (IND) application must
be submitted to regulatory authorities that contains com-
prehensive preclinical data on pharmacology, toxicology,
and manufacturing. The IND serves as the bridge connect-
ing laboratory findings to human testing, the approval of
which marks the beginning of the clinical evaluation journey
described in the following section.

Clinical trial phases

Following successful preclinical development and IND
approval, drug candidates enter the clinical trial phase,
which is a systematic evaluation process designed to estab-
lish safety and efficacy in humans. The clinical trial frame-
work consists of four sequential phases, each with distinct
objectives, patient populations, and regulatory requirements.
This progression from first-in-human studies to post-market-
ing surveillance represents the “problem-solution” approach
central to drug development, as follows: Phase I answers
the safety question; Phase II answers the efficacy question;
Phase III answers the generalizability question; and Phase
IV answers the long-term safety question.

Phase I: safety and dose
exploration

Phase I clinical trials are the first step in testing a new drug in
humans. The primary focus of Phase I is to assess the safety,
tolerability, and pharmacokinetics of the investigational
drug. Typically, these trials are conducted with a small group
of healthy volunteers (20—-100 individuals). The main objec-
tive is to determine the appropriate dosage range for future
studies [36, 37]. This phase also aims to identify any poten-
tial side effects, the ADME properties of the drug, as well as
the most effective route of administration [38].

Dose escalation studies are commonly used in Phase I tri-
als, in which the drug dose is gradually increased to deter-
mine the maximum tolerated dose (MTD) [39-41]. The

findings from this phase are crucial in providing founda-
tional data on the safety profile of the drug, which can then
be used to design the subsequent phases.

Phase Il: preliminary efficacy and
dose optimization

Phase II trials primarily focus on evaluating the efficacy of
the drug in patients who have the target disease or condi-
tion. Phase II trials aim to determine whether the drug shows
signs of therapeutic benefit, typically involving a larger
cohort (100-300 patients). These trials also continue to mon-
itor safety and adverse effects, particularly the effects that
may occur at therapeutic doses [42—44].

Phase II trials are often divided into two subphases: the
Phase I1a subphase focuses on pharmacodynamic effects and
early indications of therapeutic responses, and helps estab-
lish the optimal dose range for treatment; and the Phase IIb
subphase further investigates the efficacy of the drug in a
larger patient population and helps refine the dose-response
relationship; data from Phase IIb trials are essential for
deciding whether the drug progresses to Phase III [45].

The results of Phase II trials provide vital information on
the potential of the drug to treat the disease and safety at the
target doses.

Phase llI: large-scale validation and
market access

Phase III clinical trials are the most critical for regulatory
approval and the eventual market introduction of a drug. The
drug is tested in a large patient population (typically 300-
3000 participants) in Phase III to confirm efficacy and fur-
ther assess the safety profile [46—48]. These trials are often
multicenter studies and involve diverse patient populations
to ensure the results are generalizable across different demo-
graphics [20, 49].

Phase I1I trials are designed to provide definitive evidence
of drug benefits compared to existing treatments or a pla-
cebo. Regulatory agencies, such as the US FDA or the EMA,
require comprehensive data from Phase III trials to assess
whether the drug should be approved for public use [50,
51]. The success of Phase III trials is the final step before a
New Drug Application (NDA) or Marketing Authorization
Application (MAA) is submitted [52, 53].

The safety profile continues to be assessed during this
phase, particularly regarding rare or long-term side effects,
which may not have been identified in earlier phases [49,
54]. The findings from Phase III trials have a key role in the
market access and widespread use of the drug.

Critical perspective: learning from trial
controversies

The history of Phase III trials includes both triumphs and
cautionary tales that have shaped current regulatory prac-
tices. The withdrawal of rofecoxib (Vioxx) in 2004 following
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cardiovascular safety signals that emerged only after wide-
spread market use highlighted fundamental limitations in
detecting rare adverse events even in large Phase III popu-
lations [55]. The APPROVe trial revealed that patients tak-
ing Vioxx had twice the risk of a myocardial infarction and
stroke compared to placebo, yet these signals were not appar-
ent in the original Phase III trials that enrolled approximately
5000 patients. This case prompted the FDA Risk Evaluation
and Mitigation Strategies (REMS) program and increased
emphasis on cardiovascular safety trials for COX-2 inhibi-
tors and similar drug classes.

Conversely, the accelerated development of trastuzumab
(Herceptin) for HER2-positive breast cancer exemplifies how
biomarker-driven trial design can identify responsive patient
subpopulations and achieve remarkable efficacy [56]. By
restricting enrollment to patients with HER2 overexpression
(approximately 25% of breast cancer patients), the pivotal
Phase III trial demonstrated a 20% improvement in survival,
an effect size that would have been diluted to insignificance
in an unselected population. This success established the
paradigm for precision medicine approaches in oncology
and demonstrated that smaller, biomarker-selected trials can
achieve regulatory approval with compelling efficacy data.

Phase IV: post-marketing surveil-
lance and long-term effects

Phase IV trials, also known as post-marketing surveillance,
take place after a drug has received regulatory approval and
is available to the general public [57, 58]. These trials are
designed to monitor the long-term safety and efficacy of the
drug in the broader population. While Phase I-III trials pro-
vide essential data on drug safety and effectiveness, Phase
IV trials allow researchers to observe drug performance over
a longer period and in more diverse patient populations [59,
60].

Post-marketing surveillance can identify rare or unex-
pected adverse effects that might not have been evident in
earlier trials due to smaller sample sizes. In addition, Phase
IV studies may explore new therapeutic indications, drug
interactions, or effectiveness when combined with other
treatments [61]. These studies are also critical for continuing
to ensure that the benefits of the drug outweigh any potential
risks, especially as the drug is used by a larger and more
varied patient population.

Interconnectivity and translational
aspects of the phases

The four phases of clinical trials are interrelated and build
upon each other phase to ensure that a new drug is both
effective and safe for use in the general population [62, 63].
Phase I provides the foundational safety data that guide the
design of Phase II trials, in which the primary focus shifts
toward assessing therapeutic efficacy and refining dosing.
Phase II results inform Phase III, in which large-scale val-
idation occurs to confirm the overall benefits and safety of
the drug in a broader population [5, 64, 65]. Finally, Phase

IV studies provide long-term monitoring to assess real-world
effectiveness and safety.

Adaptive designs and Bayesian
approaches

Modern clinical trials increasingly use adaptive designs that
allow pre-specified modifications based on accumulating
data [66]. Adaptive trials can modify randomization ratios,
drop ineffective treatment arms, or re-estimate sample sizes
at interim analyses unlike traditional fixed designs, while
maintaining statistical validity. These designs address the
inefficiencies of conventional trials, in which approximately
50% of Phase II and 40% of Phase III trials fail despite sub-
stantial investment.

Key Adaptive Design Types:

* Adaptive Randomization: Response-adaptive random-
ization assigns more patients to better-performing treat-
ment arms, improving both ethical considerations and
statistical efficiency. The I-SPY 2 trial in breast cancer
demonstrated that this approach can reduce the number of
patients exposed to inferior treatments, while accelerating
identification of effective therapies.

* Seamless Phase II/III Designs: These designs combine
dose-finding and confirmatory phases into a single trial,
reducing development timelines by 12—18 months. Data
from the Phase II portion contribute to the final analysis,
improving statistical power without increasing overall
sample size [45].

* Platform Trials: Master protocols, such as I-SPY 2 and
RECOVERY, allow continuous evaluation of multiple
treatments against a common control with treatments
entering and exiting based on pre-defined success or futil-
ity criteria [67]. The rapid identification of dexameth-
asone efficacy during COVID-19 in the RECOVERY
trial demonstrated the potential of the platform trial for
accelerating therapeutic discovery during public health
emergencies.

Bayesian Methods in Clinical Trials: Bayesian appro-
aches enable incorporation of prior knowledge and contin-
uous updating of treatment effect estimates [62]. Bayesian
designs integrate historical information and expert knowl-
edge through prior distributions, unlike frequentist methods
that rely solely on trial data. The US FDA has increasingly
accepted Bayesian designs, particularly for medical devices
and rare diseases in which traditional frequentist approaches
requiring large sample sizes are impractical. Key advantages
include more intuitive probability statements about treat-
ment effects, efficient use of accumulating data, and natural
handling of interim analyses without multiplicity penalties.

Digital Biomarkers: Wearable devices and smartphone
sensors generate continuous physiologic data that comple-
ment traditional clinical endpoints [14]. Digital biomarkers,
such as gait speed measured via accelerometers, sleep pat-
terns from wearable devices, and heart rate variability provide
objective, are real-world measures of treatment effects. The
Parkinson’s Progression Markers Initiative (PPMI) demon-
strated that smartphone-based assessments can detect motor
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function changes with greater sensitivity than quarterly clinic
visits. However, validation standards and regulatory accept-
ance remain evolving areas with US FDA guidance on digital
health technologies continuing to develop.

Challenges and response
strategies in clinical trials

Clinical trials continue to face persistent challenges that com-
promise efficiency, validity, and generalizability, despite sig-
nificant advances in trial methodology and technology. These
challenges are interconnected; ethical concerns affect recruit-
ment willingness, recruitment difficulties exacerbate diversity
gaps, and inadequate diversity undermines data quality and
regulatory acceptance. Understanding these interdependen-
cies is essential for developing effective mitigation strategies.

The magnitude of these challenges is substantial.
Approximately 85% of clinical trials fail to meet recruitment
targets within planned timeframes, while dropout rates aver-
age 30% across all trial phases [68]. These failures trans-
late into significant financial consequences that extend trial
timelines by just 1 d costs sponsors an estimated $37,000 in
direct expenses with total delays potentially adding millions
of dollars to development costs [69]. More critically, pro-
longed trials delay patient access to potentially life-saving
treatments and reduce the statistical power needed to detect
meaningful clinical effects.

Figure 1 presents a hierarchical framework organizing
these challenges into four interconnected categories: (1)
ethical and regulatory compliance, which establishes the
foundational requirements for trial conduct; (2) patient
recruitment and retention, which determines whether suf-
ficient participants can be enrolled and maintained; (3)
diversity and population representativeness, which affects
the generalizability of findings; and (4) data quality and
operational compliance, which ensures the reliability of
results. The following subsections examine each category,
analyzing specific obstacles and presenting evidence-based
strategies to address the categories.

Ethical and regulatory compliance

Ethical and regulatory compliance forms the foundation
of credible clinical research. Historical failures in research
ethics, including the Tuskegee syphilis study and thalido-
mide-related birth defects, have shaped modern regulatory
frameworks and underscored the necessity of rigorous par-
ticipant protections [70]. Today, the core ethical challenge
remains balancing scientific advancement with participant
welfare, requiring researchers to navigate complex require-
ments, while maintaining trial feasibility.

Informed Consent Challenges: Informed consent rep-
resents the cornerstone of ethical research, requiring partic-
ipants to voluntarily agree to enrollment after understanding
the purpose, risks, benefits, and alternatives of the trial
[71]. However, implementing meaningful informed consent
faces practical obstacles. Consent documents have grown

increasingly complex, often exceeding 20 pages with techni-
cal language that participants struggle to comprehend. Studies
indicate that many participants sign consent forms without
fully understanding key elements, particularly regarding ran-
domization and placebo use. Cultural and linguistic differ-
ences further complicate consent in multinational trials, in
which concepts, like “randomization,” may lack direct trans-
lations or conflict with local healthcare expectations [72].

Regulatory Complexity: Clinical trials must comply with
regulations from multiple authorities, including the US FDA,
EMA, and national agencies worldwide [73, 74]. While these
agencies share common objectives, the specific requirements
often differ in areas, such as pediatric study mandates, ethnic
bridging studies, and data submission formats. Multinational
sponsors must navigate these differences, sometimes con-
ducting additional studies or modifying protocols to satisfy
regional requirements [75]. The regulatory burden is particu-
larly acute for academic investigators and smaller sponsors
that lack dedicated regulatory affairs departments.

Privacy and Data Protection: The expansion of digital
data collection and international data sharing has intensi-
fied privacy concerns. Regulations, such as General Data
Protection Regulation (GDPR) in Europe and the Health
Insurance Portability and Accountability Act (HIPAA) in
the United States impose strict requirements on data han-
dling, while emerging frameworks in other regions add com-
plexity for global trials. Balancing data utility for research
with participant privacy requires sophisticated governance
approaches that many organizations are still developing.

Response Strategies:

* Simplify and enhance informed consent: Plain-language
consent documents supplemented with visual aids and
multimedia explanations are developed. Staged consent
processes that revisit key information are considered at
multiple timepoints [76].

* Adopt harmonized regulatory approaches: International
Council for Harmonisation (ICH) guidelines and mutual
recognition agreements are leveraged to streamline
multinational submissions. Regulatory agencies are
engaged early through pre-submission meetings to clarify
requirements.

e Implement robust data governance: Comprehensive
data protection frameworks addressing collection, storage,
transfer, and retention are established. Privacy-enhancing
technologies, such as anonymization and federated analy-
sis, are utilized as appropriate.

* Build regulatory expertise: An investment in training
for research staff is made and partnerships with regulatory
consultants for complex submissions are considered.

Patient recruitment and retention

Recruitment and retention represent the most common oper-
ational barriers to successful trial completion. Industry data
indicate that 85% of trials fail to recruit sufficient partici-
pants within planned timeframes, while approximately 30%
of enrolled participants discontinue before study completion
[68, 77]. These challenges vary substantially by therapeutic
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Figure 1

area; oncology trials typically achieve higher enrollment
rates due to limited treatment alternatives, while trials for
chronic conditions with existing therapies face greater
recruitment difficulties [78].

Recruitment Barriers: Multiple factors impede patient
enrollment. Strict eligibility criteria exclude substantial pro-
portions of screened patients; screen failure rates exceed
35% across all trial types and approach 50% in some ther-
apeutic areas. Many patients remain unaware of relevant
trials or hold misconceptions about participation, including
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Hierarchical overview of clinical trial challenges and mitigation tactics.

fears of receiving placebos when effective treatments exist.
Geographic barriers persist despite digital advances because
many trials concentrate at academic medical centers acces-
sible primarily to urban populations. Financial concerns,
including lost wages and travel costs, disproportionately
affect lower-income populations [79].

Retention Challenges: Maintaining participant engage-
ment throughout trial duration poses distinct challenges.
Common dropout triggers include adverse events (real or
perceived), treatment burden from frequent visits or complex
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protocols, loss of perceived benefit, and life circumstances,
such as relocation or competing health priorities. The COVID-
19 pandemic highlighted these vulnerabilities with survey data
showing that 44% of participants found travel to study sites
“somewhat” or “very burdensome” in 2021, a 15% increase
from 2019 [80]. Protocol complexity correlates strongly with
dropout; trials requiring more frequent visits, longer duration,
or invasive procedures experience higher attrition.
Disease-specific Considerations: Recruitment and reten-
tion patterns differ markedly across therapeutic areas. Rare
disease trials face inherently limited patient pools but often
benefit from highly motivated participants and engaged
patient advocacy organizations. Pediatric trials require paren-
tal consent and child assent, which adds complexity, while
facing restrictions on acceptable risk levels. Psychiatric tri-
als contend with stigma-related barriers and cognitive fac-
tors affecting consent capacity. Oncology trials increasingly
compete for patients as treatment options multiply, while
cardiovascular prevention trials must convince asympto-
matic individuals to participate in long-duration studies.

Response Strategies:

e Optimize eligibility criteria: “Fit-for-purpose” appro-
aches that balance scientific rigor with real-world practical-
ity are applied. Broader criteria improve recruitment, while
potentially enhancing the generalizability of the findings.

e Implement decentralized trial elements: Telemedicine
visits, home nursing services, and direct-to-patient
drug delivery are utilized to reduce participant burden.
Wearable devices and mobile applications enable remote
data collection, while maintaining data quality.

* Enhance participant engagement: Comprehensive com-
munication strategies addressing participant questions
and concerns throughout the trial are developed. Regular
updates on study progress help participants feel valued
and connected to the research mission.

e Address financial barriers: Adequate compensation for
time and travel are provided, and insurance coverage pol-
icies that do not penalize trial participation are advocated.

¢ Leverage technology for recruitment: Electronic health
record screening, social media outreach, and patient regis-
try partnerships are utilized to identify and engage poten-
tial participants more efficiently.

Diversity and population
representativeness

The lack of diversity in clinical trials represents both a scien-
tific limitation and an ethical concern. Historically, clinical
trials predominantly enrolled white males, leaving signifi-
cant knowledge gaps about drug effects in women, elderly
patients, and racial/ethnic minorities [81]. This underrep-
resentation has tangible consequences; drugs may receive
approval based on data that inadequately predict responses
in substantial portions of the intended patient population
[82].

Biological and Clinical Implications: Pharmacokinetic
and pharmacodynamic differences across demographic
groups are well-documented. Women generally have higher

body fat percentages than men, which affects drug distribu-
tion and slows gastric emptying. As a result, absorption is
affected and the expression of drug-metabolizing enzymes
differs. Genetic polymorphisms affecting drug metabo-
lism vary significantly by ancestry. For example, CYP2D6
poor metabolizer phenotypes occur in approximately 7%
of Caucasians but only 1% of East Asians, while CYP2C19
poor metabolizers are more common in Asian populations.
These differences can substantially affect drug efficacy and
toxicity, as demonstrated by the differential responses to
clopidogrel across ethnic groups and the higher incidence of
ACE inhibitor-induced angioedema in Black patients.

Regulatory Evolution: Recognition of these gaps has
prompted regulatory action. The FDA 2024 draft guidance
on Diversity Action Plans, mandated by the Food and Drug
Omnibus Reform Act of 2022 (FDORA), requires sponsors
to submit plans specifying enrollment goals disaggregated
by race, ethnicity, gender, and age for certain clinical stud-
ies [83]. Sponsors must provide rationale for the enrollment
targets and describe strategies for achieving the enrollment
targets. The guidance emphasizes that meaningful diversity
requires proactive planning rather than retrospective justifi-
cation of homogeneous enrollment.

Structural Barriers to Diversity: Achieving representative
enrollment requires addressing systemic barriers. Clinical
trial sites concentrate in academic medical centers serv-
ing predominantly White, insured populations. Historical
exploitation of minority communities in research, as exem-
plified by the Tuskegee study, has created lasting distrust that
affects willingness to participate. Language barriers, inflex-
ible scheduling around work hours, and lack of transporta-
tion disproportionately affect underrepresented populations.
In addition, eligibility criteria often exclude patients with
co-morbidities that are more prevalent in minority popula-
tions, such as hypertension or diabetes.

Response Strategies:

* Develop prospective diversity plans: Specific enroll-
ment targets are established for underrepresented popu-
lations at the trial design stage. Enrollment demographics
are monitored throughout the study and corrective actions
are implemented when targets are not being met.

* Expand site networks: Community health centers, safe-
ty-net hospitals, and practices serving diverse populations
are included, partnering with minority-serving institutions
and engaging with community advisory boards.

* Address practical barriers: Flexible scheduling is
offered, transportation assistance is provided, materials
are available in relevant languages, and staff are trained in
cultural competency [84, 85].

* Build community trust: Patient advocacy organizations
representing diverse communities are engaged. Trial
results are made available to participating communities.
Diverse representation is assured among research staff and
investigators [86].

* Conduct meaningful subgroup analyses: Studies are
adequately powered to detect clinically meaningful dif-
ferences across demographic subgroups. Transparent
subgroup results are reported, including limitations when
subgroups are underpowered.
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Data quality and operational
compliance

Data quality and operational compliance determine whether
trial results can support regulatory decisions and withstand
scientific scrutiny. Poor data quality can invalidate otherwise
well-designed studies, waste resources, and delay patient
access to effective treatments [87]. Regulatory agencies have
increasingly emphasized quality management approaches
that focus on factors critical to participant safety and data
reliability.

Sources of Data Quality Issues: Data quality problems
arise from multiple sources throughout the trial lifecycle.
Protocol deviations, including missed visits, incorrect dos-
ing, and eligibility violations, occur in most trials and can
compromise interpretability if not properly managed. Data
entry errors in case report forms remain common despite
electronic capture systems. Source data verification dur-
ing monitoring visits reveals discrepancies between source
documents and reported data in a significant proportion of
records. More fundamentally, unclear protocol instructions
and inadequate site training contribute to systematic data
collection errors that affect entire datasets [88].

Compliance Challenges in Modern Trials: The Good
Clinical Practice (GCP) framework provides internation-
ally harmonized standards for trial conduct but implemen-
tation faces ongoing challenges [89]. Decentralized trial
elements, including telemedicine visits, wearable devices,
and direct-to-patient drug delivery, introduce new compli-
ance considerations not fully addressed by traditional GCP
frameworks developed for site-based trials. International
trials must navigate varying interpretations of GCP require-
ments across regulatory jurisdictions. In addition, increas-
ing protocol complexity has outpaced site capabilities with
> 40% of trials requiring protocol amendments before the
first participant visit.

Emerging Quality Approaches: Regulatory agencies have
shifted from exhaustive verification toward risk-based qual-
ity management. This approach prioritizes monitoring and
quality activities on factors most likely to affect participant
safety and data reliability for critical decisions. Central sta-
tistical monitoring can identify data anomalies suggesting
fraud, systematic errors, or site performance issues more
efficiently than traditional 100% source data verification.
However, implementing risk-based approaches requires
sophisticated data analytics capabilities that many organiza-
tions are still developing.

Response Strategies:

e Implement risk-based quality management: Critical
data and processes are identified at the trial design stage.
Quality activities focus on protecting participant safety
and ensuring reliability of data supporting primary end-
points [90].

* Leverage technology for quality: Electronic data capture
is deployed with built-in validation checks and real-time
data review. Central monitoring platforms that apply sta-
tistical algorithms are utilized to detect data anomalies
across sites [91].

* Simplify protocols: Unnecessary complexity that
increases error rates and site burden is reduced. Data col-
lection is limited to information essential for answering
the research question and ensuring participant safety.

* Invest in site training: Comprehensive, role-specific
training is provided before trial initiation and reinforce-
ment throughout conduct. Investigators and coordinators
understand not just the procedures but the rationale behind
requirements.

e Establish quality culture: There is an effort to move
beyond compliance-focused monitoring toward collabo-
rative quality partnerships with sites. Share Transparent
quality metrics are shared and sites demonstrating excel-
lence are recognized.

These four challenge areas (ethical compliance, recruit-
ment and retention, diversity, and data quality) are deeply
interconnected. Addressing the challenge areas effectively
requires integrated strategies that recognize how improve-
ments in one area can positively affect other areas, while fail-
ures cascade across the entire trial enterprise.

Applications of technology and
innovation in clinical trials

The rapid advances in technology have fundamentally trans-
formed clinical trial design and implementation. This section
examines four major technological domains (data science,
real-world evidence, artificial intelligence, personalized
medicine, and digital health) that are reshaping modern clin-
ical trials. Figure 2 provides a hierarchical overview of these
technology applications, illustrating how each domain con-
tributes to improved trial efficiency and outcomes.

Data science and clinical trial data
analysis

As the scale and complexity of clinical trials continue to
grow, the application of data science has become crucial.
Clinical trials generate vast amounts of diverse data, includ-
ing patient health conditions, treatment responses, labo-
ratory test results, and medical images. Data science helps
researchers better understand these data, uncover potential
patterns and trends, which enhance the quality and efficiency
of decision-making in clinical trials [92].

Applications of data science in clinical trials include, but
are not limited to the following [93-95]:

* Data Integration and Management: Modern database
technologies, such as big data platforms and cloud com-
puting, are used to integrate data from different sources,
while ensuring data quality and consistency.

» Statistical Analysis: Advanced statistical models and
methods are used to analyze clinical trial data, evaluating
drug efficacy and safety. Techniques, such as multivaria-
ble analysis and regression analysis, are used to extract
meaningful conclusions from complex data sets.
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Figure 2 Hierarchical overview of applications of technology in clinical trials.

e Predictive Modeling: Machine learning and data mining
techniques are used to build predictive models to assess
patient treatment responses and potential side effects, aid-
ing in optimizing decisions early in the trial process.

Data science not only improves the precision of data anal-
ysis but also reduces human bias, ensuring that the results of
clinical trials are more reliable.

Real-world evidence and pragmatic
trials

Real-world evidence (RWE) derived from real-world data
(RWD) is increasingly recognized as a valuable complement
to traditional randomized controlled trials (RCTs) [15]. RWD
includes data from electronic health records (EHRSs), claims
databases, patient registries, and wearable devices, providing
insights into treatment effectiveness in diverse patient popu-
lations under routine clinical practice conditions.

The integration of RWE into drug development offers sev-
eral advantages:

¢ Post-marketing Surveillance Enhancement: RWE ena-
bles continuous monitoring of drug safety and effective-
ness after approval, complementing Phase IV studies with
larger and more diverse patient populations.

e External Control Arms: RWD can provide historical or
concurrent control groups when randomization is chal-
lenging or unethical, reducing trial costs and accelerating
development timelines.

e Label Expansion Studies: RWE supports the investiga-
tion of new indications or patient subgroups, informing
regulatory decisions for label expansions.

* Pragmatic Trial Design: Pragmatic trials conducted in
real-world settings bridge the gap between efficacy (as
demonstrated in controlled trials) and effectiveness (as
observed in clinical practice).

Regulatory agencies, including the US FDA and EMA
have issued guidance on the use of RWE in regulatory deci-
sion-making [96]. The 21st Century Cures Act in the United
States explicitly encourages the use of RWE to support drug
approvals and post-market requirements. However, chal-
lenges remain in ensuring data quality, standardization, and
addressing confounding factors inherent in observational
data.

Artificial intelligence and machine
learning in clinical trials

Artificial intelligence (AI) and machine learning (ML)
technologies are accelerating applications in clinical trials.
By leveraging large-scale data sets and powerful comput-
ing capabilities, Al and ML assist researchers in analyzing
clinical data more accurately, optimizing trial designs, and
improving decision-making efficiency. Al technologies have
a role not only in the early stages of drug discovery but also
throughout the entire clinical trial process [97-99].

Key applications of Al and ML in clinical trials include
the following [100-102]:

* Patient Screening and Recruitment: Al can analyze
historical data, electronic medical records (EMRs), and
genomic data to identify potential patients that meet trial
criteria, optimizing the patient recruitment process.
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e Efficacy Prediction and Personalized Treatment: Al
models can predict drug efficacy and side effects based
on the clinical characteristics and genetic information of
patients, providing personalized treatment plans for each
patient.

 Clinical Trial Monitoring: Al can monitor the progress
of clinical trials in real-time, analyze patient responses,
detect potential adverse events, and provide early warn-
ings, ensuring trial safety.

* Automated Data Analysis and Reporting: Machine
learning algorithms can automate the processing of large
and complex data, enhancing efficiency and accuracy in
data analysis, while minimizing human error [103].

As Al and ML technologies continue to develop, these
technologies are expected to significantly improve the effi-
ciency, reduce costs, and accelerate the drug development
process in clinical trials.

Practical Applications and Case Examples: Several Al
applications have demonstrated tangible impact in clinical
trials [12]. Companies, such as Recursion Pharmaceuticals
(Salt Lake City, UT, USA), have utilized deep learning to
identify drug candidates for rare diseases, significantly
accelerating the lead optimization phase. Al-powered plat-
forms have reduced enrollment timelines in patient recruit-
ment by 30-50% through automated eligibility screening of
EHRs. The COVID-19 pandemic accelerated adoption of
Al-powered trial monitoring with platforms enabling real-
time safety signal detection across decentralized trials.

Limitations and Challenges: Despite these advances, sig-
nificant barriers remain in Al adoption for clinical trials:

e Data Privacy and Security: Al systems require access
to sensitive patient data, raising concerns about HIPAA/
GDPR compliance and data breaches. Federated learning
approaches are emerging but remain technically challeng-
ing to implement at scale.

e Regulatory Uncertainty: FDA and EMA guidelines on
AI/ML in clinical trials are still evolving, creating uncer-
tainty for sponsors regarding validation requirements and
approval pathways.

e Algorithm Bias and Transparency: Machine learning
models trained on historically biased datasets may per-
petuate health disparities. The “black box” nature of deep
learning models poses challenges for regulatory review
and clinical interpretation.

e Standardization and Interoperability: Lack of stand-
ardized data formats across healthcare systems limits the
scalability of Al solutions in multicenter trials.

Personalized medicine and precision
treatment in clinical trial design

Personalized medicine and precision treatment are major
breakthroughs in the current medical research field. By ana-
lyzing the genome, environment, and lifestyle of a patient,
personalized medicine aims to tailor the most effective treat-
ment for each individual patient [104]. Clinical trial designs
are also evolving to align with personalized medicine, ensur-
ing that each patient receives the most suitable treatment.

In the context of personalized medicine, clinical trial
design differs significantly from traditional trials. Key
aspects of personalized clinical trial design include the
following[105-108]:

» Patient Stratification: Patients are categorized into dif-
ferent subgroups based on genetic features and patho-
logic characteristics, and each subgroup is analyzed and
assessed independently. This stratification improves the
accuracy of trial results and ensures that different patient
types benefit from the appropriate treatments.

* Targeted Therapy: Clinical trials are designed around
targeted drugs aimed at specific genes or biomarkers. For
example, some cancer patients may respond well to targeted
therapies, while other cancer patients may not respond.
Targeted therapy trials focus more on individual differences.

* Flexibility in Clinical Trial Design: Personalized clinical
trials require more flexible designs, allowing for adjust-
ments based on early assessments of treatment efficacy
and mid-trial modifications to therapy protocols.

Personalized medicine clinical trial designs will make
treatments more targeted, reduce unnecessary side effects,
and improve treatment outcomes.

Digital technologies and remote
monitoring in clinical trials

Digital technologies and remote monitoring are increasingly
applied in clinical trials, particularly during the COVID-19
pandemic, during which the use of telemedicine and remote
monitoring significantly increased [109]. Digital technolo-
gies not only enhance the efficiency and quality of clinical
trials but also ensure the smooth progression during excep-
tional circumstances like a pandemic.

Applications of digital technologies in clinical trials
include the following [97, 110, 111]:

e Electronic Data Capture (EDC): Electronic data collec-
tion and storage systems reduce errors and delays associ-
ated with traditional paper records, which accelerates data
processing and improves accuracy.

* Remote Monitoring and Patient Tracking: Wearable
devices and mobile health apps enable real-time monitor-
ing of patient health, allowing researchers to adjust treat-
ment plans promptly. Remote monitoring technologies
also reduce patient participation costs, making trials more
flexible and convenient.

* Virtual Clinical Trials: Some clinical trials are conducted
entirely online or remotely with the ongoing development
of virtual technologies, eliminating the need for patients
to be physically present at trial sites, thereby reducing
costs and increasing patient enrollment.

* Mobile Applications and Patient Feedback: Patients
can submit symptoms, treatment feedback, and other
health data at any time through mobile applications, which
researchers can analyze in real-time, enabling timely reac-
tions and adjustments to the trial protocol.

The combination of digital technologies and remote mon-
itoring not only provides greater convenience for patients
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but also ensures that clinical trials can be conducted more
efficiently and safely, enhancing the overall quality and fea-
sibility of the trial process.

Figure 2 summarizes the technology domains discussed
in this section, illustrating how data science, Al, personal-
ized medicine, and digital technologies collectively trans-
form clinical trial practice. These innovations address many
of the challenges identified in the ‘Challenges and response
strategies in clinical trials’ section particularly in improving
recruitment efficiency, enhancing data quality, and enabling
more diverse patient participation.

Future perspectives and
challenges

The challenges identified in the ‘Challenges and response
strategies in clinical trials’ section (ethical compliance, par-
ticipant recruitment, diversity, and quality control) continue
to shape the evolution of clinical trials. This section explores
how emerging technologies and therapeutic approaches are
being developed specifically to address these persistent
obstacles, while also introducing new considerations for
trial design and regulatory frameworks.

As medical science and technology continue to advance,
clinical trials are evolving to address these challenges
and embrace emerging opportunities. Figure 2 illustrates
the hierarchical overview of technology applications dis-
cussed.in the ‘Applications of technology and innovation
in clinical trials’ section which provide the foundation for
addressing many of the challenges outlined earlier. The
following subsections examine future directions in clinical
trial design, the impact of novel therapeutic approaches,
and the importance of regulatory adaptation and interna-
tional collaboration.

Future directions in clinical trials

With the continuous advances in technology and medicine,
the design and execution of clinical trials are also evolving.
Future clinical trials will increasingly focus on precision,
personalization, and flexibility to meet the changing medical
needs and treatment approaches.

There are several important future directions in clinical
trials:

¢ Precision Medicine-driven Clinical Trials [112, 113]:
With the rapid development of genomics, proteomics,
metabolomics, transcriptomics, and epigenomics future clin-
ical trial designs will emphasize individualized and precise
treatments. By analyzing the genetic information, environ-
mental factors, and lifestyle habits of patients, clinical trials
will be able to tailor drug treatment regimens for different
patient groups to improve efficacy and reduce side effects.

¢ The Rise of Virtual and Remote Clinical Trials [114—
117]: Due to technological advances, especially the rapid
development of information and communication technol-
ogies, future clinical trials may rely more on virtual plat-
forms and remote monitoring technologies. For example,

patients can provide treatment feedback and health data
through smart devices and mobile applications, allow-
ing researchers to analyze the data in real time and make
adjustments, thus increasing the flexibility and patient
participation in clinical trials.

e Data-Driven Trial Optimization [118, 119]: With the
application of big data, Al, and machine learning, future
clinical trials will place more emphasis on the rapid col-
lection, analysis, and application of data. Al and big data
can help optimize trial designs, predict patient responses,
identify potential side effects, and accelerate trial progress
through intelligent decision-making tools.

These developments will improve the efficiency and accu-
racy of clinical trials, shorten the time to market for drugs,
and enhance patient treatment outcomes.

Impact of Emerging Therapies on
Clinical Trial Design

Emerging therapies, such as gene therapy and immunother-
apy, are redefining modern medical treatment approaches.
These therapies typically involve highly personalized treat-
ments, which poses new challenges and demands on tradi-
tional clinical trial designs.

* Challenges in Gene Therapy [120-122]: Gene therapy
involves altering or replacing the genes of a patient to treat
diseases. These therapies typically target a small group of
specific patients, so clinical trials need to screen patients
based on specific genetic profiles or pathologic charac-
teristics. Clinical trial designs for gene therapy are often
more complex and must consider the effectiveness of
gene transfer technologies, long-term safety, and potential
immune reactions.

For example, Luxturna (voretigene neparvovec), approved
by the US FDA in December 2017 for inherited retinal dys-
trophy caused by biallelic RPE65 mutations, exemplifies the
unique challenges of gene therapy trials [123]. The Phase III
trial enrolled only 31 participants due to the rare nature of
the disease, required novel functional vision endpoints rather
than traditional visual acuity measures, and necessitated long-
term follow-up to assess durability of the one-time treatment.
Similarly, Zolgensma (onasemnogene abeparvovec), which
is indicated for spinal muscular atrophy, demonstrated the
importance of early intervention with the pivotal trial show-
ing that single-dose gene replacement therapy could achieve
remarkable motor milestone improvements in infants who
would otherwise face progressive motor neuron loss [124].
These cases highlight how gene therapy trials must accom-
modate small patient populations, develop disease-specific
endpoints, and implement extended monitoring protocols.

* Immunotherapy in Clinical Trial Design [125-127]:
Immunotherapy involves activating or suppressing the
immune system to treat cancer or other immune-related
diseases. A key characteristic of immunotherapy is the
large individual variability in efficacy, so clinical trials
often need to be multicenter, multinational, and long-term
to better assess efficacy and understand the diversity of
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immune responses. In addition, immunotherapy clinical
trials face challenges in managing side effects, such as
immune-related adverse events, making patient monitor-
ing and side effect evaluation crucial in the trial design.

The development of pembrolizumab (Keytruda) pioneered
the basket trial approach, in which patients are enrolled
based on molecular markers rather than tumor type. In June
2020, the US FDA approved pembrolizumab for tumor muta-
tional burden-high (TMB-H) solid tumors based on data from
KEYNOTE-158, which enrolled patients across nine different
tumor types; this was the first approval based on this biomarker
[128]. CAR-T therapies, such as Kymriah and Yescarta, present
unprecedented challenges, including autologous cell manufac-
turing logistics requiring approximately 3 weeks, management
of cytokine release syndrome, and the need for specialized
treatment centers with intensive care capabilities [17]. These
immunotherapy trials have fundamentally changed clinical
trial design by demonstrating that biomarker-driven, tumor-
agnostic approaches can achieve regulatory approval.

Clinical trials for emerging therapies not only require
innovative designs but also more precise patient selection
and treatment monitoring mechanisms to ensure the safety
and efficacy of these new therapies. The experiences with
Luxturna, Zolgensma, pembrolizumab, and CAR-T thera-
pies provide valuable lessons for future trial design in this
rapidly evolving field.

Regulatory changes and global
collaboration in clinical trials

International collaboration in clinical trials has become an
important trend with the deepening of globalization and
technological advancements. However, regulatory differ-
ences and changing frameworks across countries pose dis-
tinct challenges for global clinical trials.

e Challenges in Regulatory Changes [129-132]: Clinical
trial regulations and policies evolve with the emergence of
new technologies and therapies. For example, as genomics
and precision medicine advance, the regulatory agencies
in many countries are updating the policies to accommo-
date these emerging technologies. In addition, regula-
tory bodies are also revising regulations on data privacy,
patient protection, and drug approval processes to keep up
with global collaboration.

Expedited Approval Pathways: Regulatory agencies have
developed accelerated pathways to address unmet medi-
cal needs [19, 20]. The US FDA Breakthrough Therapy
Designation, granted to > 300 drug development programs
since 2012, enables intensive guidance and rolling review
for promising therapies. Accelerated approval allows mar-
keting based on surrogate endpoints with confirmatory trials
required post-approval, a pathway used for approximately
25% of novel drug approvals in oncology. The EMA Priority
Medicines (PRIME) scheme provides similar benefits for
European submissions.

Gene and Cell Therapy Regulations: The regulatory
framework for advanced therapies has evolved rapidly. The
US FDA 2020 guidance on gene therapy manufacturing

established quality standards for viral vector production.
The Regenerative Medicine Advanced Therapy (RMAT)
designation provides expedited development for regenera-
tive medicine products. However, challenges persist in har-
monizing long-term follow-up requirements; the US FDA
recommends 15-year monitoring for gene therapies, while
the EMA guidance varies by product class.

Decentralized Trial Regulations: The COVID-19 pan-
demic prompted regulatory flexibility for decentralized tri-
als (DCTs). The US FDA 2023 guidance on DCTs clarified
requirements for remote consent, direct-to-patient drug ship-
ment, and telemedicine visits. However, international har-
monization remains limited with varying acceptance of DCT
elements across regulatory jurisdictions.

¢ Global Collaboration in Clinical Trials [133-135]:
Globalization enables multinational companies and
research institutions to conduct clinical trials simultane-
ously in multiple countries. Multinational clinical trials
can accelerate drug approval processes, expand sam-
ple sizes, and improve the representativeness of results.
However, cross-border collaborations face challenges in
terms of cultural, legal, and ethical issues. Different coun-
tries have varying requirements for trials. Standards for
data management and ethical review differ, presenting
higher demands for global cooperation. Strengthening
collaboration between countries, harmonizing regulatory
standards, and simplifying approval procedures will be
key to the development of global clinical trials.

Global clinical trials not only accelerate drug develop-
ment and approval but also facilitate the sharing of medical
technologies between different regions, advancing global
public health efforts.

Conclusion

Summary of key findings

This review has examined the clinical trial landscape across
the following four dimensions: trial methodology; techno-
logical innovation; regulatory frameworks; and emerging
therapeutic challenges. Our analysis reveals that while tradi-
tional phase-based trial structures remain foundational, adap-
tive designs, real-world evidence integration, and Al-enabled
processes are fundamentally reshaping trial conduct. The
case studies of gene therapies (Luxturna and Zolgensma)
and immunotherapies (pembrolizumab and CAR-T) demon-
strate that novel therapeutic modalities require correspond-
ingly innovative trial designs.

Recommendations for stakeholders

Based on our comprehensive review, we offer the following
actionable recommendations:

For Trial Designers and Sponsors:

e Implement adaptive trial designs with pre-specified interim
analyses to improve efficiency and reduce resource waste
from failed trials
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 Integrate real-world data sources for external control arms
in rare disease trials in which randomization is impractical

* Develop biomarker-driven enrollment strategies to enable
precision medicine approaches and basket/umbrella trial
designs

e Establish decentralized trial capabilities including remote
consent, direct-to-patient drug delivery, and wearable
device integration for continuous monitoring
For Regulatory Agencies:

* Harmonize international guidelines for decentralized tri-
als to facilitate global clinical development programs

e Develop clear validation frameworks for AI/ML algo-
rithms used in trial design, patient selection, and safety

monitoring
e Establish standardized requirements for real-world
evidence quality to enable consistent regulatory

decision-making

» Create expedited pathways specifically designed for plat-
form trials testing multiple interventions
For Policymakers and Healthcare Systems:

e Investin clinical trial infrastructure, including EHR, inter-
operability to facilitate patient identification and data
collection

e Address recruitment barriers through community engage-
ment programs targeting underrepresented populations

* Support workforce development in clinical trial methodol-
ogy, data science, and regulatory science

Future outlook

The convergence of technological innovation, regulatory
evolution, and therapeutic advancement will continue to
transform clinical trials. Success in this evolving landscape
will require stakeholders to embrace adaptive methodolo-
gies, while maintaining rigorous scientific standards. The
ultimate goal is to accelerate the development of safe and
effective therapies to improve patient outcomes worldwide,
and remains unchanged.

Data availability statement

This is a review article. No new data were generated or ana-
lyzed in this study. All data discussed are from previously
published studies cited in the reference list.

Author contributions

Conceptualization: T.W., Z.J.; Literature search and anal-
ysis: TW, M.L, B.P, X.S,, C.Z, X.S., QN, JL., S.C,
K.C, ML, PF, ZB., YW, YZ, CF, LK.QY., Z2.Q,,
R.B.; Writing—original draft: T.W., M.L., B.P.; Writing—
review and editing: Z.J., T.W.; Supervision: Z.J. All
authors have read and agreed to the published version of
the manuscript.

Funding

This research received no external funding.

Acknowledgments

Google Gemini and ChatGPT were used to assist in the
preparation of Graphical abstract in this manuscript. All
generated content was reviewed, edited, and approved by
the authors, who take full responsibility for the accuracy and
integrity of the figures.

Conflict of interest

The authors declare that there are no conflicts of interest.

References

[1]  Vande Sande B, Lee JS, Mutasa-Gottgens E, Naughton B, Bacon W,
et al. Applications of single-cell RNA sequencing in drug discovery
and development. Nat Rev Drug Discov 2023;22(6):496-520. [PMID:
37117846 DOI: 10.1038/s41573-023-00688-4]

[2]  Sadybekov AV, Katritch V. Computational approaches streamlining
drug discovery. Nature 2023;616(7958):673-85. [PMID: 37100941
DOI: 10.1038/541586-023-05905-z]

[3]  von Delft A, Hall MD, Kwong AD, Purcell LA, Saikatendu KS, et al.
Accelerating antiviral drug discovery: lessons from COVID-19. Nat Rev
Drug Discov 2023;22(7):585-603. [PMID: 37173515 DOIL: 10.1038/
s41573-023-00692-8]

[4] Piantadosi S. Clinical trials: a methodologic perspective. 4th ed.
Hoboken, NJ: John Wiley & Sons; 2024.

[5] Teicher BA, Andrews PA. Anticancer drug development guide:
preclinical screening, clinical ftrials, and approval. Humana
Totowa, NJ: Springer Science & Business Media; 2004. [DOI:
10.1007/978-1-59259-739-0]

[6] Blass BE. Basic principles of drug discovery and development. Else-
vier; 2015.

[71  Herrling PL. The drug discovery process. In: Herrling PL, Matter A,
Rudin M, editors. Imaging in drug discovery and early clinical trials.
Progress in Drug Research. Birkhéduser Basel; 2005. pp. 1-14. [DOI:
10.1007/3-7643-7426-8_1]

[8] Abbasi N, Fnu N, Zeb S. Al in healthcare: using cutting-edge tech-
nologies to revolutionize vaccine development and distribution.
JURIHUM 2023;1(1):17-29.

[9] Zhang J, Zhang Y, Wang J, Xia'Y, Zhang J, et al. Recent advances in

Alzheimer’s disease: mechanisms, clinical trials and new drug devel-

opment strategies. Signal Transduct Target Ther 2024;9(1):211.

[PMID: 39174535 DOL: 10.1038/s41392-024-01911-3]

Bannigan P, Hickman RJ, Aspuru-Guzik A, Allen C. The dawn

of a new pharmaceutical epoch: can ai and robotics reshape drug

formulation? Adv Healthc Mater 2024;13(29):2401312. [PMID:

39155417 DOI: 10.1002/adhm.202401312]

[10]

14

T. Wang et al.: DOI: 10.15212/bioi-2025-0198


https://pubmed.ncbi.nlm.nih.gov/37117846
https://doi.org/10.1038/s41573-023-00688-4
https://pubmed.ncbi.nlm.nih.gov/37100941
https://doi.org/10.1038/s41586-023-05905-z
https://pubmed.ncbi.nlm.nih.gov/37173515
https://doi.org/10.1038/s41573-023-00692-8
https://doi.org/10.1038/s41573-023-00692-8
https://doi.org/10.1007/978-1-59259-739-0
https://doi.org/https%3A/doi.org/10.1007/3-7643-7426-8_1
https://pubmed.ncbi.nlm.nih.gov/39174535
https://doi.org/10.1038/s41392-024-01911-3
https://pubmed.ncbi.nlm.nih.gov/39155417
https://doi.org/10.1002/adhm.202401312

BIOI 2026

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Salvagno M, DE Cassai A, Zorzi S, Zaccarelli M, Pasetto M, et al.
The state of artificial intelligence in medical research: a survey
of corresponding authors from top medical journals. PLoS One
2024;19(8):¢0309208. [PMID: 39178224 DOI: 10.1371/journal.
pone.0309208]

Harrer S, Shah P, Antony B, Hu J. Artificial intelligence for clini-
cal trial design. Trends Pharmacol Sci 2019;40(8):577-91. [PMID:
31326235 DOI: 10.1016/j.tips.2019.05.005]

Vamathevan J, Clark D, Czodrowski P, Dunham I, Ferran E, et al.
Applications of machine learning in drug discovery and develop-
ment. Nat Rev Drug Discov 2019;18(6):463-77. [PMID: 30976107
DOI: 10.1038/s41573-019-0024-5]

Coravos A, Khozin S, Mandl KD. Developing and adopting safe
and effective digital biomarkers to improve patient outcomes.
NPJ Digit Med 2019;2(1):14. [PMID: 30868107 DOI: 10.1038/
541746-019-0090-4]

Sherman RE, Anderson SA, Dal Pan GJ, Gray GW, Gross T, et al.
Real-world evidence — what is it and what can it tell us? N Engl J
Med 2016;375(23):2293-7.

Dunbar CE, High KA, Joung JK, Kohn DB, Ozawa K, et al. Gene
therapy comes of age. Science 2018;359(6372):eaan4672. [PMID:
29326244 DOI: 10.1126/science.aan4672]

June CH, O’Connor RS, Kawalekar OU, Ghassemi S, Milone MC.
CAR T cell immunotherapy for human cancer. Science 2018;
359(6382):1361-5. [PMID: 29567707 DOI: 10.1126/science.
aar6711]

Woodcock J, LaVange LM. Master protocols to study multiple ther-
apies, multiple diseases, or both. N Engl J Med 2017;377(1):62-70.
[PMID: 28679092 DOI: 10.1056/NEJMral510062]

Hwang TJ, Darrow JJ, Kesselheim AS. The FDA’s expedited pro-
grams and clinical development times for novel therapeutics,
2012-2016. JAMA 2017;318(21):2137-8. [PMID: 29209711 DOI:
10.1001/jama.2017.14896]

Darrow JJ, Avorn J, Kesselheim AS. FDA approval and regula-
tion of pharmaceuticals, 1983-2018. JAMA 2020;323(2):164-76.
[PMID: 31935033 DOI: 10.1001/jama.2019.20288]

Chakraborty C, Bhattacharya M, Lee SS. Artificial intelligence
enabled ChatGPT and large language models in drug target dis-
covery, drug discovery, and development. Mol Ther Nucleic
Acids  2023;33:866-8. [PMID: 37680991 DOI: 10.1016/j.
omtn.2023.08.009]

Trajanoska K, Bhérer C, Taliun D, Zhou S, Richards JB, et al. From
target discovery to clinical drug development with human genetics.
Nature 2023;620(7975):737-45. [PMID: 37612393 DOI: 10.1038/
s41586-023-06388-8]

Parvatikar PP, Patil S, Khaparkhuntikar K, Patil S, Singh PK,
et al. Artificial intelligence: machine learning approach for screen-
ing large database and drug discovery. Antiviral Res 2023;220:
105740. [PMID: 37935248 DOI: 10.1016/j.antiviral.2023.
105740]

Pun FW, Ozerov 1V, Zhavoronkov A. Al-powered therapeutic tar-
get discovery. Trends Pharmacol Sci 2023:44(9):561-72. [PMID:
37479540 DOI: 10.1016/j.tips.2023.06.010]

Smith AJ. New horizons in therapeutic antibody discovery:
opportunities and challenges versus small-molecule therapeutics.
J Biomol Screen 2015;20(4):437-53. [PMID: 25512329 DOI:
10.1177/1087057114562544]

Kell DB. Finding novel pharmaceuticals in the systems biology
era using multiple effective drug targets, phenotypic screening and
knowledge of transporters: where drug discovery went wrong and
how to fix it. FEBS J 2013;280(23):5957-80. [PMID: 23552054
DOI: 10.1111/febs.12268]

Hughes JP, Rees S, Kalindjian SB, Philpott KL. Principles of early
drug discovery. Br J Pharmacol 2011;162(6):1239-49. [PMID:
21091654 DOI: 10.1111/7.1476-5381.2010.01127.x]

Mittal P, Chopra H, Kaur KP, Gautam RK. New drug discovery
pipeline. In: Gautam RK, Kamal MA, Mittal P, editors. Com-
putational approaches in drug discovery, development and sys-
tems pharmacology. Elsevier; 2023. pp. 197-222. [DOI: 10.1016/
B978-0-323-99137-7.00003-4]

Udegbe FC, Ebulue OR, Ebulue CC, Ekesiobi CS. Machine learning
in drug discovery: a critical review of applications and challenges.

[30]

(31]

(33]

[35]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Comput Sci IT Res J 2024;5(4):892-902. [DOI: 10.51594/csitrj.
v5i4.1048]

Chawla G, Pradhan T. 2 Lead-hit-based methods for drug design
and ligand identification. In: Computational drug discovery: molec-
ular simulation for medicinal chemistry. 2024. pp. 23.

Negi S, Kumar S, Singh A. Preclinical in vivo drug development
studies: limitations, model organisms, and techniques. In: Rajput VS,
Runthala A, editiors. Drugs and a methodological compendium:
from bench to bedside. Singapore: Springer; 2023. pp. 149-71.
[DOI: 10.1007/978-981-19-7952-1_6]

Harvey WD. Species selection for pharmaceutical toxicity studies.
In: Hock FJ, Pugsley MK, editors. Drug discovery and evaluation:
safety and pharmacokinetic assays. Cham: Springer; 2024. pp.
2271-301. [DOI: 10.1007/978-3-031-35529-5_133]

Srivastava AK, Negi G. Role of nonclinical programs in drug
development. In: Jagadeesh G, Balakumar P, Senatore F, edi-
tors. The quintessence of basic and clinical research and scien-
tific publishing. Singapore: Springer; 2023. pp. 579-93. [DOIL:
10.1007/978-981-99-1284-1_35]

Guo H, Xu X, Zhang J, Du Y, Yang X, et al. The pivotal role of
preclinical animal models in anti-cancer drug discovery and per-
sonalized cancer therapy strategies. Pharmaceuticals (Basel)
2024;17(8):1048. [PMID: 39204153 DOI: 10.3390/ph17081048]
Bode G, Starck-Lantova P, Kramer PJ. Future of regulatory safety
assessment. How to improve drug development? Focus on preclin-
ical strategies. In: Hock FJ, Pugsley MK, editors. Drug discovery
and evaluation: safety and pharmacokinetic assays. Cham: Springer;
2023. pp. 1-26. [DOI: 10.1007/978-3-030-73317-9_142-1]

Infante JR, Patnaik A, Verschraegen CF, Olszanski AJ, Shaheen M,
et al. Two phase 1 dose-escalation studies exploring multiple regi-
mens of litronesib (LY2523355), an Eg5 inhibitor, in patients with
advanced cancer. Cancer Chemother Pharmacol 2017;79(2):315-26.
[PMID: 28097385 DOI: 10.1007/s00280-016-3205-5]

Zonder JA, Mohrbacher AF, Singhal S, Van Rhee F, Bensinger WI,
et al. A phase 1, multicenter, open-label, dose escalation study of
elotuzumab in patients with advanced multiple myeloma. Blood
2012;120(3):552-9. [PMID: 22184404 DOI: 10.1182/blood-2011-
06-360552]

Philip G, Pedinoff A, Vandormael K, Tymofyeyev Y, Smugar SS,
et al. A phase I randomized, placebo-controlled, dose-exploration
study of single-dose inhaled montelukast in patients with chronic
asthma. J Asthma 2010;47(10):1078-84. [PMID: 20936994 DOI:
10.3109/02770903.2010.520100]

Li T, LoRusso P, Maitland ML, Ou SHI, Bahceci E, et al. First-
in-human, open-label dose-escalation and dose-expansion study of
the safety, pharmacokinetics, and antitumor effects of an oral ALK
inhibitor ASP3026 in patients with advanced solid tumors. J Hema-
tol Oncol 2016;9:23.

Paz-Ares L, Spigel DR, Chen Y, Jove M, Juan-Vidal O, et al.
RESILIENT part 1: a phase 2 dose-exploration and dose-expansion
study of second-line liposomal irinotecan in adults with small cell
lung cancer. Cancer 2022;128(9):1801-11. [PMID: 35195913 DOI:
10.1002/cncr.34123]

Skinner JB. Early exploration of safety and efficacy. Drug Inf J
1990;24(2):325-39. [DOI: 10.1177/009286159002400207]

Korn EL, Moscow JA, Freidlin B. Dose optimization during drug
development: whether and when to optimize. J Natl Cancer Inst
2023;115(5):492-7. [PMID: 36534891 DOI: 10.1093/jnci/djac232]
Dixon BP, Greenbaum LA, Huang L, Rajan S, Ke C, et al. Clin-
ical safety and efficacy of pegcetacoplan in a phase 2 study of
patients with C3 glomerulopathy and other complement-mediated
glomerular diseases. Kidney Int Rep 2023;8(11):2284-93. [PMID:
38025230 DOI: 10.1016/j.ekir.2023.08.033]

Chen C. To go or not to go in phase 2/3 oncology trials, a critical ques-
tion with a unified answer. Contemp Clin Trials 2023;128:107146.
[PMID: 36921690 DOI: 10.1016/j.cct.2023.107146]

Jiang L, Yuan Y. Seamless phase II/III design: a useful strategy to
reduce the sample size for dose optimization. J Natl Cancer Inst
2023;115(9):1092-8.

Brody T. Clinical trials: study design, endpoints and biomarkers,
drug safety, and FDA and ICH guidelines. Amsterdam: Elsevier/
Academic Press; 2016. pp. 863.

T. Wang et al.: DOI: 10.15212/bi0i-2025-0198

15

d

M3IAD



https://pubmed.ncbi.nlm.nih.gov/39178224
https://doi.org/10.1371/journal.pone.0309208
https://doi.org/10.1371/journal.pone.0309208
https://pubmed.ncbi.nlm.nih.gov/31326235
https://doi.org/10.1016/j.tips.2019.05.005
https://pubmed.ncbi.nlm.nih.gov/30976107
https://doi.org/10.1038/s41573-019-0024-5
https://pubmed.ncbi.nlm.nih.gov/30868107
https://doi.org/10.1038/s41746-019-0090-4
https://doi.org/10.1038/s41746-019-0090-4
https://pubmed.ncbi.nlm.nih.gov/29326244
https://doi.org/10.1126/science.aan4672
https://pubmed.ncbi.nlm.nih.gov/29567707
https://doi.org/10.1126/science.aar6711
https://doi.org/10.1126/science.aar6711
https://pubmed.ncbi.nlm.nih.gov/28679092
https://doi.org/10.1056/NEJMra1510062
https://pubmed.ncbi.nlm.nih.gov/29209711
https://doi.org/10.1001/jama.2017.14896
https://pubmed.ncbi.nlm.nih.gov/31935033
https://doi.org/10.1001/jama.2019.20288
https://pubmed.ncbi.nlm.nih.gov/37680991
https://doi.org/10.1016/j.omtn.2023.08.009
https://doi.org/10.1016/j.omtn.2023.08.009
https://pubmed.ncbi.nlm.nih.gov/37612393
https://doi.org/10.1038/s41586-023-06388-8
https://doi.org/10.1038/s41586-023-06388-8
https://pubmed.ncbi.nlm.nih.gov/37935248
https://doi.org/10.1016/j.antiviral.2023.105740
https://doi.org/10.1016/j.antiviral.2023.105740
https://pubmed.ncbi.nlm.nih.gov/37479540
https://doi.org/10.1016/j.tips.2023.06.010
https://pubmed.ncbi.nlm.nih.gov/25512329
https://doi.org/10.1177/1087057114562544
https://pubmed.ncbi.nlm.nih.gov/23552054
https://doi.org/10.1111/febs.12268
https://pubmed.ncbi.nlm.nih.gov/21091654
https://doi.org/10.1111/j.1476-5381.2010.01127.x
https://doi.org/10.1016/B978-0-323-99137-7.00003-4
https://doi.org/10.1016/B978-0-323-99137-7.00003-4
https://doi.org/10.51594/csitrj.v5i4.1048
https://doi.org/10.51594/csitrj.v5i4.1048
https://doi.org/10.1007/978-981-19-7952-1_6
https://doi.org/10.1007/978-3-031-35529-5_133
https://doi.org/10.1007/978-981-99-1284-1_35
https://pubmed.ncbi.nlm.nih.gov/39204153
https://doi.org/10.3390/ph17081048
https://doi.org/10.1007/978-3-030-73317-9_142-1
https://pubmed.ncbi.nlm.nih.gov/28097385
https://doi.org/10.1007/s00280-016-3205-5
https://pubmed.ncbi.nlm.nih.gov/22184404
https://doi.org/10.1182/blood-2011-06-360552
https://doi.org/10.1182/blood-2011-06-360552
https://pubmed.ncbi.nlm.nih.gov/20936994
https://doi.org/10.3109/02770903.2010.520100
https://pubmed.ncbi.nlm.nih.gov/35195913
https://doi.org/10.1002/cncr.34123
https://doi.org/10.1177/009286159002400207
https://pubmed.ncbi.nlm.nih.gov/36534891
https://doi.org/10.1093/jnci/djac232
https://pubmed.ncbi.nlm.nih.gov/38025230
https://doi.org/10.1016/j.ekir.2023.08.033
https://pubmed.ncbi.nlm.nih.gov/36921690
https://doi.org/10.1016/j.cct.2023.107146

BIOI 2026

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

Hwang TJ, Carpenter D, Lauffenburger JC, Wang B, Frank-
lin JM, et al. Failure of investigational drugs in late-stage clin-
ical development and publication of trial results. JAMA Intern
Med 2016;176(12):1826-33. [PMID: 27723879 DOIL: 10.1001/
jamainternmed.2016.6008]

Schneider LS, Mangialasche F, Andreasen N, Feldman H, Giac-
obini E, et al. Clinical trials and late-stage drug development for
Alzheimer’s disease: an appraisal from 1984 to 2014. J Intern Med
2014;275(3):251-83. [PMID: 24605808 DOI: 10.1111/joim.12191]
Umscheid CA, Margolis DJ, Grossman CE. Key concepts of clin-
ical trials: a narrative review. Postgrad Med 2011;123(5):194-204.
[PMID: 21904102 DOI: 10.3810/pgm.2011.09.2475]

Lis Y, Roberts MH, Kamble S, Guo JJ, Raisch DW. Comparisons
of Food and Drug Administration and European Medicines Agency
risk management implementation for recent pharmaceutical approv-
als: report of the International Society for Pharmacoeconomics and
outcomes research risk benefit management working group. Value
Health 2012;15(8):1108-18. [PMID: 23244814 DOI: 10.1016/j.
jval.2012.06.019]

Davis C, Naci H, Gurpinar E, Poplavska E, Pinto A, et al. Availabil-
ity of evidence of benefits on overall survival and quality of life of
cancer drugs approved by European Medicines Agency: retrospec-
tive cohort study of drug approvals 2009-13. BMJ 2017;359:j4530.
[PMID: 28978555 DOI: 10.1136/bmj.j4530]

Hatswell AJ, Baio G, Berlin JA, Irs A, Freemantle N. Regula-
tory approval of pharmaceuticals without a randomised con-
trolled study: analysis of EMA and FDA approvals 1999-2014.
BMJ Open 2016;6(6):e011666. [PMID: 27363818 DOI: 10.1136/
bmjopen-2016-011666]

Bobo D, Robinson KJ, Islam J, Thurecht KJ, Corrie SR. Nanopar-
ticle-based medicines: a review of FDA-approved materials and
clinical trials to date. Pharm Res 2016;33(10):2373-87. [PMID:
27299311 DOI: 10.1007/s11095-016-1958-5]

Van Norman GA. Drugs, devices, and the FDA: part 1: an overview of
approval processes for drugs. JACC Basic Transl Sci 2016;1(3):170-
9. [PMID: 30167510 DOI: 10.1016/j.jacbts.2016.03.002]

Topol EJ. Failing the public health—rofecoxib, Merck, and the
FDA. N Engl J Med 2004;351(17):1707-9. [PMID: 15470193 DOI:
10.1056/NEJMp048286]

Slamon DJ, Leyland-Jones B, Shak S, Fuchs H, Paton V, et al.
Use of chemotherapy plus a monoclonal antibody against HER2
for metastatic breast cancer that overexpresses HER2. N Engl
J Med 2001;344(11):783-92. [PMID: 11248153 DOI: 10.1056/
NEJM200103153441101]

Zhang X, Zhang Y, Ye X, Guo X, Zhang T, et al. Overview
of phase IV clinical trials for postmarket drug safety surveil-
lance: a status report from the ClinicalTrials.gov registry. BMJ
Open 2016;6(11):e010643. [PMID: 27881517 DOI: 10.1136/
bmjopen-2015-010643]

Barrett JS. Phase 4, special populations and post-marketing. In:
Fundamentals of drug development. John Wiley & Sons, Inc.;
2022. pp. 199.

Le Flohic E, Vrijens B, Hiligsmann M. The impacts of undetected
nonadherence in phase II, III and post-marketing clinical trials:
an overview. Br J Clin Pharmacol 2024;90(8):1984-2003. [PMID:
38752447 DOI: 10.1111/bcp.16089]

Chakraborty A, Venkatraman JV. Pharmacovigilance through
phased clinical trials, post-marketing surveillance and ongoing
life cycle safety. In: Jagadeesh G, Balakumar P, Senatore F, edi-
tors. The quintessence of basic and clinical research and scien-
tific publishing. Singapore: Springer; 2023. pp. 427-42. [DOL:
10.1007/978-981-99-1284-1_27]

Alomar M, Tawfiq AM, Hassan N, Palaian S. Post marketing sur-
veillance of suspected adverse drug reactions through spontane-
ous reporting: current status, challenges and the future. Ther Adv
Drug Saf 2020;11:2042098620938595. [PMID: 32843958 DOI:
10.1177/2042098620938595]

Berry DA. Bayesian clinical trials. Nat Rev Drug Discov
2006;5(1):27-36. [PMID: 16485344 DOI: 10.1038/nrd1927]

Zhou Y, Wang J, Gu Z, Wang S, Zhu W, et al. Next generation
of fluorine-containing pharmaceuticals, compounds currently in
phase II-III clinical trials of major pharmaceutical companies: new

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

(771

(78]

(791

[80]

[81]

[82]

structural trends and therapeutic areas. Chem Rev 2016;116(2):422-
518. [PMID: 26756377 DOI: 10.1021/acs.chemrev.5b00392]
Patrick DL, Burke LB, Gwaltney CJ, Leidy NK, Martin ML, et al.
Content validity—establishing and reporting the evidence in newly
developed patient-reported outcomes (PRO) instruments for medi-
cal product evaluation: ISPOR PRO Good Research Practices Task
Force report: part 2—assessing respondent understanding. Value
Health 2011;14(8):978-88. [PMID: 22152166 DOI: 10.1016/].
jval.2011.06.013]

Meyer RE, Salzman C, Youngstrom EA, Clayton PJ, Goodwin FK,
et al. Suicidality and risk of suicide—definition, drug safety con-
cerns, and a necessary target for drug development: a brief report.
J Clin Psychiatry 2010;71(8):el-21. [PMID: 20797373 DOL:
10.4088/JCP.10cs06070blu]

Pallmann P, Bedding AW, Choodari-Oskooei B, Dimairo M,
Flight L, et al. Adaptive designs in clinical trials: why use them,
and how to run and report them. BMC Med 2018;16(1):29.
[PMID: 29490655 DOI: 10.1186/s12916-018-1017-7]

Park JJH, Siden E, Zoratti MJ, Dron L, Harari O, et al. Systematic
review of basket trials, umbrella trials, and platform trials: a land-
scape analysis of master protocols. Trials 2019;20(1):572. [PMID:
31533793 DOI: 10.1186/s13063-019-3664-1]

Fogel DB. Factors associated with clinical trials that fail and oppor-
tunities for improving the likelihood of success: a review. Contemp
Clin Trials Commun 2018;11:156-64. [PMID: 30112460 DOI:
10.1016/j.conctc.2018.08.001]

Getz KA, Campo RA. Trial watch: trends in clinical trial design
complexity. Nat Rev Drug Discov 2017;16(5):307. [PMID:
28417986 DOI: 10.1038/nrd.2017.65]

Fouka G, Mantzorou M. What are the major ethical issues in con-
ducting research? Is there a conflict between the research ethics and
the nature of nursing? Health Sci J 2011;5(1):3-14.

Sieber JE, Tolich MB. Planning ethically responsible research. Sage
Publications; 2012. vol. 31. pp. 238.

Harris J. Scientific research is a moral duty. J Med Eth-
ics  2005;31(4):242-8. [PMID: 15800367 DOIL: 10.1136/
jme.2005.011973]

Pramesh CS, Badwe RA, Bhoo-Pathy N, Booth CM, Chinnaswamy G,
et al. Priorities for cancer research in low- and middle-income coun-
tries: a global perspective. Nat Med 2022;28(4):649-57. [PMID:
35440716 DOI: 10.1038/s41591-022-01738-x]
Aluwihare-Samaranayake D. Ethics in qualitative research: a
view of the participants’ and researchers’ world from a criti-
cal standpoint. Int J Qual Methods 2012;11(2):64-81. [DOI:
10.1177/160940691201100208]

Yegros-Yegros A, Van de Klippe W, Abad-Garcia MF, Rafols 1.
Exploring why global health needs are unmet by research efforts: the
potential influences of geography, industry and publication incen-
tives. Health Res Policy Syst 2020;18(1):47. [PMID: 32414373
DOI: 10.1186/s12961-020-00560-6]

Levine RJ. Ethics and regulation of clinical research. Yale Univer-
sity Press; 1988.

Swanson GM, Ward AJ. Recruiting minorities into clini-
cal trials toward a participant-friendly system. J Natl Cancer
Inst 1995;87(23):1747-59. [PMID: 7473831 DOI: 10.1093/
jnci/87.23.1747]

Patel MX, Doku V, Tennakoon L. Challenges in recruitment of
research participants. Adv Psychiatr Treat 2003;9(3):229-38. [DOL:
10.1192/apt.9.3.229]

Ford JG, Howerton MW, Lai GY, Gary TL, Bolen S, et al. Barriers
to recruiting underrepresented populations to cancer clinical trials: a
systematic review. Cancer 2008;112(2):228-42. [PMID: 18008363
DOI: 10.1002/cner.23157]

Rezaie J, Feghhi M, Etemadi T. A review on exosomes applica-
tion in clinical trials: perspective, questions, and challenges. Cell
Commun Signal 2022;20(1):145. [PMID: 36123730 DOI: 10.1186/
812964-022-00959-4]

Piller I, Zhang J, Li J. Linguistic diversity in a time of crisis:
language challenges of the COVID-19 pandemic. Multilingua
2020;39(5):503-15. [DOI: 10.1515/multi-2020-0136]

Turner BE, Steinberg JR, Weeks BT, Rodriguez F, Cullen MR. Race/
ethnicity reporting and representation in US clinical trials: a cohort

16

T. Wang et al.: DOI: 10.15212/bioi-2025-0198


https://pubmed.ncbi.nlm.nih.gov/27723879
https://doi.org/10.1001/jamainternmed.2016.6008
https://doi.org/10.1001/jamainternmed.2016.6008
https://pubmed.ncbi.nlm.nih.gov/24605808
https://doi.org/10.1111/joim.12191
https://pubmed.ncbi.nlm.nih.gov/21904102
https://doi.org/10.3810/pgm.2011.09.2475
https://pubmed.ncbi.nlm.nih.gov/23244814
https://doi.org/10.1016/j.jval.2012.06.019
https://doi.org/10.1016/j.jval.2012.06.019
https://pubmed.ncbi.nlm.nih.gov/28978555
https://doi.org/10.1136/bmj.j4530
https://pubmed.ncbi.nlm.nih.gov/27363818
https://doi.org/10.1136/bmjopen-2016-011666
https://doi.org/10.1136/bmjopen-2016-011666
https://pubmed.ncbi.nlm.nih.gov/27299311
https://doi.org/10.1007/s11095-016-1958-5
https://pubmed.ncbi.nlm.nih.gov/30167510
https://doi.org/10.1016/j.jacbts.2016.03.002
https://pubmed.ncbi.nlm.nih.gov/15470193
https://doi.org/10.1056/NEJMp048286
https://pubmed.ncbi.nlm.nih.gov/11248153
https://doi.org/10.1056/NEJM200103153441101
https://doi.org/10.1056/NEJM200103153441101
http://ClinicalTrials.gov
https://pubmed.ncbi.nlm.nih.gov/27881517
https://doi.org/10.1136/bmjopen-2015-010643
https://doi.org/10.1136/bmjopen-2015-010643
https://pubmed.ncbi.nlm.nih.gov/38752447
https://doi.org/10.1111/bcp.16089
https://doi.org/10.1007/978-981-99-1284-1_27
https://pubmed.ncbi.nlm.nih.gov/32843958
https://doi.org/10.1177/2042098620938595
https://pubmed.ncbi.nlm.nih.gov/16485344
https://doi.org/10.1038/nrd1927
https://pubmed.ncbi.nlm.nih.gov/26756377
https://doi.org/10.1021/acs.chemrev.5b00392
https://pubmed.ncbi.nlm.nih.gov/22152166
https://doi.org/10.1016/j.jval.2011.06.013
https://doi.org/10.1016/j.jval.2011.06.013
https://pubmed.ncbi.nlm.nih.gov/20797373
https://doi.org/10.4088/JCP.10cs06070blu
https://pubmed.ncbi.nlm.nih.gov/29490655
https://doi.org/10.1186/s12916-018-1017-7
https://pubmed.ncbi.nlm.nih.gov/31533793
https://doi.org/10.1186/s13063-019-3664-1
https://pubmed.ncbi.nlm.nih.gov/30112460
https://doi.org/10.1016/j.conctc.2018.08.001
https://pubmed.ncbi.nlm.nih.gov/28417986
https://doi.org/10.1038/nrd.2017.65
https://pubmed.ncbi.nlm.nih.gov/15800367
https://doi.org/10.1136/jme.2005.011973
https://doi.org/10.1136/jme.2005.011973
https://pubmed.ncbi.nlm.nih.gov/35440716
https://doi.org/10.1038/s41591-022-01738-x
https://doi.org/10.1177/160940691201100208
https://pubmed.ncbi.nlm.nih.gov/32414373
https://doi.org/10.1186/s12961-020-00560-6
https://pubmed.ncbi.nlm.nih.gov/7473831
https://doi.org/10.1093/jnci/87.23.1747
https://doi.org/10.1093/jnci/87.23.1747
https://doi.org/10.1192/apt.9.3.229
https://pubmed.ncbi.nlm.nih.gov/18008363
https://doi.org/10.1002/cncr.23157
https://pubmed.ncbi.nlm.nih.gov/36123730
https://doi.org/10.1186/s12964-022-00959-4
https://doi.org/10.1186/s12964-022-00959-4
https://doi.org/10.1515/multi-2020-0136

BIOI 2026

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

study. Lancet Reg Health Am 2022;11:100252. [PMID: 35875251
DOI: 10.1016/j.1ana.2022.100252]

U S Food and Drug Administration. Diversity Action Plans to
Improve Enrollment of Participants from Underrepresented Popula-
tions in Clinical Studies: Guidance for Industry; 2024. Docket No.
FDA-2024-D-1506. Draft Guidance. Available from: https://www.
fda.gov/regulatory-information/search-fda-guidance-documents/
diversity-action-plans-improve-enrollment-participants-underrep-
resented-populations-clinical-studies. Published April 2024.
Rabbitt P. How old and young subjects monitor and control
responses for accuracy and speed. Br J Psychol 1979;70(2):305-11.
[DOL: 10.1111/j.2044-8295.1979.tb01687.x]

Yeh AB, Huwang L, Li YM. Profile monitoring for a binary
response. IIE Trans 2009;41(11):931-41. [DOI: 10.1080/
07408170902735400]

Kazdin AE. Reactive self-monitoring: the effects of response
desirability, goal setting, and feedback. J Consult Clin Psychol
1974;42(5):704-16. [PMID: 4427011 DOI: 10.1037/h0037050]
Wallach JD, Gonsalves GS, Ross JS. Research, regulatory, and
clinical decision-making: the importance of scientific integrity. J
Clin Epidemiol 2018;93:88-93. [PMID: 29042327 DOI: 10.1016/j.
jclinepi.2017.08.021]

Landray MJ, Grandinetti C, Kramer JM, Morrison BW, Ball L,
et al. Clinical trials: rethinking how we ensure quality. Drug Inf J
2012;46(6):657-60. [DOL: 10.1177/009286151246437]

Prasanna B, Kothapalli P, Vasanthan M. The role of quality assur-
ance in clinical trials: safeguarding data integrity and compliance.
Cureus 2024;16(8):e67573. [PMID: 39310551 DOI: 10.7759/
cureus.67573]

Zou W, Zhang R, Schiiler E, Taylor PA, Mascia AE, et al. Frame-
work for quality assurance of ultrahigh dose rate clinical trials
investigating FLASH effects and current technology gaps. Int J
Radiat Oncol Biol Phys 2023;116(5):1202-17. [PMID: 37121362
DOI: 10.1016/j.ijrobp.2023.04.018]

Taylor PA, Miles E, Hoffmann L, Kelly SM, Kry SF, et al. Prior-
itizing clinical trial quality assurance for photons and protons: a
failure modes and effects analysis (FMEA) comparison. Radio-
ther Oncol 2023;182:109494. [PMID: 36708923 DOI: 10.1016/j.
radonc.2023.109494]

Swift B, Jain L, White C, Chandrasekaran V, Bhandari A, et al.
Innovation at the intersection of clinical trials and real-world data
science to advance patient care. Clin Transl Sci 2018;11(5):450-60.
[PMID: 29768712 DOI: 10.1111/cts.12559]

Goulooze SC, Zwep LB, Vogt JE, Krekels EHJ, Hankemeier T,
et al. Beyond the randomized clinical trial: innovative data
science to close the pediatric evidence gap. Clin Pharmacol
Ther 2020;107(4):786-95. [PMID: 31863465 DOI: 10.1002/cpt.
1744]

Inan OT, Tenaerts P, Prindiville SA, Reynolds HR, Dizon D, et al.
Digitizing clinical trials. NPJ Digit Med 2020;3(1):101. [PMID:
32821856 DOI: 10.1038/s41746-020-0302-y]

Frohlich H, Balling R, Beerenwinkel N, Kohlbacher O, Kumar S,
et al. From hype to reality: data science enabling personalized
medicine. BMC Med 2018;16(1):150. [PMID: 30145981 DOI:
10.1186/s12916-018-1122-7]

U.S. Food and Drug Administration. Framework for FDA’s real-
world evidence program; 2018. Available from: https://www.fda.
gov/media/120060/download.

Askin S, Burkhalter D, Calado G, El Dakrouni S. Artificial intel-
ligence applied to clinical trials: opportunities and challenges.
Health Technol (Berl) 2023;13(2):203-13. [PMID: 36923325 DOL:
10.1007/s12553-023-00738-2]

Ruksakulpiwat S, Kumar A, Ajibade A. Using ChatGPT in med-
ical research: current status and future directions. J Multidiscip
Healthc 2023;16:1513-20. [PMID: 37274428 DOI: 10.2147/JMDH.
S413470]

Gomase VS, Sharma R, Sardana S. Emerging technology of phar-
maceutical compliance: role of automation tools in regulatory affairs
for clinical trials. Rev Recent Clin Trials 2025. [PMID: 40849754
DOI: 10.2174/0115748871366461250802092217]

Joshi G, Jain A, Araveeti SR, Adhikari S, Garg H, et al. FDA-approved
artificial intelligence and machine learning (AI/ML)-enabled medical

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

devices: an updated landscape. Electronics 2024;13(3):498. [DOIL
10.3390/electronics13030498]

Singh S, Kumar R, Payra S, Singh SK. Artificial intelligence and
machine learning in pharmacological research: bridging the gap
between data and drug discovery. Cureus 2023;15(8):e44359.
[PMID: 37779744 DOLI: 10.7759/cureus.44359]

Tiwari PC, Pal R, Chaudhary MJ, Nath R. Artificial intelligence rev-
olutionizing drug development: exploring opportunities and chal-
lenges. Drug Dev Res 2023;84(8):1652-63. [PMID: 37712494 DOIL:
10.1002/ddr.22115]

Gomase VS, Ghatule AP, Sharma R, Sardana S. Leveraging artificial
intelligence for data integrity, transparency, and security in technol-
ogy-enabled improvements to clinical trial data management in
healthcare. Rev Recent Clin Trials 2025. [PMID: 40873273 DOI: 1
0.2174/0115748871371119250818102753]

Gonzilez-Gonzélez CS, Muiioz-Cruz V, Toledo-Delgado PA, Naci-
miento-Garcia E. Personalized gamification for learning: a reactive
chatbot architecture proposal. Sensors (Basel) 2023;23(1):545.
[PMID: 36617143 DOL: 10.3390/5s23010545]

Sherani AMK, Khan M, Qayyum MU, Hussain HK. Synergizing Al
and healthcare: pioneering advances in cancer medicine for person-
alized treatment. Int J Multidiscip SciArts 2024;3(2):270-7. [DOIL:
10.47709/ijmdsa.v3i01.3562]

Chen J, Yi C, Okegbile SD, Cai J, Shen X. Networking architecture
and key supporting technologies for human digital twin in personal-
ized healthcare: a comprehensive survey. IEEE Commun Surv Tutor
2023;26(1):706-46. [DOI: 10.1109/COMST.2023.3308717]

Vora LK, Gholap AD, Jetha K, Thakur RRS, Solanki HK, et al. Arti-
ficial intelligence in pharmaceutical technology and drug delivery
design. Pharmaceutics 2023;15(7):1916. [PMID: 37514102 DOI:
10.3390/pharmaceutics15071916]

Fountzilas E, Tsimberidou AM, Vo HH, Kurzrock R. Clinical trial
designintheeraof precision medicine. Genome Med 2022;14(1):101.
[PMID: 36045401 DOLI: 10.1186/s13073-022-01102-1]

Al-Worafi YM. Technology for drug safety: current sta-
tus and future developments. Cham: Springer; 2023. [DOI:
10.1007/978-3-031-34268-4]

Salinari A, Machi M, Armas Diaz Y, Cianciosi D, Qi Z, et al. The
application of digital technologies and artificial intelligence in health-
care: an overview on nutrition assessment. Diseases 2023;11(3):97.
[PMID: 37489449 DOI: 10.3390/diseases11030097]

Feigin VL, Owolabi M, Hankey GJ, Pandian J, Martins SC. Dig-
ital health in primordial and primary stroke prevention: a system-
atic review. Stroke 2022;53(3):1008-19. [PMID: 35109683 DOI:
10.1161/STROKEAHA.121.036400]

Urbaniak A, Thummel KE, Alade AN, Rettie AE, Prasad B, et al.
Experimental pharmacology in precision medicine. Pharmacol Res
Perspect 2023;11(6):e01147. [PMID: 37885364 DOI: 10.1002/
prp2.1147]

Marques L, Costa B, Pereira M, Silva A, Santos J, et al. Advanc-
ing precision medicine: a review of innovative in silico approaches
for drug development, clinical pharmacology and personalized
healthcare. Pharmaceutics 2024;16(3):332. [PMID: 38543226 DOI:
10.3390/pharmaceutics16030332]

Fu S, Gerber DE, Beg MS. Decentralized clinical trials in oncol-
ogy: are we ready for a virtual-first paradigm? J Clin Oncol
2022;41(2):181-5. [PMID: 35994691 DOI: 10.1200/JCO.22.
00358]

Nomali M, Mehrdad N, Heidari ME, Ayati A, Yadegar A, et al. Chal-
lenges and solutions in clinical research during the COVID-19 pan-
demic: a narrative review. Health Sci Rep 2023;6(8):e1482. [PMID:
37554954 DOI: 10.1002/hsr2.1482]

Mittermaier M, Venkatesh KP, Kvedar JC. Digital health technology
in clinical trials. NPJ Digit Med 2023;6(1):88. [PMID: 37202443
DOI: 10.1038/541746-023-00841-8]

DiMasi JA, Smith Z, Oakley-Girvan I, Mackinnon A, Costello M,
et al. Assessing the financial value of decentralized clinical trials.
Ther Innov Regul Sci 2023;57(2):209-19.

Bertsimas D, Kallus N. The power and limits of predictive
approaches to observational data-driven optimization: the case of
pricing. INFORMS J Optim 2023;5(1):110-29. [DOI: 10.1287/
1j00.2022.0077]

T. Wang et al.: DOI: 10.15212/bi0i-2025-0198

17

d

M3IAD



https://pubmed.ncbi.nlm.nih.gov/35875251
https://doi.org/10.1016/j.lana.2022.100252
http://Available from: https://www.fda.gov/regulatory-information/search-fda-guidance-documents/diversity-action-plans-improve-enrollment-participants-underrepresented-populations-clinical-studies. Published April 2024
http://Available from: https://www.fda.gov/regulatory-information/search-fda-guidance-documents/diversity-action-plans-improve-enrollment-participants-underrepresented-populations-clinical-studies. Published April 2024
http://Available from: https://www.fda.gov/regulatory-information/search-fda-guidance-documents/diversity-action-plans-improve-enrollment-participants-underrepresented-populations-clinical-studies. Published April 2024
http://Available from: https://www.fda.gov/regulatory-information/search-fda-guidance-documents/diversity-action-plans-improve-enrollment-participants-underrepresented-populations-clinical-studies. Published April 2024
https://doi.org/10.1111/j.2044-8295.1979.tb01687.x
https://doi.org/10.1080/07408170902735400
https://doi.org/10.1080/07408170902735400
https://pubmed.ncbi.nlm.nih.gov/4427011
https://doi.org/10.1037/h0037050
https://pubmed.ncbi.nlm.nih.gov/29042327
https://doi.org/10.1016/j.jclinepi.2017.08.021
https://doi.org/10.1016/j.jclinepi.2017.08.021
https://doi.org/10.1177/009286151246437
https://pubmed.ncbi.nlm.nih.gov/39310551
https://doi.org/10.7759/cureus.67573
https://doi.org/10.7759/cureus.67573
https://pubmed.ncbi.nlm.nih.gov/37121362
https://doi.org/10.1016/j.ijrobp.2023.04.018
https://pubmed.ncbi.nlm.nih.gov/36708923
https://doi.org/10.1016/j.radonc.2023.109494
https://doi.org/10.1016/j.radonc.2023.109494
https://pubmed.ncbi.nlm.nih.gov/29768712
https://doi.org/10.1111/cts.12559
https://pubmed.ncbi.nlm.nih.gov/31863465
https://doi.org/10.1002/cpt.1744
https://doi.org/10.1002/cpt.1744
https://pubmed.ncbi.nlm.nih.gov/32821856
https://doi.org/10.1038/s41746-020-0302-y
https://pubmed.ncbi.nlm.nih.gov/30145981
https://doi.org/10.1186/s12916-018-1122-7
https://www.fda.gov/media/120060/download
https://www.fda.gov/media/120060/download
https://pubmed.ncbi.nlm.nih.gov/36923325
https://doi.org/10.1007/s12553-023-00738-2
https://pubmed.ncbi.nlm.nih.gov/37274428
https://doi.org/10.2147/JMDH.S413470
https://doi.org/10.2147/JMDH.S413470
https://pubmed.ncbi.nlm.nih.gov/40849754
https://doi.org/10.2174/0115748871366461250802092217
https://doi.org/10.3390/electronics13030498
https://pubmed.ncbi.nlm.nih.gov/37779744
https://doi.org/10.7759/cureus.44359
https://pubmed.ncbi.nlm.nih.gov/37712494
https://doi.org/10.1002/ddr.22115
https://pubmed.ncbi.nlm.nih.gov/40873273
https://doi.org/10.2174/0115748871371119250818102753
https://doi.org/10.2174/0115748871371119250818102753
https://pubmed.ncbi.nlm.nih.gov/36617143
https://doi.org/10.3390/s23010545
https://doi.org/10.47709/ijmdsa.v3i01.3562
https://doi.org/10.1109/COMST.2023.3308717
https://pubmed.ncbi.nlm.nih.gov/37514102
https://doi.org/10.3390/pharmaceutics15071916
https://pubmed.ncbi.nlm.nih.gov/36045401
https://doi.org/10.1186/s13073-022-01102-1
https://doi.org/10.1007/978-3-031-34268-4
https://pubmed.ncbi.nlm.nih.gov/37489449
https://doi.org/10.3390/diseases11030097
https://pubmed.ncbi.nlm.nih.gov/35109683
https://doi.org/10.1161/STROKEAHA.121.036400
https://pubmed.ncbi.nlm.nih.gov/37885364
https://doi.org/10.1002/prp2.1147
https://doi.org/10.1002/prp2.1147
https://pubmed.ncbi.nlm.nih.gov/38543226
https://doi.org/10.3390/pharmaceutics16030332
https://pubmed.ncbi.nlm.nih.gov/35994691
https://doi.org/10.1200/JCO.22.00358
https://doi.org/10.1200/JCO.22.00358
https://pubmed.ncbi.nlm.nih.gov/37554954
https://doi.org/10.1002/hsr2.1482
https://pubmed.ncbi.nlm.nih.gov/37202443
https://doi.org/10.1038/s41746-023-00841-8
https://doi.org/10.1287/ijoo.2022.0077
https://doi.org/10.1287/ijoo.2022.0077

BIOI 2026

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

Xu L, Wu F, Chen R, Li L. Data-driven-aided strategies in bat-
tery lifecycle management: prediction, monitoring, and optimi-
zation. Energy Storage Mater 2023;59:102785. [DOI: 10.1016/].
ensm.2023.102785]

Wang H, Guan L, Deng M. Recent progress of the genetics of
amyotrophic lateral sclerosis and challenges of gene therapy. Front
Neurosci 2023;17:1170996. [PMID: 37250416 DOI: 10.3389/
fnins.2023.1170996]

Lek A, Atas E, Hesterlee SE, Byrne BJ, Bonnemann CG. Meeting
report: 2022 muscular dystrophy association summit on ‘safety
and challenges in gene transfer therapy’. J Neuromuscul Dis
2023;10(3):327-36. [PMID: 36806515 DOI: 10.3233/JND-221639]
Zabaleta N, Unzu C, Weber ND, Gonzalez-Aseguinolaza G. Gene
therapy for liver diseases — progress and challenges. Nat Rev Gas-
troenterol Hepatol 2023;20(5):288-305. [PMID: 36646909 DOI:
10.1038/s41575-022-00729-0]

Russell S, Bennett J, Wellman JA, Chung DC, Yu ZF, et al. Efficacy
and safety of voretigene neparvovec (AAV2-hRPE65v2) in patients
with RPE65-mediated inherited retinal dystrophy: a randomised,
controlled, open-label, phase 3 trial. Lancet 2017;390(10097):849-
60. [PMID: 28712537 DOI: 10.1016/S0140-6736(17)31868-8]
Mendell JR, Al-Zaidy S, Shell R, Arnold WD, Rodino-Klapac LR,
et al. Single-dose gene-replacement therapy for spinal muscular
atrophy. N Engl J Med 2017;377(18):1713-22. [PMID: 29091557
DOI: 10.1056/NEJMo0al706198]

Ghorani E, Quartagno M, Blackhall F, Gilbert DC, O’Brien M, et
al. REFINE-Lung implements a novel multi-arm randomised trial
design to address possible immunotherapy overtreatment. Lan-
cet Oncol 2023;24(5):e219-27. [PMID: 37142383 DOI: 10.1016/
S1470-2045(23)00095-5]

Kamat AM, Apolo AB, Babjuk M, Bivalacqua TJ, Black PC, et
al. Definitions, end points, and clinical trial designs for bladder
cancer: recommendations from the Society for Immunotherapy
of Cancer and the International Bladder Cancer Group. J Clin
Oncol 2023;41(35):5437-47. [PMID: 37793077 DOI: 10.1200/
JCO0.23.00307]

Creemers JHA, Ankan A, Roes KCB, Schroder G, Mehra N, et al.
In silico cancer immunotherapy trials uncover the consequences

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

of therapy-specific response patterns for clinical trial design and
outcome. Nat Commun 2023;14(1):2348. [PMID: 37095077 DOI:
10.1038/s41467-023-37933-8]

Marcus L, Fashoyin-Aje LA, Donoghue M, Yuan M, Rodriguez L,
et al. FDA approval summary: pembrolizumab for the treatment
of tumor mutational burden-high solid tumors. Clin Cancer Res
2021;27(17):4685-9. [PMID: 34083238 DOL: 10.1158/1078-0432.
CCR-21-0327]

Pansara R. Unraveling the complexities of data governance with
strategies, challenges, and future directions. Transact Latest Trends
ToT 2023;6(6):46-56.

Abrahams TO, Ewuga SK, Kaggwa S, Uwaoma PU, Hassan AO,
et al. Mastering compliance: a comprehensive review of regulatory
frameworks in accounting and cybersecurity. Comput Sci IT Res J
2024;5(1):120-40. [DOI: 10.51594/csitrj.v5i1.709]

Apeh AJ, Hassan AO, Oyewole OO, Fakeyede OG, Okeleke PA, et
al. GRC strategies in modern cloud infrastructures: a review of com-
pliance challenges. Comput Sci IT Res J 2023;4(2):111-25. [DOI:
10.51594/csitrj.v4i2.609]

Gomase VS, Sharma R, Dhamane SP. Global analysis of regulatory
frameworks and drug safety standards in the drug approval process.
Curr Drug Saf 2025. [PMID: 40916422 DOI: 10.2174/0115748863
392869250827042742]

Collij LE, Farrar G, Valléz Garcia D, Bader I, Shekari M, et al.
The amyloid imaging for the prevention of Alzheimer’s disease
consortium: a European collaboration with global impact. Front
Neurol 2023;13:1063598. [PMID: 36761917 DOI: 10.3389/
fneur.2022.1063598]

Teske AJ, Moudgil R, Lépez-Fernandez T, Barac A, Brown SA,
et al. Global Cardio Oncology Registry (G-COR): registry design,
primary objectives, and future perspectives of a multicenter
global initiative. Circ Cardiovasc Qual Outcomes 2023;16(10):
¢009905 [PMID: 37702048 DOI: 10.1161/CIRCOUTCOMES.
123.009905]

Llibre-Guerra JJ, Heavener A, Brucki SMD, Marante JPD, Pin-
tado-Caipa M, et al. A call for clinical trial globalization in
Alzheimer’s disease and related dementia. Alzheimers Dement
2023;19(7):3210-21. [PMID: 36840622 DOI: 10.1002/alz.12995]

18

T. Wang et al.: DOI: 10.15212/bioi-2025-0198


https://doi.org/10.1016/j.ensm.2023.102785
https://doi.org/10.1016/j.ensm.2023.102785
https://pubmed.ncbi.nlm.nih.gov/37250416
https://doi.org/10.3389/fnins.2023.1170996
https://doi.org/10.3389/fnins.2023.1170996
https://pubmed.ncbi.nlm.nih.gov/36806515
https://doi.org/10.3233/JND-221639
https://pubmed.ncbi.nlm.nih.gov/36646909
https://doi.org/10.1038/s41575-022-00729-0
https://pubmed.ncbi.nlm.nih.gov/28712537
https://doi.org/10.1016/S0140-6736%2817%2931868-8
https://pubmed.ncbi.nlm.nih.gov/29091557
https://doi.org/10.1056/NEJMoa1706198
https://pubmed.ncbi.nlm.nih.gov/37142383
https://doi.org/10.1016/S1470-2045%2823%2900095-5
https://doi.org/10.1016/S1470-2045%2823%2900095-5
https://pubmed.ncbi.nlm.nih.gov/37793077
https://doi.org/10.1200/JCO.23.00307
https://doi.org/10.1200/JCO.23.00307
https://pubmed.ncbi.nlm.nih.gov/37095077
https://doi.org/10.1038/s41467-023-37933-8
https://pubmed.ncbi.nlm.nih.gov/34083238
https://doi.org/10.1158/1078-0432.CCR-21-0327
https://doi.org/10.1158/1078-0432.CCR-21-0327
https://doi.org/10.51594/csitrj.v5i1.709
https://doi.org/10.51594/csitrj.v4i2.609
https://pubmed.ncbi.nlm.nih.gov/40916422
https://doi.org/10.2174/0115748863392869250827042742
https://doi.org/10.2174/0115748863392869250827042742
https://pubmed.ncbi.nlm.nih.gov/36761917
https://doi.org/10.3389/fneur.2022.1063598
https://doi.org/10.3389/fneur.2022.1063598
https://pubmed.ncbi.nlm.nih.gov/37702048
https://doi.org/10.1161/CIRCOUTCOMES.123.009905
https://doi.org/10.1161/CIRCOUTCOMES.123.009905
https://pubmed.ncbi.nlm.nih.gov/36840622
https://doi.org/10.1002/alz.12995



