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Summary
Introduction.  —  Precision  medicine  aims  to  tailor  healthcare  decisions  and  interventions  to
the unique  biological  and  clinical  characteristics  of  each  patient.  The  recent  convergence  of
artificial intelligence  (AI)  with  advances  in  digital  health,  omics,  and  big  data  analytics  has
accelerated  progress  toward  this  goal.  AI  technologies  —  particularly  machine  learning,  deep
learning, natural  language  processing  and  generative  large  language  models  —  enable  the  rapid
and meaningful  analysis  of  complex  biomedical  datasets,  supporting  more  individualized  care.
Purpose of  review.  —  In  this  narrative  review,  we  provide  an  accessible  overview  of  the  core
principles of  AI  for  healthcare  professionals  and  explore  its  practical  applications  across  the

spectrum  of  precision  medicine.  Real-world  examples  highlight  how  AI  is  being  used  to  enhance
early diagnosis,  guide  treatment  selection,  support  disease  prevention,  and  even  contribute
directly to  therapeutic  interventions.  Alongside  these  advances,  we  discuss  critical  limita-
tions and  challenges,  including  ethical  considerations,  algorithmic  bias,  data  privacy  concerns,
environmental  impact,  and  practical  barriers  to  clinical  implementation.
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Conclusion.  —  This  review  offers  both  an  introduction  to  AI  and  a  practical  overview  of  how  it  is
being used,  and  where  its  limitations  lie,  in  precision  medicine,  with  the  goal  of  helping  health-
care professionals  understand  these  evolving  tools  and  use  them  efficiently  and  responsibly  in
clinical practice.

© 2025  The  Author(s).  Published  by  Elsevier  Masson  SAS  on  behalf  of  Société  française  de
pharmacologie  et  de  thérapeutique.  This  is  an  open  access  article  under  the  CC  BY  license
(http://creativecommons.org/licenses/by/4.0/).
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bbreviations

I  artificial  intelligence
LL  acute  lymphoblastic  leukemia
UC  area  under  the  curve
AL  coronary  artery  lesions
NN  convolutional  neural  network
T  computed  tomography
XR  chest  X-ray
L  deep  learning
T  digital  twin
HR  electronic  health  record
KGL  Flesch-Kincaid  Grade  Level
LLM  generative  large  language  model
D  Kawasaki  disease
L  machine  learning
RI  magnetic  resonance  imaging
LP  natural  language  processing
4  predictive,  preventive,  personalized,  and  partici-

patory
CT  randomized  control  trials
C  ulcerative  colitis

ntroduction

recision  medicine,  often  used  interchangeably  with  per-
onalized  or  individualized  medicine,  is  a  transformative
pproach  to  tailor  medical  decisions,  treatments,  and  inter-
entions  to  the  unique  characteristics  of  each  patient.  In
heory,  this  strategy  incorporates  non-modifiable  (genome)
nd  modifiable  (environmental,  lifestyle  information)  fac-
ors  to  guide  more  precise  and  effective  healthcare.  For
he  U.S.  National  Human  Genome  Research  Institute,  per-
onalized  medicine  should  leverage  an  individual’s  genetic
rofile  to  optimize  therapeutic  choices,  dosing,  and  tim-
ng  [1].  This  comprehensive  approach  has  advanced  largely
n  parallel  with  developments  in  omics,  artificial  intel-
igence  (AI),  and  digital  health  technologies.  Among  the
ost  integrative  frameworks  of  precision  medicine  is
4  medicine,  which  stands  for  ‘‘predictive,  preventive,
ersonalized,  and  participatory’’.  P4  medicine  empha-

izes  a  data-rich  and  technology-driven  approach  to  care,
uilt  upon  the  widespread  availability  of  digital  tools  —

 ranging  from  wearable  devices  and  smartphones  to
igh-throughput  technologies  and  cloud  computing  [2,3].
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hese  technologies  enable  the  continuous  collection,  stor-
ge,  and  analysis  of  vast  biomedical  datasets  (notably
mics  data).  While  the  conceptual  roots  of  personalized
are  are  longstanding,  what  is  novel  today  is  the  capac-
ty  to  rapidly  and  meaningfully  analyze  these  often  large
nd  complex  datasets  to  inform  real-time  clinical  deci-
ions.

Central  to  this  capability  is  AI.  AI  refers  to  systems
apable  of  performing  tasks  that  typically  require  human
ntelligence,  such  as  pattern  recognition,  decision-making,
r  natural  language  understanding  [4]. AI  systems  may  be
oftware-based  (e.g.,  image  recognition,  predictive  ana-
ytics)  or  embedded  in  hardware  (e.g.,  smart  devices,
oT  applications).  Key  branches  of  AI  used  in  health-
are  include  machine  learning  (ML),  deep  learning  (DL),
atural  language  processing  (NLP)  and  generative  large  lan-
uage  models  (GLLM).  These  technologies  have  already
emonstrated  powerful  applications  in  genomics,  biomarker
iscovery,  medical  imaging,  and  clinical  decision  support
5,6].  In  clinical  research  and  practice,  AI  has  made  it
ossible  to  uncover  complex  relationships  within  high-
imensional  datasets  —– often  unrecognizable  by  human
nalysis  alone.  These  insights  are  increasingly  used  to  per-
onalize  diagnosis,  monitor  disease  progression,  and  select
he  most  appropriate  treatments  for  individual  patients
7].

This  narrative  review  explores  the  growing  role  of  AI
n  precision  medicine.  We  aim  to  describe  the  basis  of  AI,
llustrate  its  current  applications,  thereby  highlighting  its
trengths  and  limitations,  and  discuss  its  utility  in  bringing
ealthcare  professionals  closer  to  the  longstanding  goal  of
elivering  the  right  treatment  to  the  right  patient  at  the
ight  time.

rinciples of artificial intelligence

he  origins  of  AI  date  back  to  the  1950s,  with  early  work
y  figures  like  Alan  Turing,  who  proposed  the  Turing  Test
s  a  measure  of  machine  intelligence  [8].  Since  then,  AI
as  rapidly  advanced,  particularly  with  the  advent  of  ML
nd  DL.  ML  is  a major  subset  of  AI  in  which  algorithms  are

ble  to  learn  patterns  from  data  and  make  decisions  or  pre-
ictions  without  being  explicitly  programmed.  DL  takes  it  a
tep  further  as  these  models  mainly  utilize  multiple  layers
f  neural  networks  (inspired  by  the  structure  and  function  of

2

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Therapie  81  (2026)  171—186

F  supe

n
d
n
a
d
A
h
p
s
a
a

p
l
i
d
t
p
d
o
i
t
a
a
f
b
l
w
c
b

s
c
i
r
t
r
v
t
o
l
t
b
f
i
p
a
o

a
r
e
t
fi
p
d
f

igure 1. Overview of the three main types of machine learning:

eurons  in  the  human  brain)  to  learn  from  large  and  complex
atasets  and  process  tasks  such  as  image  recognition  and
atural  language  understanding,  allowing  for  breakthrough
chievements  in  tasks  like  speech  recognition,  autonomous
riving,  and  medical  diagnostics.  More  recently,  generative
I,  and  especially  large  language  models  (GLLMs)  like  GPT,
as  gained  popularity.  Trained  on  massive  datasets  com-
osed  of  texts  from  various  sources,  these  models  learn
tatistical  patterns  in  language  to  generate  human-like  text,
nswer  questions,  or  translate  languages,  thanks  to  their
bility  to  interpret  and  produce  unstructured  data  [9].

AI  methods  are  classified  into  three  primary  learning
aradigms  with  very  distinct  objectives  (Fig.  1):  supervised
earning,  unsupervised  learning,  and  reinforcement  learn-
ng.  In  supervised  learning,  the  model  is  trained  on  a  labeled
ataset  where  both  input  and  output  are  known,  enabling
he  system  to  predict  outcomes  based  on  this  training.  Unsu-
ervised  learning,  on  the  other  hand,  works  with  unlabeled
ata,  and  is  thus  employed  to  uncover  inherent  patterns
r  structures  within  the  data  without  predefined  labels.  It
s  therefore  often  preferred  to  perform  grouping  or  clus-
ering  tasks.  Reinforcement  learning  is  an  approach  where

 machine  learns  by  trial-and-error,  receiving  rewards  for
ctions  that  move  it  closer  to  a  desired  goal  and  penalties
or  actions  that  hinder  progress,  ultimately  optimizing  its
ehavior  over  time.  To  function  effectively,  AI  systems  fol-

ow  a  structured  development  pipeline  (Fig.  2)  that  begins
ith  data  collection,  where  large  volumes  of  relevant  clini-
al  or  real-world  health  data  are  gathered.  This  is  followed
y  data  preprocessing,  which  involves  cleaning,  formatting,
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rvised, unsupervised, and reinforcement learning.

tructuring  and  annotating  the  data  to  ensure  quality  and
onsistency,  key  features  of  the  final  model’s  results  qual-
ty.  During  the  model  training  phase,  algorithms  learn  to
ecognize  patterns  and  relationships  within  the  data.  Once
rained,  the  model  undergoes  evaluation  to  assess  its  accu-
acy,  robustness,  and  generalizability,  often  using  separate
alidation  datasets.  Upon  meeting  performance  criteria,
he  model  is  deployed  into  real-world  clinical  environments
r  applications.  Importantly,  when  based  on  reinforcement
earning  algorithms,  a  feedback  loop  can  enable  an  AI  system
o  continuously  refine  their  predictions  and  adapt  over  time
y  learning  from  new  incoming  data,  enhancing  both  per-
ormance  and  relevance  in  dynamic  healthcare  settings.  It
s  worth  noting  however  that,  despite  the  growing  number  of
ublications  reporting  well-evaluated  models,  relatively  few
re  ultimately  deployed  in  real-world  clinical  environments
r  applications.

Consequently,  ML,  but  especially  DL,  often  requires
ccess  to  large  volumes  of  high-quality  data,  which  can  be
eferred  to  as  ‘‘big  data’’.  This  data  requirement  is  how-
ver  not  always  essential  and  can  be  substantially  reduced
hrough  transfer  learning,  a  technique  in  which  a  model
rst  trained  on  a  large,  general  dataset  is  then  adapted  to
erform  a  more  specific  task  on  an  often  much  smaller  and
omain-oriented  dataset.  This  data  provides  the  foundation
or  training  algorithms  and  as  a  result,  beyond  the  quantity,

t  is  more  importantly  the  quality,  accuracy,  and  repre-
entativeness  of  the  data  that  are  critical  in  determining
ow  reliable  and  personalized  the  resulting  insights  will  be
Box  1).
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Figure 2. Stepwise workflow for artificial intelligence model developm

Box  1:  Literature  search  and  scope.
This  narrative  review  was  informed  by  a  targeted

search  of  key  scientific  databases  including  PubMed,
Web  of  Science,  and  MedRxiv,  focusing  on  recent
and  relevant  articles  related  to  AI  applications  in
healthcare  and  precision  medicine.  While  efforts  were
made  to  include  a  broad  range  of  studies,  this  review
is  not  systematic  and  therefore  does  not  represent  an
exhaustive  or  comprehensive  summary  of  all  available
literature.  The  selection  reflects  studies  deemed  most
pertinent  and  illustrative  examples  of  the  themes
discussed,  aiming  to  provide  healthcare  professionals
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Comparable  approaches  have  been  explored  in  many
with  a  clear  and  practical  overview  of  this  topic.

pplications of AI in precision medicine

iagnosis

arly diagnosis
n  healthcare,  early  disease  detection  is  often  associated
ith  improved  prognosis.  This  relationship  is  particularly
vident  in  oncology,  where  diagnosing  cancer  at  an  early
tage  significantly  enhances  survival  rates.  However,  approx-
mately  50%  of  cancers  are  still  diagnosed  at  an  advanced

tage,  mainly  due  to  multiple  challenges,  including  the  lim-
tations  of  current  screening  technologies  and  the  difficulty
n  identifying  lesions  with  malignant  potential  [10—12].  In
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ent and implementation.

his  context,  AI  has  emerged  as  a valuable  tool  to  address
hese  gaps  (Table  1).  Automated  analysis  of  medical  images
nd  the  integration  of  clinical  data  can  provide  critical  diag-
ostic  support.  Convolutional  neural  networks  (CNNs),  for
nstance,  have  proven  especially  effective  in  detecting  and
lassifying  anomalies  in  imaging  modalities  such  as  radio-
raphy,  CT  scans,  and  MRI,  achieving  diagnostic  accuracy
omparable  to  that  of  experienced  clinicians  thus  offering
aluable  support  in  the  diagnostic  process  [13].

A  recent  extensive  real-world  study  in  Germany  illus-
rated  AI’s  potential  in  breast  cancer  screening.  Eisemann
t  al.  evaluated  AI-supported  double  reading  in  mammogra-
hy  compared  to  standard  double  reading  across  more  than
63,000  women  [14].  Their  results  showed  a  17.6%  increase
n  cancer  detection  without  raising  the  rate  of  women  called
ack  for  additional  assessment,  along  with  improvements  in
he  positive  predictive  values  of  both  follow-up  and  biopsy.

Similarly,  in  dermatology,  a DL  algorithm  trained  on  over
20,000  clinical  images  covering  174  skin  disorders  demon-
trated  high  diagnostic  accuracy  in  malignancy  detection
AUCs  of  0.937  and  0.928  on  two  independent  datasets:
NU  and  Edinburgh)  [15]. When  clinicians  used  AI  assis-
ance,  their  sensitivity  and  F1  scores  (Table  2)  significantly
mproved,  suggesting  that  AI  can  act  as  an  effective  aug-
ented  intelligence  tool  to  support  early  skin  cancer
iagnosis.
ther  fields,  including  early  diagnosis  of  retinal  diseases
16], cardiac  arrhythmias  [17,18],  and  sepsis  [19].  In  the
atter,  SepsisFinder  —– a  machine-learned  causal  probabilis-

4



Therapie  81  (2026)  171—186

Table  1  Examples  of  artificial  intelligence  applications  in  personalized  medicine  and  their  key  findings.

Applications  of  AI  in  personalized  medicine  Key  findings

Disease  prevention  -  AI  platforms  can  predict  and  track  infectious  disease  outbreaks  early  by
analyzing  global  data  sources,  enabling  proactive  public  health  responses
-  AI-driven  chatbots  effectively  promote  healthier  lifestyles  and  reduce
cardiovascular  and  metabolic  disease  risks  through  personalized,
behavior-focused  interventions
- Using  predictive  models  from  self-monitoring  data,  AI-generated
personalized  feedback  supports  effective  daily  management  and
prevention  of  chronic  conditions  like  type  2  diabetes

Diagnosis Early  diagnosis  -  AI-supported  double  reading  using  DL  increased  cancer  detection
without  raising  recall  rates,  outperforming  standard  radiologist-only
double  reading  in  both  accuracy  and  efficiency
-  A  DL  algorithm  trained  on  a  large,  diverse  dermatological  image  dataset
outperformed  clinician  assessments  and  significantly  enhanced  diagnostic
sensitivity  and  precision  when  used  as  an  assistive  tool
-  An  ML  causal  probabilistic  model  can  identify  sepsis  up  to  48  hours
earlier  than  traditional  scoring  systems,  offering  superior  predictive
accuracy  and  earlier  alerts  based  on  routine  EHR  data

Precision  &
differential
diagnoses

- A  multimodal  AI  model  integrating  clinical,  cognitive,  and  imaging  data
distinguished  between  10  dementia  subtypes  with  high  accuracy,
outperforming  standard  clinical  assessments  and  enhancing  neurologists’
diagnostic  accuracy
- ML  classifiers  effectively  differentiated  between  overlapping
neurological  syndromes,  offering  superior  precision  over  traditional
clinical  evaluations  by  detecting  subtle,  multidimensional  patterns
-  ML  models  applied  to  routine  clinical  data  achieved  high  sensitivity  and
specificity  in  distinguishing  Kawasaki  disease  from  other  febrile  illnesses
and  predicting  coronary  complications,  improving  diagnostic  certainty  in
complex  cases  where  standard  methods  are  often  ambiguous

Disease
progression
prediction

-  Boosting  and  random  forest  algorithms  applied  to  clinical  data  predicted
relapse  and  mortality  in  pediatric  ALL  with  high  accuracy,  offering  earlier
and  more  individualized  risk  assessment  than  traditional  prognostic  tools
-  AI-assisted  colonoscopy  using  real-time  image  analysis  stratified  UC
patients  by  relapse  risk  during  remission,  enabling  non-invasive,  accurate
prediction  of  flare-ups  far  beyond  what  standard  endoscopic  evaluation
provides
-  Predictive  models  like  XGBoost  and  simplified  risk  scores  can  be  used  to
forecast  renal  flare  risk  post-remission  in  lupus  nephritis,  providing  a
data-driven  foundation  for  personalized  disease  monitoring
-  A  random  survival  forest  model  trained  on  a  large  MS  registry  predicted
the  timing  of  disability  progression  and  provided  interpretable  outputs,
equipping  clinicians  with  transparent,  patient-specific  risk  estimates  to
guide  early  intervention

Prognosis  -  An  XGBoost  model  integrating  clinical  and  blood  test  data  predicted
5-year  survival  outcomes  in  non-small  cell  lung  cancer  with  great
accuracy,  surpassing  traditional  staging  systems  in  prognostic  accuracy
and  aiding  personalized  postoperative  planning
-  An  AI-augmented  model  combining  chest  X-ray  image  analysis  with
clinical  parameters  outperformed  standard  tools  like  CURB-65  in
predicting  30-day  pneumonia  mortality,  demonstrating  the  value  of
integrating  ML-derived  imaging  scores  with  conventional  metrics

Treatment Therapeutic
target

- An  AI  platform  integrating  multi-omics  data  identified  TNIK  as  a  novel
fibrosis  target,  enabling  the  development  of  a  first-in-class  inhibitor
(INS018  055)  that  advanced  to  clinical  trials
-  An  AI-driven  drug  discovery  pipeline  identified  non-traditional,
conserved  bacterial  targets  absent  in  humans,  revealing  novel  antibiotic

mechanisms
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Table  1  (Continued)

Applications  of  AI  in  personalized  medicine  Key  findings

Drug  discovery  &
design

- DL  models  like  AlphaFold  predict  protein  3D  structures  with  high
accuracy,  enabling  rapid  structure-based  drug  design;  this  approach
allowed  researchers  to  identify  and  optimize  a  potent  CDK20  inhibitor
within  30  days,  even  without  experimental  structural  data
-  ML  applied  to  nationwide  EHR  identified  existing  drug  classes  potentially
protective  against  Parkinson’s  disease,  demonstrating  AI’s  potential  in
drug  repurposing

Drug  testing  Target  population  identification:
-  Unsupervised  ML  techniques  enable  the  stratification  of  heterogeneous
patient  populations,  such  as  in  systemic  sclerosis  or  Sjogren’s  syndrome,
by  uncovering  immuno-clinical  subgroups  with  distinct  therapeutic
responses,  improving  trial  efficiency  and  outcome  specificity  compared  to
traditional  broad  inclusion  criteria
Clinical  trial  generation:
-  AI-generated  virtual  cohorts  and  DT  simulate  patient  variability  and
disease  trajectories,  allowing  the  design  of  adaptive  and  cost-effective
clinical  trials,  especially  in  rare  or  complex  diseases  where  conventional
RCTs  are  impractical  or  underpowered
Response  &  adverse  effect  prediction:
-  ML  models  trained  on  multi-omics  and  clinical  data  predict  individual
treatment  responses,  guide  real-time  dosing  (e.g.,  chemotherapy),  and
anticipate  adverse  effects

Pharmacovigilance  AI  tools  like  ML-driven  signal  detection  systems,  streamline  adverse  event
reporting,  accelerate  signal  identification  from  EHRs  and  literature,  and
enhance  the  accuracy  and  efficiency  of  safety  monitoring  beyond  what  is
feasible  with  manual  methods

AI  as  treatment Mental  health  chatbots  and  emotional  health  apps  improve  access  to  care
by  providing  scalable,  evidence-based  support  for  conditions  like  anxiety
and  depression,  bridging  gaps  before  formal  therapy  and  sometimes
serving  as  standalone  or  adjunctive  therapeutic  interventions

Education  &
follow-up

Patient education  AI  enhances  patient  education  and  engagement  by  simplifying  complex
medical  information  for  better  understanding,  delivering  personalized
guidance  via  chatbots  and  robots,  and  significantly  improving  medication
adherence  through  interactive  support  tools

Patient  follow-up  AI  supports  ongoing  patient  management  by  automating  symptom
monitoring  and  health  assessments  through  tools  like  chatbots  and
AI-driven  telephone  follow-ups,  enabling  timely  clinical  interventions.
Additionally,  AI-powered  prediction  of  no-show  risks  combined  with
automated  reminders  significantly  improves  appointment  adherence  and
clinic  efficiency

DL: deep learning; DT: digital twin; EHR: electronic health record; ML: machine learning; RCT: randomized control trials; TNIK: TRAF2-
and NCK-interacting kinase.
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ic  model  —– was  developed  to  predict  sepsis  onset  up  to
8  hours  in  advance  using  routine  electronic  health  record
EHR)  data  outside  the  intensive  care  unit  [19].  In  a  cohort
f  over  82,000  hospital  admissions,  SepsisFinder  outper-
ormed  the  widely  used  NEWS2  score,  achieving  higher  AUC
0.950  vs.  0.872)  and  better  precision-recall  performance,
hile  also  triggering  alerts  earlier.  Importantly,  it  provided

 median  lead  time  of  5.5  hours  before  antibiotics  were
dministered,  highlighting  its  potential  to  improve  early

etection  of  sepsis  and  clinical  outcomes.

Overall,  these  examples  illustrate  how  AI-driven  early
etection  strategies  can  expand  therapeutic  options  and  sig-
ificantly  improve  patient  prognosis,  even  though  ensuring
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obustness  across  diverse  populations  and  clinical  settings
emains  an  ongoing  challenge.

recision and differential diagnoses
hanks  to  its  intrinsic  capabilities  —– including  pattern  recog-
ition,  multidimensional  data  integration,  and  probabilistic
easoning  —– AI  has  the  potential  to  greatly  assist  clinicians  in
stablishing  more  precise  diagnoses  and  identifying  or  ruling

ut  differential  diagnoses.

For  example,  Dr.  Xue  et  al.  developed  an  AI  model  that
ntegrates  diverse  clinical,  cognitive,  and  imaging  data  to
istinguish  among  10  distinct  causes  of  dementia  across  a
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Table  2  Definitions  of  metrics  used  to  evaluate  model  performance  in  the  discussed  examples.

Evaluation  Metrics  Definitions  [87,88]

Accuracy  The  proportion  of  correct  predictions  made  by  a model  across  all  evaluated  cases
Concordance  index  Index  which  measures  the  ability  of  a  predictive  model  to  correctly  rank  the  order

of  outcomes,  commonly  used  in  survival  analysis.  It  reflects  the  probability  that,
for  a  randomly  chosen  pair  of  individuals,  the  model  assigns  a  higher  risk  to  the
individual  who  experiences  the  event  earlier

Error  rate The  proportion  of  incorrect  predictions  made  by  a  model  out  of  all  evaluated  cases
F1  score Score  that  combines  how  many  correct  positive  results  the  model  gives  (precision)

and  how  many  real  positive  cases  it  finds  (recall)  into  a  single  number
Flesch-Kincaid  grade  level  A  readability  score  that  indicates  the  approximate  U.S.  school  grade  level  required

to  understand  a  given  text.  Higher  scores  correspond  to  more  complex  texts,  while
lower  scores  indicate  greater  readability

Sensitivity  (recall)  The  ability  of  a  model  to  correctly  identify  true  positive  cases  (the  proportion  of
the  m
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arge,  multi-site  cohort  of  over  51,000  individuals  [20].  This
odel  achieved  high  diagnostic  accuracy  (AUC  up  to  0.96),
aintained  strong  performance  even  with  incomplete  data,

nd  improved  neurologists’  diagnostic  accuracy  by  over  26%
hen  used  as  a  support  tool.

Similar  machine  learning  approaches  have  been  success-
ully  applied  to  differentiate  other  neurological  conditions,
uch  as  distinguishing  frontotemporal  dementia  from
lzheimer’s  disease  [21],  or  Parkinson’s  disease  from  essen-
ial  tremor  [22].

Beyond  neurology,  AI  methods  have  also  shown  promise
n  tackling  difficult  diagnoses  in  other  fields.  For  instance,

 recent  systematic  review  and  meta-analysis  evaluated
he  performance  of  ML  models  in  distinguishing  Kawasaki
isease  (KD)  from  other  febrile  illnesses  and  predicting  coro-
ary  artery  lesions  (CAL)  in  KD  patients  [23].  Analyzing
ata  from  29  studies  encompassing  over  100,000  partici-
ants,  the  review  found  that  ML  models  achieved  a pooled
oncordance  index  of  0.898  (95%  CI  0.87—0.92),  with  a
ensitivity  of  0.91  (95%  CI  0.83—0.95)  and  a  specificity  of
.86  (95%  CI  0.80—0.90)  for  differentiating  KD  from  other
ebrile  conditions.  Additionally,  ML  models  reached  a  pooled
oncordance  index  of  0.79  (95%  CI  0.74—0.84)  for  predicting
AL  in  KD  patients.

Despite  the  need  for  careful  validation  across  diverse
atient  cohorts  to  avoid  biases  and  potential  misclassifica-
ion,  these  findings  highlight  how  ML  models,  by  leveraging
ommonly  available  clinical  data,  can  effectively  support  a
ore  accurate  diagnosis  and  help  discard  potential  differ-

ntial  diagnoses,  thereby  enhancing  clinical  decision-making
nd  improving  patient  outcomes.

arly relapse detection/disease progression
rediction
I  can  also  contribute  to  predicting  disease  course,  partic-
larly  by  enabling  earlier  relapse  detection  or  identifying
otential  patterns  of  disease  progression.  As  an  example,

 recent  study  assessed  the  performance  of  various  ML

lgorithms  in  predicting  relapse  and  mortality  among  pedi-
tric  acute  lymphoblastic  leukemia  (ALL)  patients  [24].
nalyzing  data  from  161  children  under  16  years  of  age,
he  researchers  found  that  boosting  and  random  forest

p
t
s
n

17
odel  detects)

lgorithms  achieved  the  highest  predictive  performance,
ith  accuracy  rates  up  to  84%  and  strong  AUC  scores.
ey  prognostic  factors  for  relapse  prediction  included  age
t  diagnosis,  white  blood  cell  count,  hemoglobin  levels,
nd  platelet  count.  These  findings  suggest  that  ML  models,
an  effectively  predict  relapse  in  pediatric  ALL  and  poten-
ially  support  clinicians  in  tailoring  treatment  and  follow-up
trategies.

Similarly,  Maeda  et  al.  explored  the  utility  of  real-time
I-assisted  colonoscopy  to  predict  relapse  in  patients  with
lcerative  colitis  (UC)  in  clinical  remission  [25].  In  this
rospective  cohort  study,  145  UC  patients  underwent  AI-
ssisted  colonoscopy  incorporating  a  contact-microscopy
unction.  Based  on  AI  outputs,  patients  were  classified  into
Healing’  and  ‘Active’  groups.  Over  a  12-month  follow-up,
he  relapse  rate  was  significantly  higher  in  the  AI-Active
roup  (28.4%)  compared  to  the  AI-Healing  group  (4.9%).
redictive  models,  such  as  an  eXtreme  Gradient  Boost-
ng  (XGBoost)  model  and  a  Simplified  Risk  Score  Prediction
odel,  have  been  developed  to  forecast  renal  flares  in

upus  nephritis  patients  following  remission  [26],  offering
ew  tools  for  individualized  patient  monitoring  and  mana-
ement.

Regarding  disease  progression,  D’hondt  et  al.  presented
 machine  learning  model  to  predict  the  timing  of  dis-
bility  worsening  in  multiple  sclerosis  patients,  using  data
rom  over  29,000  individuals  included  in  the  MSBase  registry
27].  By  applying  a survival  analysis  approach  with  random
urvival  forests,  the  model  estimates  when  significant  pro-
ression  on  the  Expanded  Disability  Status  Scale  is  likely
o  occur.  Notably,  the  model  is  explainable,  providing  clini-
ians  with  insights  into  the  key  factors  that  influence  each
atient’s  risk  and  the  timing  of  progression,  thus  supporting
arlier  and  more  personalized  interventions.

rognosis
I’s  role  in  predicting  disease  outcomes  is  rapidly  expanding,
ffering  healthcare  practitioners  advanced  tools  to  improve

rognosis  assessment  in  areas  as  diverse  as  oncology,  infec-
ious  diseases,  and  critical  care  [28].  Rather  than  relying
olely  on  conventional  scoring  systems,  ML  models  are  begin-
ing  to  incorporate  multilayer  clinical  and  biological  data  to
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M.-E.  Martel,  A.  Jos

nhance  predictive  accuracy.  For  instance,  Kinoshita  et  al.
eveloped  an  AI  model  to  improve  postoperative  prognosis
rediction  in  patients  with  non-small  cell  lung  cancer  [29].
sing  data  from  1049  patients  —– including  17  clinicopatho-

ogical  variables  and  over  50  pre-  and  postoperative  blood
est  parameters  —– the  researchers  applied  the  XGBoost  ML
lgorithm  to  predict  5-year  disease-free  survival,  overall
urvival,  and  cancer-specific  survival.  The  model  achieved
mpressive  performance,  with  AUCs  of  0.890,  0.926,  and
.960,  respectively,  outperforming  traditional  staging  sys-
ems  and  offering  clinicians  a  more  precise  tool  to  assess
atient  prognosis  and  guide  postoperative  treatment  strate-
ies.

Similarly,  a  Korean  research  team  aimed  to  improve  the
rediction  of  30-day  mortality  in  pneumonia  patients  by
ntegrating  AI-derived  chest  radiograph  (CXR)  scores  with
linical  parameters  [30].  Analyzing  data  from  489  adults  hos-
italized  for  pneumonia  between  March  2020  and  August
021,  they  developed  a  prognostic  model  combining  AI-
ased  CXR  consolidation  scores  with  CURB-65  scores,  initial
xygen  requirements,  and  intubation  status.  This  integrated
odel  achieved  a  concordance  index  of  0.726  in  the  test

ohort,  outperforming  traditional  tools  such  as  CURB-65
nd  the  Pneumonia  Severity  Index.  These  findings  high-
ight  the  added  value  of  combining  AI-analyzed  imaging
ith  established  clinical  predictors  for  refining  prognosis
ssessment.

reatment

herapeutic target
I  has  also  emerged  as  a  powerful  tool  for  identifying  key
iological  pathways  involved  in  disease  pathophysiology,
hereby  guiding  the  discovery  of  novel  therapeutic  targets.

An  international  research  team  at  in  silico  medicine
tilized  its  AI-driven  platform,  Pharma.AI,  to  analyze
arge-scale  omics  datasets  and  identify  TNIK  (TRAF2  and
CK-interacting  kinase)  as  a  novel  contributor  to  fibrosis
31].  Through  the  integration  of  transcriptomic,  proteomic,
nd  disease  association  data,  TNIK  was  pinpointed  as  play-
ng  a  central  role  in  fibrotic  signaling  pathways.  Based
n  this  discovery,  the  researchers  developed  INS018  055,

 small-molecule  TNIK  inhibitor  that  demonstrated  strong
nti-fibrotic  effects  in  preclinical  models  and  showed  safety
nd  tolerability  in  a  phase  I  clinical  trial  for  idiopathic  pul-
onary  fibrosis.
Similarly,  Schuh  et  al.  introduced  an  end-to-end  pipeline

everaging  AI  to  uncover  novel  antibiotic  mechanisms  [32].  A
ey  innovation  of  their  approach  lies  in  the  target  selection
hase,  where  the  system  analyzes  proteomes  from  multiple
acterial  pathogens  to  identify  essential,  conserved  proteins
hat  lack  human  homologs  —– thus  ensuring  both  efficacy
nd  safety.  Notably,  many  of  the  targets  revealed  through
his  AI-based  approach  fall  outside  the  traditional  scope  of
ntibiotic  development,  which  has  historically  focused  on  a
arrow  subset  of  bacterial  functions.  By  prioritizing  previ-

usly  untapped  bacterial  pathways,  this  strategy  opens  the
oor  to  discovering  antibiotics  with  entirely  new  mecha-
isms  of  action,  a  critical  advancement  in  the  fight  against
ntibiotic  resistance.

w
l
t
[

17
rcia,  C.  Vens  et  al.

rug discovery and design
uilding  on  previous  findings,  AI  can  also  be  employed  to
acilitate  the  discovery  of  new  therapeutic  molecules  or  to
epurpose  existing  drugs.

In  the  design  of  novel  drugs,  beyond  their  capabilities  in
athway  identification,  AI-based  tools  offer  unprecedented
pportunities.  For  instance,  AlphaFold,  a  DL  system  devel-
ped  by  DeepMind,  predicts  the  3D  structure  of  proteins
rom  their  amino  acid  sequences  with  remarkable  accuracy
33]. By  enabling  precise  predictions  of  protein  structures  —

 even  in  the  absence  of  experimental  data  —– AlphaFold
llows  researchers  to  model  novel  drug  targets  implicated
n  disease  pathways.  These  structural  insights  help  identify
inding  pockets  and  support  the  rational  design  of  small-
olecule  inhibitors  through  structure-based  drug  design

trategies.  Additionally,  AlphaFold  facilitates  virtual  screen-
ng  against  predicted  protein  conformations,  significantly
ccelerating  early-stage  drug  discovery  and  enhancing  the
evelopment  of  innovative  therapies.  For  example,  a  study
y  Ren  et  al.  utilized  an  AlphaFold-predicted  structure
f  CDK20,  a  kinase  associated  with  hepatocellular  car-
inoma,  where  no  experimental  structure  was  available.
uring  a  one-month  period,  the  authors  were  able  to  iden-
ify  and  optimize  a  potent  small-molecule  inhibitor.  The
nal  compound  showed  nanomolar  binding  affinity  and
emonstrated  effective  antiproliferative  activity  in  hepato-
arcinoma  cell  lines,  underscoring  its  therapeutic  potential
34].

AI  can  also  leverage  the  massive  amounts  of  real-world
ata  available,  offering  opportunities  for  drug  repurposing
hat  would  be  challenging  to  achieve  through  traditional
ethods.  For  example,  French  researchers  applied  ML  algo-

ithms  to  large-scale  EHR  from  the  French  national  database
o  identify  drugs  potentially  associated  with  a  reduced
isk  of  developing  Parkinson’s  disease  [35].  Their  analysis
ighlighted  six  drug  classes—–including  furosemide,  nico-
ine  dependence  treatments,  and  insulin  analogues—–that
ay  confer  protective  effects.  This  could  provide  a  cost-

ffective  and  time-efficient  strategy  to  accelerate  the
evelopment  of  treatments  for  complex  diseases.

rug testing
arget  population
ccurate  selection  and  targeting  of  patient  subgroups  are
rucial  to  optimize  drug  efficacy.  The  therapeutic  success
f  a drug  often  depends  not  only  on  its  pharmacological
roperties  but  also  on  identifying  the  population  most  likely
o  benefit  from  it.  In  this  regard,  unsupervised  ML  tech-
iques,  such  as  clustering  algorithms,  have  proven  valuable
n  uncovering  distinct  clinical  and  immunological  pheno-
ypes  within  diseases  traditionally  considered  homogeneous,
uch  as  systemic  sclerosis  [36]  and  Sjogren’s  syndrome  [37].
hese  subgroups  can  differ  substantially  in  their  underlying
isease  mechanisms,  progression  patterns,  and  therapeutic
esponses.

AI-driven  patient  stratification  thus  enables  a  more  per-
onalized  approach  to  clinical  trial  design  by  helping  define

hich  subpopulations  should  be  included  to  maximize  the

ikelihood  of  demonstrating  treatment  efficacy.  For  ins-
ance,  in  trials  evaluating  Ianalumab  for  Sjogren’s  syndrome
38], stratification  based  on  B-cell  activation  profiles  could
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Therapie  81  

nrich  the  study  cohort  with  patients  more  likely  to  respond.
uch  strategies  not  only  improve  trial  efficiency  and  the
obustness  of  outcome  interpretation  but  may  also  accel-
rate  the  development  of  more  targeted  and  effective
herapies.

linical  trial  generation
eyond  patient  selection,  AI  is  increasingly  playing  a  trans-
ormative  role  in  the  design  and  simulation  of  clinical  trials,
articularly  in  settings  where  traditional  randomized  con-
rolled  trials  (RCT)  face  significant  logistical,  financial,  or
thical  constraints.  While  RCT  remain  the  cornerstone  of
linical  research,  their  feasibility  can  be  limited  in  rare
iseases,  highly  specific  subpopulations,  or  rapidly  evolving
edical  emergencies,  where  recruiting  sufficiently  powered

ohorts  becomes  extremely  challenging.  To  address  these
arriers,  AI-driven  tools  such  as  virtual  cohorts  and  digital
wins  (DT)  have  emerged  as  innovative  and  complementary
trategies.

Virtual  cohorts  refer  to  synthetic  populations  composed
f  non-identical  but  statistically  equivalent  patient  data
ets  that  accurately  replicate  the  variability  and  clinical
eatures  of  real-world  groups  [39].  These  virtual  popula-
ions  can  be  used  to  simulate  clinical  trials,  expand  dataset
izes,  improve  statistical  power,  and  test  hypotheses  before
nitiating  costly  and  time-consuming  real-world  studies.  In
articular,  virtual  cohorts  have  shown  substantial  value
n  neurodegenerative  disease  research  [39], where  long
isease  courses  and  heterogeneous  presentations  compli-
ate  traditional  trial  designs.  Similar  approaches  have  been
xplored  in  cardiovascular  medicine  [40]  and  hematology
41],  and  will  be  used  soon  in  a  wide  range  of  therapeutic
reas.

Building  upon  the  concept  of  virtual  cohorts,  DT  offer
n  even  more  personalized  and  dynamic  application  of  AI  in
linical  trial  design.  A  DT  is  a  continuously  updated  math-
matical  model  of  an  individual  patient,  capturing  their
volving  biological,  physiological,  and  clinical  characteris-
ics  over  time  [42].  Unlike  static  models,  DT  can  simulate
eal-time  responses  to  therapeutic  interventions,  disease
rogression,  and  changes  in  clinical  parameters,  allowing  for
ore  accurate  predictions  and  informed  decision-making.
his  dynamic  modeling  capability  enables  the  virtual  testing
f  different  treatment  strategies,  facilitates  adaptive  trial
esigns,  and  helps  anticipate  potential  adverse  effects.

In  cardiology,  for  example,  DT  have  been  utilized  to
imulate  organ-drug  interactions  and  optimize  procedural
lanning,  as  demonstrated  by  Dassault  Systèmes’  ‘‘Living
eart’’  project  [43].  In  oncology,  DT  models  have  shown
romise  in  predicting  individual  responses  to  chemotherapy
nd  radiotherapy  [44,45],  offering  a  new  frontier  for  per-
onalized  medicine.  By  enabling  iterative,  patient-specific
imulations,  DT  may  one  day  reduce  reliance  on  large  trial
ohorts,  lower  development  costs,  and  accelerate  the  deliv-
ry  of  effective  therapies  to  the  right  patients  at  the  right
ime.

esponse  and  adverse  effect  prediction
I  is  also  playing  an  increasingly  pivotal  role  in  personaliz-
ng  medical  treatments  by  predicting  individual  responses
o  therapy,  optimizing  dosing  strategies,  and  anticipating
otential  adverse  events.  ML  models  trained  on  genomic,
ranscriptomic,  and  clinical  data  have  demonstrated  high

M
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17
6)  171—186

ccuracy  in  forecasting  how  specific  patients  will  respond
o  therapeutic  agents  [46].  For  instance,  a  2018  study  pub-
ished  in  Scientific  Reports  demonstrated  that  ML  algorithms
ould  predict  cancer  drug  responses  with  remarkable  preci-
ion  by  integrating  molecular  features  with  drug  sensitivity
rofiles,  thereby  enabling  clinicians  to  better  tailor  treat-
ents  to  the  unique  biology  of  each  patient’s  tumor  [46].

imilarly,  in  psychiatry,  an  AI-assisted  model  trained  on
HR  successfully  identified  patient  subgroups  most  likely
o  benefit  from  specific  classes  of  antidepressants,  poten-
ially  reducing  trial-and-error  prescribing  and  accelerating
he  time  to  therapeutic  benefit  [47].

Beyond  predicting  treatment  responses,  AI  technologies
re  increasingly  being  utilized  to  dynamically  determine
ptimal  drug  dosing  for  individuals.  One  notable  example
s  the  CURATE.AI  platform,  prospectively  trialed  in  patients
ndergoing  chemotherapy.  This  AI-driven  system  dynami-
ally  adjusted  chemotherapy  doses  in  real-time  based  on
ach  patient’s  specific  biological  responses,  demonstrating
he  feasibility  of  fine-tuning  dosing  to  maximize  efficacy
hile  minimizing  toxicity  [48].  Similar  approaches  have  been
pplied  in  other  therapeutic  domains;  for  instance,  deep
eural  networks  were  leveraged  to  guide  warfarin  dosing
y  incorporating  clinical  and  demographic  variables,  signifi-
antly  outperforming  traditional  dosing  algorithms  [49].  In
ephrology,  AI-based  strategies  are  being  explored  to  per-
onalize  pharmacotherapy  in  dialysis  patients,  a  group  with
articularly  complex  and  variable  pharmacokinetics  [50].

In  addition  to  optimizing  efficacy  and  dosing,  AI’s  pre-
ictive  capabilities  extend  to  forecasting  adverse  events.
y  analyzing  large-scale  health  datasets  and  integrating
mics  information,  predictive  models  are  being  developed
o  anticipate  side  effects  before  they  clinically  manifest
51].  Such  early  warnings  could  allow  preemptive  dose
djustments,  therapy  switches,  or  closer  monitoring,  ulti-
ately  enhancing  patient  safety  and  reducing  the  burden  of

reatment-related  complications  on  healthcare  systems.
Complementing  purely  predictive  approaches,  emerging

ethods  in  causal  learning  are  being  explored  to  uncover  the
nderlying  cause-and-effect  relationships  that  drive  treat-
ent  outcomes.  For  instance,  a recent  study  by  Verstraete

t  al.  [52]  applied  causal  ML,  specifically  causal  forests,  to
andomized  controlled  trial  data  to  estimate  how  individ-
al  chronic  obstructive  pulmonary  disease  (COPD)  patients
espond  to  inhaled  treatments.  Unlike  traditional  prediction
ethods  that  focus  on  overall  outcomes,  causal  learning

elped  determine  the  actual  treatment  effect  for  each
atient  by  separating  the  impact  of  the  therapy  from  other
actors.  This  made  it  possible  to  identify  which  patients
ained  the  most  benefit,  revealing  important  differences
n  treatment  response  linked  to  clinical  features  like  lung
unction  and  blood  eosinophil  levels.

harmacovigilance
I  is  revolutionizing  pharmacovigilance  by  optimizing  case
ocumentation,  accelerating  signal  detection,  and  enhanc-
ng  adverse  event  prediction.  A  prime  example  is  Bayer’s

yGenAssist,  a  ChatGPT-based  language  model  designed

pecifically  for  pharmacovigilance  teams  to  draft  case
ocumentation  letters.  A  study  demonstrated  that  using
yGenAssist  drastically  cut  down  documentation  time  and
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educed  administrative  burden,  enabling  pharmacovigilance
rofessionals  to  focus  on  more  strategic,  high-value  tasks
53].

Additionally,  research  by  Sorbello  et  al.  and  Martin  et  al.
ighlighted  how  ML  models  are  transforming  the  early
etection  of  safety  signals.  These  models  leverage  auto-
ated  data  mining  across  spontaneous  reporting  systems,

HR,  and  scientific  literature  to  identify  potential  adverse
rug  reactions  faster  and  with  greater  accuracy  than  tra-
itional  manual  methods  [54,55].  As  AI  systems  evolve  to
ecome  more  sophisticated  and  context-aware,  their  role  in
utomating  reporting  processes  and  predicting  risk  patterns
n  pharmacovigilance  will  only  grow,  making  them  essential
ools  in  the  field.

I as treatment
he  development  of  AI  and  its  increasing  availability  to  the
eneral  public  make  it  a  potentially  handy  tool  and  could
epresent  a  therapeutic  weapon  in  itself.  This  is  especially
elevant  in  the  field  of  mental  health.  Indeed,  in  recent
ears,  numerous  tools  have  been  designed  to  help  manage
onditions  like  anxiety  or  depression,  ranging  from  chatbot-
ased  therapies  to  emotional  health  apps,  with  promising
utcomes  in  improving  access  to  care  and  overall  psycho-
ogical  well-being.  These  AI-driven  tools  can  help  improve
ental  health  on  a  daily  basis  and  bridge  the  gap  between

ntimidating  consultations  and  the  start  of  therapy,  provid-
ng  support  during  often  lengthy  waiting  periods  and  easing
he  first  step  for  individuals  who  might  otherwise  avoid
eeking  help  or  would  not  have  access  to  mental  health  prac-
itioners.  Some  of  these  tools  can  also  be  of  great  value
o  healthcare  professionals,  assisting  in  early  diagnosis,
onitoring  patient  progress,  and  offering  evidence-based

herapeutic  suggestions.  As  such,  AI  not  only  complements
raditional  care  but,  in  some  cases,  may  represent  a  first  line
f  support  or  even  a  standalone  therapeutic  intervention
56—58].

atient education and follow-up

I  is  increasingly  playing  a  pivotal  role  in  patient  follow-up
nd  education,  offering  personalized  support  to  individu-
ls  throughout  their  healthcare  journey.  Various  AI  models
ave  been  developed  and  integrated  into  clinical  practice
o  enhance  patient  understanding  of  their  conditions  and
rovide  ongoing  guidance,  helping  them  manage  daily  chal-
enges  and  potential  health  concerns.

atient education
I  can  be  a  valuable  tool  in  improving  patients’  under-
tanding  of  their  condition,  thus  contributing  to  a  better
bservance,  therapeutic  alliance,  and  patient  as  actor  of
heir  disease.  This  can  be  achieved  by  improving  and  making
cientific  literacy  more  accessible  to  the  general  pub-
ic.  For  instance,  Patel  et  al.  evaluated  the  effectiveness
f  ChatGPT-4  in  simplifying  otolaryngology-related  patient
ducation  content  [59].  Initially,  71  articles  from  the  Amer-

can  Academy  of  Otolaryngology-Head  and  Neck  Surgery
AAO-HNS)  had  an  average  Flesch-Kincaid  Grade  Level
FKGL)  of  11.03.  After  AI  intervention,  the  average  FKGL
ecreased  to  5.80,  aligning  with  the  recommended  sixth-
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rade  reading  level.  Importantly,  the  AI-modified  materials
aintained  factual  accuracy  and  sufficient  detail  for  patient

ducation.  A  similar  approach  assessing  different  chatbots
as  employed  in  the  field  of  nephrology,  in  a  study  explor-

ng  the  integration  of  AI  technologies  to  enhance  patient
nderstanding  and  engagement  in  kidney  health  manage-
ent  [60].
Hospital  discharge  is  often  a  critical  transition  point,

specially  for  patients  recovering  from  acute  conditions
ike  heart  failure.  At  the  IHU  ICAN  (Institut  hospitalo-
niversitaire  de  cardiologie  et  nutrition)  in  Paris,  this
hallenge  inspired  the  development  of  the  ROB’EDUC
rogram,  an  initiative  that  embeds  AI  into  therapeutic  edu-
ation  [61].  During  hospitalization  for  acute  decompensated
eart  failure,  patients  interact  with  a  humanoid  robot  that
elivers  tailored  guidance  on  recognizing  early  warning
igns,  adhering  to  medication,  and  following  a  sodium-
estricted  diet.  What  sets  the  program  apart  is  its  continuity:
fter  discharge,  a  mobile  application  takes  over,  reinforcing
ey  messages  and  supporting  long-term  self-management.  In
oing  so,  ROB’EDUC  offers  a  model  of  how  AI  can  personalize
are  across  the  hospital—home  continuum.

Another  challenge  in  healthcare  is  medication  adher-
nce,  particularly  for  long-term  therapies  like  anticoagu-
ation  post-stroke.  Rather  than  relying  solely  on  patient
otivation  or  routine  follow-ups,  AI  systems  now  intervene
ore  dynamically  [62]. In  one  randomized  trial,  the  integra-

ion  of  an  AI-driven  mobile  application  into  patients’  daily
outines  resulted  in  full  adherence  (100%)  over  12  weeks,
bjectively  measured  through  plasma  drug  concentrations
63]. This  figure  stood  in  stark  contrast  to  the  50%  adherence
ate  in  the  control  group,  revealing  not  just  improved  behav-
or  but  measurable  biochemical  compliance.  Interestingly,
he  most  pronounced  gains  were  observed  in  users  of  direct
ral  anticoagulants,  where  adherence  jumped  by  67%,  high-
ighting  the  potential  of  AI  technologies  to  enhance  real-life
edication  adherence.

atient follow-up
esides  the  aforementioned  help  in  predicting  the  risk  of
isease  relapse,  AI  can  also  help  in  patient  follow-up  through
ifferent  aspects.  For  instance,  certain  AI  models  can  help
onitor  disease  activity  through  patient  symptom  recording

nd  analysis,  identifying  the  need  for  medical  help.  A  study
ssessed  the  effectiveness  of  AI-driven  telephone  follow-ups
n  managing  arterial  hypertension  [64].

Conducted  in  Shanghai,  350  hypertensive  patients
eceived  follow-up  calls  once  by  AI  and  once  by  a  human
ithin  a  3—7-day  interval.  The  AI  model  worked  by  using
utomated  telephone  calls  to  assess  patient  health,  includ-
ng  symptoms,  medication  adherence,  and  lifestyle  factors.
t  followed  a  structured  dialogue  where  the  AI  system  asked
redefined  questions  based  on  the  patient’s  medical  history.
he  system  then  collected  and  processed  responses,  evalu-
ting  any  abnormal  data  or  concerns  that  warranted  further
ction  or  follow-up  by  healthcare  professionals.  If  the  AI
dentified  significant  issues,  it  flagged  them  for  the  attention

f  a doctor,  ensuring  timely  interventions.  The  model  was
esigned  to  provide  a  reliable  and  efficient  alternative  to
uman  follow-up,  with  moderate  to  substantial  consistency
n  responses  compared  to  manual  calls.
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while  the  other  received  no  such  intervention  [73].  The
AI  system  used  a  predictive  DT,  built  from  each  patient’s
self-monitoring  data,  such  as  weight,  diet,  physical  activ-
ity,  and  glucose  levels,  collected  during  the  first  three
months.  This  model,  updated  weekly,  could  predict  future
glucose  and  weight  trends  for  each  individual  with  over
80%  accuracy.  Based  on  these  predictions,  the  system  pro-
vided  personalized  recommendations  to  help  patients  keep
their  glucose  and  weight  within  healthy  ranges,  both  key
to  preventing  complications.  Participants  receiving  the  AI-
guided  feedback  experienced  significant  weight  loss  (an
average  of  5.87  lbs)  and  better  glucose  control,  highlight-
ing  how  AI-supported  monitoring  can  help  prevent  disease
complications.

Limitations of AI — practical and ethical
considerations

The  optimal  and  ethical  deployment  of  AI  in  healthcare
requires  addressing  various  significant  challenges  (Fig.  3).

First,  algorithmic  bias  can  lead  to  unequal  treatment
across  populations.  AI  models  are  trained  on  data,  and  the
type  of  training  they  receive  reflects  in  their  future  per-
formance.  As  a result,  if  training  data  lacks  diversity  (e.g.,
underrepresents  certain  ethnicities,  genders,  or  rare  dis-
eases),  the  model  may  produce  biased  or  less  accurate
predictions.  This  was  reported  in  a  notable  study  highlight-
ing  racial  bias  in  facial  recognition  systems  [74].  Researchers
discovered  that  leading  commercial  facial  analysis  programs
struggled  to  accurately  recognize  dark-skinned  and  female
faces.  Specifically,  error  rates  for  darker-skinned  women
reached  up  to  34.7%,  while  the  same  systems  had  error  rates
below  1%  for  lighter-skinned  men.  This  disparity  was  primar-
ily  attributed  to  the  underrepresentation  of  diverse  faces
in  the  training  datasets  used  to  develop  these  AI  models.
Therapie  81  

AI  can  also  help  in  patient  engagement,  notably  through
he  use  of  adequate  reminders.  The  study  by  AlSerkal  et  al.
valuated  the  impact  of  an  AI-driven  solution  integrated
ith  a  real-time  dashboard  on  reducing  no-show  appoint-
ents  and  improving  patient  waiting  times  in  primary  health

are  centers  [65].  The  AI  model,  with  an  86%  accuracy
ate,  predicted  no-show  risks  by  analyzing  historical  data
nd  categorizing  appointments  accordingly.  The  AI  system
hen  sent  automated  reminders  via  SMS  or  phone  calls
4  to  48  hours  before  the  scheduled  appointment.  These
eminders  encouraged  patients  to  confirm  or  reschedule,
nd  healthcare  staff  could  follow-up  with  high-risk  patients,
elping  to  reduce  no-shows  and  improve  clinic  efficiency.
he  intervention  led  to  a  significant  50.7%  reduction  in  no-
how  rates  and  a  5.7-minute  decrease  in  average  patient
ait  times,  enhancing  operational  efficiency  and  patient

atisfaction.
Before  a  doctor’s  appointment  chatbot-based  systems

an  further  engage  with  patients  to  gather  structured  infor-
ation  on  symptoms,  medical  history,  or  concerns.  A  recent

eview  published  in  JMIR  Medical  Informatics  highlighted
ow  chatbots  such  as  ‘‘Edna’’  can  facilitate  efficient  history-
aking  by  guiding  patients  through  structured  questions  prior
o  their  consultation  [66].  These  tools  help  ensure  that
ey  clinical  information  is  captured  accurately  and  compre-
ensively,  saving  valuable  time  during  appointments,  and
nhancing  efficiency.

reventive medicine

astly,  AI  can  play  a  crucial  role  in  the  early  prevention  of
ertain  diseases,  particularly  infectious  diseases.  Over  the
ast  decade,  ML  models  have  been  explicitly  developed  for
redicting  and  preventing  the  outbreaks  of  new  pathologi-
al  agents.  For  example,  BlueDot,  a  Canadian  AI  platform,
ses  NLP  and  ML  to  predict  infectious  disease  outbreaks  by
nalyzing  diverse  data  sources  such  as  global  news  reports,
irline  ticketing  data,  and  official  health  communications.
his  system  can  detect  early  signs  of  emerging  health  threats
nd  forecast  their  potential  spread.  In  fact,  BlueDot  alerted
ts  clients  to  the  COVID-19  outbreak  on  December  31st,  2019,
ays  before  official  announcements  from  the  World  Health
rganization  and  the  U.S.  Centers  for  Disease  Control  and
revention  [67,68].

In  addition  to  infectious  diseases,  AI  is  also  making  signif-
cant  strides  in  primary  prevention,  particularly  in  reducing
ardiovascular  risk.  Lifestyle  interventions  have  been  shown
o  greatly  reduce  the  risk  of  developing  cardiovascular  dis-
ases  or  even  diabetes  —– two  of  the  leading  causes  of  death
orldwide  [69—71].  A  recent  systematic  review  by  Aggarwal
t  al.  highlighted  the  potential  of  AI-driven  interventions,
specially  through  interactive  chatbots,  to  promote  health
ehavior  changes  such  as  adopting  a  healthier  diet  or  quit-
ing  smoking  and  substance  abuse  [72].  These  user-friendly
nd  non-judgmental  applications  are  proving  valuable  in
ncouraging  a  healthier  lifestyle  and  reducing  the  burden
f  metabolic  diseases.

This  approach  also  shows  promise  in  the  prevention  of

omplications  related  to  chronic  diseases  such  as  type  2
iabetes.  In  a  study  by  Faruqui  et  al.,  participants  were
ivided  into  two  groups  over  six  months:  one  received
aily  AI-generated  personalized  feedback  via  text  messages,

Figure 3. Considerations and limitations in the implementation
of artificial intelligence for precision medicine.
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imilarly,  AI  models  may  perform  very  well  on  the  data
hey  were  trained  on  but  struggle  when  exposed  to  dif-
erent  or  unexpected  data  [75],  a  phenomenon  known  as
verfitting.  In  these  cases,  the  model  ‘‘memorizes’’  the
raining  data  instead  of  learning  generalizable  patterns,  lim-
ting  its  ability  to  adapt  to  real-world  variability.  Overfitting
an  be  mitigated  through  careful  model  design,  such  as
sing  techniques  like  regularization  or  validating  the  model
n  separate,  unseen  datasets  to  ensure  it  performs  reli-
bly  beyond  its  initial  training  environment.  Additionally,
atasets  should  be  thoroughly  assessed  for  their  diversity
nd  representativeness  relative  to  the  intended  clinical
pplication.  Healthcare  professionals  should  be  aware  of
he  importance  of  providing  appropriate  input  data  and
ecognize  the  potential  risks  of  relying  on  AI  in  atypical
r  underrepresented  cases.  Some  AI  models  developed  in
ne  healthcare  setting  or  country  may  not  perform  well
n  others  due  to  differences  in  populations,  clinical  prac-
ices,  or  health  systems,  underscoring  the  need  for  cautious
alidation  before  broader  deployment.  Finally,  another  algo-
ithmic  bias  may  come  from  data  leakage.  Data  leakage
ccurs  when  information  that  would  not  be  available  for  a
odel  at  the  time  of  prediction  inadvertently  enters  the

raining  dataset,  artificially  inflating  performance  [76].  This
ssue  can  arise  from  improper  dataset  splitting  or  inclusion
f  post-outcome  information  and  can  cause  models  to  fail
hen  applied  in  real-world  clinical  settings.  Mitigating  this

isk  requires  careful  separation  of  training  and  validation
atasets,  exclusion  of  features  unavailable  at  prediction
ime,  and  rigorous  validation  with  a  domain  expert  [76].

Second,  the  lack  of  transparency  in  many  AI  systems
‘‘black  boxes’’)  may  undermine  clinician  trust.  Indeed,
ome  of  these  models  are  difficult  to  interpret  as  the  param-
ters  used  by  the  algorithm  to  make  their  prediction  or
ecision  are  often  not  available  to  the  user  [77].  As  a  result,
linicians  may  hesitate  to  trust  or  act  on  a  recommenda-
ion  they  cannot  fully  understand  or  explain  to  the  patient.
o  address  this  issue,  more  recent  DL  algorithms  emphasis
n  ensuring  good  explicability  in  addition  to  good  perfor-
ance  of  the  model  [78].  This  detailed  information  can  in

urn  enable  the  expert  healthcare  provider  to  analyze  the
elevance  of  the  selected  features  or  outcomes.  Promot-
ng  the  use  of  explainable  AI  models  can  help  ensure  that
ecision-making  processes  are  interpretable.  It  is  indeed
mportant  for  instance  to  provide  access  to  data  visualiza-
ion  tools,  particularly  for  the  most  discriminative  features,
o  present,  through  an  intelligible  interface,  the  steps  fol-
owed  by  the  algorithm  and  the  level  of  confidence  in  its
utput.  In  addition,  suggesting  alternative  options,  citing
elevant  references,  and  offering  contextual  information
an  further  support  transparency  and  trust  in  AI-assisted
ecisions.

Third,  privacy  and  data  security  are  paramount,  as  AI  sys-
ems  often  require  access  to  sensitive  patient  information,
ncluding  genomic  data,  lifestyle  habits,  and  EHR.  Ensuring
ompliance  with  applicable  regulations  like  the  general  data
rotection  regulation  [79]  is  essential  to  protect  patient
onfidentiality  and  maintain  trust.  Moreover,  for  AI  tools

o  be  deployed  clinically,  they  must  meet  strict  regulatory
tandards  such  as  the  medical  device  regulation  and  the
ecent  AI  Act  in  Europe  [80],  which  govern  the  safety,  per-
ormance,  and  responsible  use  of  AI-based  medical  devices.
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hese  regulations  act  as  safeguards  to  ensure  that  AI  systems
re  reliable,  safe,  and  secure  before  being  used  in  patient
are.  To  ensure  patient  data  privacy  and  security  when
eploying  AI  in  healthcare,  several  technical  safeguards  are
ommonly  employed  alongside  regulatory  frameworks  [81].
ata  anonymization  and  pseudonymization  are  fundamen-
al  techniques  that  involve  removing  or  masking  personally
dentifiable  information  to  minimize  re-identification  risks
hile  allowing  data  analysis  [82].  Federated  learning  is
n  emerging  approach  that  enhances  privacy  by  enabling
I  models  to  be  trained  across  decentralized  datasets—–
uch  as  those  held  by  different  hospitals—–without  the  need
o  transfer  sensitive  patient  data  [83].  Additionally,  dif-
erential  privacy  introduces  controlled  statistical  ‘‘noise’’
nto  datasets,  ensuring  individual  records  cannot  be  traced
hile  maintaining  the  integrity  of  aggregate  analyses  [84].
ncryption,  both  at  rest  and  in  transit,  is  critical  for  pre-
enting  unauthorized  access  to  health  data  during  storage
r  transmission  [85]. Finally,  robust  access  controls  and
udit  trails  are  implemented  to  restrict  system  access  to
uthorized  personnel  only  and  to  maintain  accountabil-
ty  through  logged  activity  monitoring.  These  combined
trategies  form  the  technical  backbone  of  secure,  privacy-
onscious  AI  deployment  in  modern  healthcare  systems.

From  a  regulatory  and  legal  perspective,  the  rapid
dvancement  of  AI  technologies  has  outpaced  the  devel-
pment  of  clear  guidelines  and  accountability  frameworks.
etermining  liability  in  cases  where  AI-driven  decisions  lead
o  adverse  outcomes  remains  a  complex  issue.  In  France,
hysicians  remain  legally  accountable  for  medical  decisions,
ven  when  assisted  by  AI  tools.  In  the  United  States,  physi-
ians  may  be  held  liable  if  they  fail  to  exercise  appropriate
udgment  when  using  AI  tools.  However,  if  an  AI  system
perates  autonomously  and  causes  harm,  determining  liabil-
ty  becomes  more  complex,  potentially  involving  developers
r  manufacturers.  The  EU  is  working  on  the  AI  liability
irective,  aiming  to  harmonize  rules  across  member  states.
he  directive  aims  to  clarify  liability  issues,  particularly
egarding  high-risk  AI  systems,  by  establishing  clear  respon-
ibilities  for  developers,  providers,  and  users.  Establishing
egal  frameworks  that  define  the  roles  and  responsibilities  of
linicians,  developers,  and  institutions  can  clarify  liability.

Disparities  in  access  to  AI  tools  could  risk  exacerbating
xisting  health  inequalities.  A  major  challenge  lies  in  the
linical  integration  of  AI  solutions  within  established  health-
are  workflows,  which  requires  interoperability  with  EHR
ystems,  thorough  training  of  healthcare  professionals,  and
otentially  redesigning  current  procedures  to  accommodate
ew  technologies.  Therefore,  ensuring  comprehensive  AI
ducation  for  clinicians  and  prioritizing  interoperability  dur-
ng  the  design  of  new  tools  and  infrastructure  are  essential
teps.  Additionally,  the  substantial  costs  and  infrastructure
emands  associated  with  developing,  validating,  and  main-
aining  AI  systems  may  be  prohibitive  for  many  institutions,
specially  those  in  resource-limited  settings,  further  widen-
ng  gaps  in  healthcare  access  and  quality.

The  ecological  impact  of  AI  cannot  be  forgotten.  AI’s
cological  impact  in  healthcare  stems  primarily  from  the

nergy-intensive  nature  of  training  and  deploying  large
odels  used  for  tasks  like  medical  imaging  analysis,  diag-

ostics,  or  personalized  treatment  recommendations  [86].
hese  processes  require  significant  computational  power,
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ontributing  to  high  electricity  consumption  and  substantial
arbon  emissions.  Additionally,  AI  infrastructure  in  health-
are  (e.g.,  cloud-based  EHR  systems  or  remote  patient
onitoring)  demands  continuous  data  storage  and  process-

ng,  which  increases  environmental  strain  through  both
nergy  use  and  e-waste  [86].  As  healthcare  adopts  more
I-driven  tools,  integrating  sustainable  practices  —– like  opti-
izing  models  for  efficiency  and  using  renewable-powered
ata  centers  —– will  be  essential  to  balance  innovation  with
cological  responsibility.

Lastly,  over-reliance  on  AI  might  reduce  clinician  auton-
my  and  patient  involvement;  AI  should  be  designed  to
upport,  not  replace,  human  judgment,  ensuring  clinicians
emain  central  to  decision-making.  Patient  trust  and  accep-
ance  are  also  crucial  for  the  successful  deployment  of  AI  in
ealthcare.  Patients  may  be  apprehensive  about  algorithm-
ased  decisions,  emphasizing  the  need  for  transparency,
ffective  communication,  and  the  assurance  that  AI  serves
s  a  tool  to  support,  not  replace,  human  judgment.

onclusion

I  is  increasingly  positioned  to  become  a  foundational  tool
n  precision  medicine,  offering  new  avenues  to  optimize
rug  therapy,  predict  treatment  responses,  and  contribute
o  more  personalized  care  pathways.  While  techniques  con-
inue  to  evolve,  their  integration  must  be  accompanied  by
houghtful  consideration  of  ethical,  technical,  and  regula-
ory  challenges.  Nevertheless,  AI  has  the  potential  to  be  a
eliable  ally  in  advancing  personalized  care  and  supporting
he  ongoing  evolution  of  healthcare  practices.
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