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Abstract

The application of artificial intelligence (AI) and machine learning in pain management after surgery is driven by advance-

ments  in  communication  technology,  data  analytics  and  real  time  monitoring  technologies.  These  tools  empower  anaes-

thetists  to  develop  dynamic,  real-time  pain  management  plans  that  adjust  to  the  changing  needs  of  patients  throughout

their recovery. Machine learning algorithms analyse extensive datasets, uncovering patterns and accurately predicting pain

trajectories. By combining these predictions with patient-specific data, AI systems can recommend personalized pain man-

agement strategies,  optimizing medication regimens and minimizing the risk of  over- or under-treatment.  This  approach

not only enhances pain control but also minimizes potential side effects and accelerates the recovery process.

This narrative review highlights the incorporation of machine learning predictions into development of patient-controlled

anaesthesia  (PCA),  and  offers  a  concise  overview  of  postoperative  pain  management  within  the  context  of  personalized

medicine.
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Introduction

The  recent  extensive  potential  of  artificial  intelli-

gence  (AI)  to  transform  healthcare  has  gained  widespread

recognition for its ability to analyse complex datasets, simu-

late  human  cognitive  learning,  and  incrementally  improve

its performance. The application of machine learning, a sub-

set of AI, in pain management research holds significant po-

tential to revolutionize the field by developing personalized

treatment  strategies,  supporting  decision-making,  and  im-

proving predictive health outcomes [1].

Personalised  medicine  is  a  rapidly  growing  field

that has shown its prospects across a broad range of medical

research areas. This paradigm moves away from the traditio-

nal  one-size-fits-all  model  and  customise  healthcare  based

on individual  profiles,  clinical  history and lifestyle  choices,

optimising treatment plans and offering more precise and ef-

fective  healthcare  solutions  and  better  outcomes  [2].  This

approach is particularly important in pain management for

enhancing patient safety and optimizing treatment efficacy.

The management of post-operative pain is a criti-

cal aspect of patient care, directly influencing recovery out-

comes and overall  patient  satisfaction [3].  Traditional  pain

management approaches often rely  on standardized proto-

cols that may not adequately address the unique needs of in-

dividual patients. The advent of machine learning and artifi-

cial intelligence (AI) has heralded a new era in personalized

medicine, offering promising solutions to tailor post-opera-

tive pain management to the specific characteristics of each

patient.

This  narrative  review  underscores  the  integration

of machine learning prediction into personalized pain man-

agement,  provides  a  brief  overview  of  post-operative  pain

management  within  the  framework  of  personalised

medicine. It explores the development of patient controlled

anaesthesia  and  prediction  of  patient  outcomes  in  the  re-

spect of growing impact of AI and machine learning as pivo-

tal tools in the evolution of anaesthetic precision.

Databases Search and Data Extraction

The  PubMed  and  Embase  were  searched  using

combinations of the following keywords: machine learning,

artificial  intelligence,  patient-controlled  analgesia  or  PCA.

All  English  language  publications  up  to  17  July  2024  were

eligible. Peer-reviewed articles, including abstracts and nar-

rative reviews, were eligible for inclusion. Publications were

screened through a meticulous assessment of titles and abs-

tracts. After removing duplicate entries, the remaining arti-

cles were screened based on specific criteria.  To be includ-

ed, papers had to focus on the design or application of artifi-

cial  intelligence  algorithms  specifically  in  post-operative

pain management. Studies that broadly involved patient pa-

rameter monitoring but did not directly address post-opera-

tive pain management were excluded.

From Patient-Controlled Analgesia (PCA) to AI-As-
sisted PCA

Patient-controlled  analgesia  (PCA)  has  become

one  of  the  most  effective  techniques  for  treating  multiple

categories of pain, including acute, such as postoperative or

labour  pain,  or  chronic,  such  as  palliative  care  or  cancer

pain [4,5].

The PCA pump was designed to deliver the patien-

t's specific dose of pain medication on a schedule that is cus-

tomized to each individual patient's needs because patients

demonstrate  marked  individual  variation  in  pain  medica-

tion requirements. The revolutionary idea of PCA was first

proposed by Sechzer et  al.  as  “feedback loop” for  analgesia

[6], and it was put into practice in the mid-1970s following

the emergence of microprocessors. PCA is now widely used

in hospitals for the management of postoperative pain, espe-

cially for major surgeries [7].

The  first  generation  PCA  employed  mechanical

analgesia pumps, required a mechanical clock to control the

timing.  The  development  of  electronic  PCA  pumps  in  the

1970s  marked  a  significant  leap  forward  [8,  9].  These  de-

vices allowed for precise control over dosage and timing, im-

proving  both  safety  and  efficacy.  They  included  features

such  as  lockout  intervals  to  prevent  overdose  and  dosage

limits tailored to individual patient needs.

Over  the  years,  PCA  pumps  have  incorporated

various safety features, including alarms for low medication

levels, infusion line occlusions, and unauthorized access. Th-

ese  advancements  have  enhanced  the  reliability  and  safety
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of PCA. The advances in real-time non-invasive monitoring

and microprocessors have significantly enhanced the appli-

cation  of  interactive  smart  systems  in  perioperative  and

post operative pain management [10-13]. In 2005, KK Wo-

men’s  and  Children’s  Hospital  in  Singapore  developed  a

smart-pump technology called computer-integrated patien-

t-controlled  epidural  analgesia  (CIPCEA)  for  management

of  labour  pain.  Labour  is  one  of  the  most  painful  experi-

ences  a  woman  can  undergo,  influenced  by  both  physical

and psychological factors [14]. Although relatively invasive,

with  years  of  medical  research  and  improved  safety,  neu-

raxial  analgesia  is  now  considered  the  gold  standard  of

labour  pain  relief.

To  provide  the  optimal  management  in  labour

analgesia,  it  is  important  to  understand  the  dynamic  and

multifaceted  nature  of  labour  pain.  CIPCEA system uses  a

laptop to adjust the epidural pump based on the frequency

and  history  of  patient  demands.  The  CIPCEA  algorithm

varies the basal  infusion rate proportionally to the number

of demand boluses, which provides flexibility to accommo-

date  the  escalating  analgesic  requirements  as  labour  pro-

gresses or as labour augmentation regimens are started. For

example, if a patient required one, two, or three demand bo-

luses in the last hour, the basal infusion rate would adjust to

5, 10, or 15 mL/h, respectively. By varying the basal mainte-

nance  doses,  CIPCEA  system  closely  mirror  the  evolving

needs while  allowing the patients  the autonomy of  self-ad-

ministration of analgesics, improving analgesic effectiveness

and optimizing local anaesthetic use [11].

In  a  randomized  trial  comparing  CIPCEA  with

continuous  epidural  infusion  using  0.1%  ropivacaine  with

fentanyl  2  μg/mL,  CIPCEA  significantly  reduced  break-

through  pain  without  increasing  anaesthetic  consumption

or side effects [11]. CIPCEA also led to higher maternal sat-

isfaction  scores  compared  to  a  conventional  PCEA  pump

and a PCEA with a fixed basal infusion of 5 mL/h. The inci-

dence  of  breakthrough  pain  was  lower  in  the  CIPCEA

group  (15%)  compared  to  the  conventional  PCEA  group

(35%)  [10,12].

The  use  of  PCA  offers  numerous  benefits:  it  em-

powers patients, is effective, typically has minor side effects

and  infrequent  adverse  events,  is  well-manageable,  and  is

cost-efficient  for  specific  conditions.  However,  contrary  to

the  expected  high  analgesia  efficiency,  the  Cochrane  sys-

temic review conducted in 2006 and 2015 showed that PCA

only demonstrated marginal superiority (8%) over tradition-

al methods of pain management [15,16].

One  of  the  major  problems  with  traditional  PCA

is  decentralized  information  and  inability  to  automatically

collect  and  analyse  postoperative  analgesia  data.  PCA

pumps are dispersed throughout patient wards,  lacking di-

rect  or  immediate  connectivity  with  medical  personnel.

Nurses must spend time instructing patients on how to oper-

ate  the  pre-programmed  PCA  equipment.  While  this  may

not pose a problem when the equipment functions correct-

ly, any mechanical malfunction or need for analgesia adjust-

ment requires prompt attention from medical staff delays in

response can compromise the analgesia efficiency [17]. Ad-

ditionally,  unresolved  alarm  sounds  can  provoke  unneces-

sary anxiety or panic in patients.

The  rapid  advancement  of  communication  tech-

nologies,  particularly  wireless  communication,  has  given

rise  to  the  Internet  of  Things,  facilitating  instant  informa-

tion  gathering  and  sharing.  Wang  and  Wang  proposed  an

intelligent analgesia system (AI-PCA) which connects intel-

ligent electronic PCA pumps and other mobile terminals to

a  central  computer  server  equipped  with  an  information

control system in a wireless environment [18]. It enables re-

mote  monitoring,  intelligent  alarms,  intelligent  analysis,

and assessment of the PCA equipment, as well as automatic

recording and storage of key information. The central infor-

mation  processing  server  received  and  analysed  data  from

the analgesic pump via radio transmission. The AI-assisted

PCA  algorithm  generated  different  alarm  signals  (insuffi-

cient  analgesia,  poor  analgesia  and  blockage)  which  were

sent  back  to  the  computer  or  mobile  phone  for  the  anaes-

thetists to address the issues in real time. The definition of

“insufficient analgesia,  poor analgesia” may vary according

to local practice while 'blockage' was defined as an obstruc-

tion in the external infusion pipeline of the analgesic pump

[19,20].

This  information  system  solution  integrates  re-

mote monitoring, information management, and high-preci-

sion infusion pumps for PCA. By transforming the tradition-
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al passive call mode— where patients rely on bedside alarms

or  staff-initiated  interventions—into  an  active  service,  the

AI-PCA system eliminates  the  fear  and uncertainty  caused

by unexpected pain and delayed responses.

The results from Cao et al. indicated that the inci-

dence  of  moderate  to  severe  pain  (NRS  score  ≥  4)  at  rest

and during motion was significantly lower in postoperative

patients using AI-PCA. Additionally, side effects from anal-

gesia,  such  as  nausea  and  vomiting,  were  significantly  re-

duced, and patient satisfaction was higher among those us-

ing AI-PCA [21]. Similarly, a recent report from Wang et al.

found that the incidence of moderate to severe pain was sig-

nificantly reduced in the AI-PCA group (21.7%) compared

to the control group (26.3%), with a difference of 4.6% (95%

CI,  3.2%  to  6.0%;  P  <  0.001).  The  occurrence  of  total  ad-

verse  reactions  was  similar  between  the  groups  [20].  In  a

randomized  control  trial  comparing  the  pain  score  (NRS),

Richards–Campbell  Sleep  Scale  (RCSQ),  and  adverse  out-

comes at 8, 12, and 24 h after the operation in older patients

after laparoscopic radical resection of colorectal cancer, the

pain scores were significantly lower in AI-PCA group than

that of the control group, while the RCSQ score of AI-PCA

group was significantly higher than that of control group on

the 1st and 2nd days after operation, showing less sleep dis-

turbance. There were no significant differences in the inci-

dence of dizziness and nausea, vomiting, and myocardial is-

chemia [19].

In summary, AI-PCA is an information system so-

lution integrating remote monitoring, information manage-

ment and high-precision infusion pump for PCA. The intel-

ligent  analysis  of  data  by  the  wireless  analgesia  system

solves the difficulties in the traditional management mode,

and  it  can  provide  the  better  pain  management  under  dy-

namic monitoring.

Predictive Model to Mitigate the Side Effects

Opioid-based intravenous patient-controlled anal-

gesia  (IV-PCA)  is  essential  in  many  hospitals  and  plays  a

critical role in routine postoperative pain management. IV-

PCA enhances safety through lockout intervals for time and

dose, reduces nursing burden, and improves patient satisfac-

tion by allowing immediate access to analgesia without wait-

ing.  Despite efforts  to account for individual  differences in

pharmacodynamics  and  pharmacokinetics,  some  patients

discontinue PCA due to intolerable side effects.  The use of

opioids is often accompanied by various side effects such as

opioid-induced  hyperalgesia,  nausea,  vomiting,  respiratory

depression,  and  sedation,  postoperative  ileus,  bradycardia,

pruritus, sedation, confusion, and urinary retention [22-26],

which can vary widely among individuals.

Anaesthetists  carefully  balance  the  amounts  of

analgesics administered to avoid excessive amounts of opi-

oids  induced  side-effects.  To  optimize  pain  management

with the smallest effective yet adequate amounts of opioids,

it is crucial to identify high-risk populations and predict the

likelihood  of  adverse  side  effects  for  individual  patients.

This  allows  medical  staff  to  promptly  address  side  effects

with  prophylactic  or  regular  administration  of  antiemetics

or dexamethasone, preventing the discontinuation of IV-P-

CA  [27].  Additionally,  alternative  analgesic  strategies  such

as  PCA  with  ketamine  or  nefopam,  and  surgery-specific

nerve blocks (transversus abdominis plane block, ilioingui-

nal nerve block, iliohypogastric nerve block, etc.) should be

considered  [28,29].  These  personalized  analgesic  plans  can

alleviate  pain  and  reduce  the  risk  of  PCA  discontinuation

due to side effects.

The  application  of  AI  and  machine  learning  in

anaesthesia  research  holds  significant  potential  to  revolu-

tionize  the  field  by  improving prediction,  supporting  deci-

sion-making, and developing personalized treatment strate-

gies.  In clinical practice, accurate prediction models enable

better medical prognostication, early identification of high-

-risk patients, improved risk adjustment, optimal utilization

of  critical  care  resources,  and  more  effective  communica-

tion among patients, physicians, and families [30-32].

Recently, several groups attempted to develop ma-

chine  learning  models  to  predict  postoperative  nausea  and

vomiting (PONV) for patients under IV-PCA. PONV is the

most  common  adverse  event  after  general  anaesthesia,  af-

fecting  40% of  Asian  and European American  populations

and up to 80% of high-risk cases [33, 34]. Shim et al. report-

ed a predictive model of PONV using machine learning al-

gorithms  with  AUC of  0.686  [35].  The  recent  results  from

Xie  et  al  yielded  an  AUC  of  0.947  which  was  significantly

higher  than  that  of  the  past  models  [36].  The  best  of  their
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ML  model  was  used  for  external  validation  on  patients  at

other  hospital  and  generated  the  AUC  of  0.821.  The  three

key  indicators—history  of  motion  sickness  and/or  PONV,

female  sex,  and  low  body  weight—are  particularly  impor-

tant  for  anaesthetists  and  surgeons  to  consider.  The  ma-

chine learning models offer a good preoperative prediction

of PONV for patients using IV PCA.

Despite  the publication of  numerous comprehen-

sive guidelines and risk assessment models, PONV remains

a persistent issue for the surgical population. It is possible to

reduce the incidence of PONV by using assessment tools to

proactively guide clinical practice. Pysyk et al. reported that

the  incidence  of  PONV  was  reduced  by  providing  annual

performance feedback to anaesthetists, encouraging the use

of  antiemetic  medications [37].  Rajan et  al.  concluded that

identifying  high-risk  patients  using  predictive  models  for

PONV, employing combinations of various antiemetic med-

ications during and after surgery, and modifying anaesthe-

sia  techniques  can  significantly  reduce  the  incidence  of

PONV  [38].

Ethical Implications of AI in Healthcare

The  integration  of  AI  into  clinical  settings  brings

both significant benefits and challenges,  along with impor-

tant ethical and legal implications. Data privacy and securi-

ty, the accuracy of predictive models, and the need for clini-

cal validation are potential limitations to applying AI in clin-

ical practice.

Protecting patient privacy and ensuring data secu-

rity  are  critical,  the  need  for  establishing  robust  ethical

guidelines and legal frameworks has emerged as an increas-

ingly important subject. From a legal perspective, the entire

lifecycle of data, including acquisition, storage, transfer, cu-

ration and analysis, must comply with all relevant laws, reg-

ulations, and legal obligations. On the other hand, the inter-

pretation  and  enforcement  of  laws  must  continuously

evolve to keep pace with the rapid advancements in technol-

ogy [39]. Countries around the world have introduced laws

to protect the data privacy of their citizens, such as the Gen-

eral Data Protection Regulation (GDPR) in Europe, Person-

al Data Protection Act in Singapore [40,41]. In addition, the

European Union has become a leading player in medical AI

innovation and has recognized the challenges that AI poses

to existing liability frameworks. To promote consistency in

liability  principles  and  provide  legal  clarity,  the  European

Commission introduced the Artificial  Intelligence Act,  one

of the first legal frameworks specifically focused on AI. The

Commission aims to foster the safe use of AI in critical sec-

tors like healthcare while simultaneously driving technologi-

cal innovation [42].

The legal framework regarding AI in healthcare is

continuously  evolving.  Emerging  laws  and  regulations  are

likely to address key issues such as liability. As AI technolo-

gy advances, legal frameworks will adapt to promote ethical,

transparent, and responsible use in healthcare. It is essential

for healthcare professionals to remain well-informed about

these changes to navigate complex legal terrain while main-

taining  accountability  and  ensuring  high  standards  of  pa-

tient care.

Another  limitation  of  the  utilization  of  AI  in

healthcare decision-making involved concerns about the ac-

countability,  the  potential  bias  within  predictive  models,

and the necessity of clinical validation. A recent systematic

review  evaluated  the  risk  of  bias  in  studies  on  prediction

models developed using supervised machine learning tech-

niques.  The  review  concluded  that  most  of  these  studies

were prone to poor methodological  quality and a high risk

of bias. Key issues include small sample sizes, participant ex-

clusion, inadequate handling of missing data, and failure to

address  overfitting.  To enhance the  clinical  applicability  of

the prediction models,  improvements in study design, exe-

cution, reporting, and validation are essential [43]. It is im-

portant to recognize that AI will not always outperform ex-

isting  methods.  Instead,  AI  should  be  taken  as  a  tool  that

must be applied appropriately to address relevant questions

or problems.

Summary and Future Directions

The  field  of  anaesthesiology  has  a  long  history  of

integrating AI into its research. AI has the potential to trans-

form  clinical  anaesthesia  practices,  including  perioperative

support, critical care delivery, postoperative and outpatient

pain  management.  Modern  anaesthesiology  demands  that

anaesthetists  gather,  analyse,  and  interpret  multiple  data

streams for each patient. With the healthcare system's shift
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from  analogue  to  digital  data,  clinicians  must  now  rely  on

increasingly data-intensive workflows to perform their daily

tasks. AI and machine learning can enhance the safety and

efficacy of PCA by leveraging large datasets from electronic

health  records  and  the  anaesthesia  information  manage-

ment system, patient histories, and real-time monitoring sys-

tems [44].

Fortunately,  information  management  systems

that  automate the extraction of  clinical  variables  (e.g.,  vital

signs,  drug  delivery  timestamps)  have  alleviated  the  docu-

mentation  burden  on  anaesthetists.  However,  clinicians

must now focus on effectively interpreting the growing vol-

ume of available data for anaesthetic and critical care deliv-

ery.  The  application  of  AI  technologies  should  prioritize

helping  clinicians  maximize  the  clinical  utility  of  this  elec-

tronically captured data.

The  integration  of  AI  in  PCA  is  still  in  its  early

stages, with ongoing research focused on improving the ac-

curacy and reliability of predictive models. Ethical consider-

ations, such as data privacy and the need for rigorous clini-

cal validation, are also critical. The comprehensive cyberse-

curity  strategies  and  robust  safeguards  must  be  developed

and implemented to protect patient data and ensure the se-

curity  of  critical  healthcare  operations.  Collaboration

among clinician,  AI  developer  and regulatory  bodies  is  es-

sential  for  establishing  clear  guidelines  and  standards  gov-

erning the use of AI algorithms in clinical decision-making.

Anaesthetists should continue engaging with data scientists

and engineers, offering their clinical expertise to ensure that

AI is developed with real-world applicability. This collabora-

tion helps guarantee that the data used to train algorithms is

valid, representative of diverse patient populations, and that

the resulting interpretations are clinically meaningful. Nev-

ertheless, the potential of AI to revolutionize pain manage-

ment  and  improve  patient  care  is  immense,  making  it  a

promising area of study and application in modern health-

care.
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