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avtorTa sayuradRebod!

redaqciaSi statiis warmodgenisas saWiroa davicvaT Semdegi wesebi:

 1. statia unda warmoadginoT 2 calad,  rusul an inglisur enebze, dabeWdili 
standartuli furclis 1 gverdze,  3 sm siganis marcxena velisa da striqonebs 
Soris 1,5 intervalis dacviT. gamoyenebuli kompiuteruli Srifti rusul da ing-
lisurenovan teqstebSi - Times New Roman (Кириллица), xolo qarTulenovan teqstSi 
saWiroa gamoviyenoT AcadNusx. Sriftis zoma – 12. statias Tan unda axldes CD 
statiiT. 
 2. statiis moculoba ar unda Seadgendes 10 gverdze naklebs da 20 gverdze mets 
literaturis siis da reziumeebis (inglisur, rusul da qarTul enebze) CaTvliT.
 3. statiaSi saWiroa gaSuqdes: sakiTxis aqtualoba; kvlevis mizani; sakvlevi 
masala da gamoyenebuli meTodebi; miRebuli Sedegebi da maTi gansja. eqsperimen-
tuli xasiaTis statiebis warmodgenisas avtorebma unda miuTiTon saeqsperimento 
cxovelebis saxeoba da raodenoba; gautkivarebisa da daZinebis meTodebi (mwvave 
cdebis pirobebSi).
 4. statias Tan unda axldes reziume inglisur, rusul da qarTul enebze 
aranakleb naxevari gverdis moculobisa (saTauris, avtorebis, dawesebulebis 
miTiTebiT da unda Seicavdes Semdeg ganyofilebebs: mizani, masala da meTodebi, 
Sedegebi da daskvnebi; teqstualuri nawili ar unda iyos 15 striqonze naklebi) 
da sakvanZo sityvebis CamonaTvali (key words).
 5. cxrilebi saWiroa warmoadginoT nabeWdi saxiT. yvela cifruli, Sema-
jamebeli da procentuli monacemebi unda Seesabamebodes teqstSi moyvanils. 
 6. fotosuraTebi unda iyos kontrastuli; suraTebi, naxazebi, diagramebi 
- dasaTaurebuli, danomrili da saTanado adgilas Casmuli. rentgenogramebis 
fotoaslebi warmoadgineT pozitiuri gamosaxulebiT tiff formatSi. mikrofoto-
suraTebis warwerebSi saWiroa miuTiToT okularis an obieqtivis saSualebiT 
gadidebis xarisxi, anaTalebis SeRebvis an impregnaciis meTodi da aRniSnoT su-
raTis zeda da qveda nawilebi.
 7. samamulo avtorebis gvarebi statiaSi aRiniSneba inicialebis TandarTviT, 
ucxourisa – ucxouri transkripciiT.
 8. statias Tan unda axldes avtoris mier gamoyenebuli samamulo da ucxo-
uri Sromebis bibliografiuli sia (bolo 5-8 wlis siRrmiT). anbanuri wyobiT 
warmodgenil bibliografiul siaSi miuTiTeT jer samamulo, Semdeg ucxoeli 
avtorebi (gvari, inicialebi, statiis saTauri, Jurnalis dasaxeleba, gamocemis 
adgili, weli, Jurnalis #, pirveli da bolo gverdebi). monografiis SemTxvevaSi 
miuTiTeT gamocemis weli, adgili da gverdebis saerTo raodenoba. teqstSi 
kvadratul fCxilebSi unda miuTiToT avtoris Sesabamisi N literaturis siis 
mixedviT. mizanSewonilia, rom citirebuli wyaroebis umetesi nawili iyos 5-6 
wlis siRrmis.
 9. statias Tan unda axldes: a) dawesebulebis an samecniero xelmZRvane-
lis wardgineba, damowmebuli xelmoweriTa da beWdiT; b) dargis specialistis 
damowmebuli recenzia, romelSic miTiTebuli iqneba sakiTxis aqtualoba, masalis 
sakmaoba, meTodis sandooba, Sedegebis samecniero-praqtikuli mniSvneloba.
 10. statiis bolos saWiroa yvela avtoris xelmowera, romelTa raodenoba 
ar unda aRematebodes 5-s.
 11. redaqcia itovebs uflebas Seasworos statia. teqstze muSaoba da Se-
jereba xdeba saavtoro originalis mixedviT.
 12. dauSvebelia redaqciaSi iseTi statiis wardgena, romelic dasabeWdad 
wardgenili iyo sxva redaqciaSi an gamoqveynebuli iyo sxva gamocemebSi.

aRniSnuli wesebis darRvevis SemTxvevaSi statiebi ar ganixileba.
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Abstract.
The field of anaesthesia, or anesthesiology, has undergone 

several advancements in recent years, becoming more precise 
and personalized to patients’ needs, and more viable in clinical 
settings. As a result, anesthesiology has become more viable 
in clinical settings, tailored to patients’ needs. Furthermore, it 
is not only the intraoperative care during surgery that requires 
attention, but also the pre-operative and post-operative 
care, as any coexisting conditions can obstruct proper pain 
management and recovery, and also to focus on any preexisting 
comorbidities to provide a more personalised anaesthesia care. 
And when it comes to a personalised anaesthesia plan, the 
patient's genomic data plays a crucial role, as it can enhance 
not only the effectiveness of the anaesthetics used but also 
the safety and reliability of total anaesthesia care. Therefore, 
pharmacogenomics is a critical factor in the evolution of 
anesthesiology and, furthermore, also plays a pivotal role in 
precision medicine. In this review, we revise Current Clinical and 
genomics approaches regarding anaesthesia. Taken all together, 
the field of anaesthesia is increasingly dependent on precision 
and personalised approaches, thereby significantly improving 
patient safety. A greater focus on personalised approaches 
can be achieved by fully incorporating pharmacogenomics; it 
is precisely based on the patient's genetic characteristics that 
individualized treatment plans can be developed. Identifying 
specific genetic markers that affect drug metabolism and efficacy 
will enable clinicians to enhance the effectiveness and safety 
of anaesthetic care. Accordingly, the transition from a generic 
approach to a more tailored strategy significantly reduces the 
risk of adverse drug reactions, while also contributing to and 
focusing on better therapeutic outcomes. Overall, it contributes 
to patient recovery and a better prognosis. Pharmacogenomics, 
nanotechnology, three-dimensional printing technology, and AI 
hold potential to transform precision anaesthesia, enhancing 
perioperative care by providing patient-centered drug delivery 
systems, customized surgical tools, and improved therapeutic 
outcomes personalised to patients’ needs.

Key words. Precision medicine, anaesthesia, genomics 
approach.
Introduction.

Anesthesia, a medical intervention, provides a state of controlled 
loss of pain reception or sensation for medical procedures, 

includes three main categories: General anesthesia, Regional and 
Local anesthesia [1,2] Anesthesiology is considered a complex 
medical specialty [2-5] The field of anesthesia or anesthesiology 
in recent years has undergone several advancements to become 
more precise and personalized to patients’ needs, to be more 
viable in clinical settings. Advances were not only focused 
on precision and personalisation but also on providing the 
best patient safety, because during the initial development of 
anesthesiology, the practice faced several setbacks related to 
patient safety, and so, along with the growth in pre-operative 
preparation and antibacterial techniques, patient safety in 
anaesthesia also developed [6]. Furthermore, it is not only the 
intraoperative care during surgery that requires attention, but 
also the pre-operative and post-operative care, as any coexisting 
conditions can obstruct proper pain management and recovery, 
and also to focus on any preexisting comorbidities to provide 
a more personalised anaesthesia care [7]. And when it comes 
to a personalised anaesthesia plan, the patient's genomic data 
plays a crucial role, as it can enhance not only the effectiveness 
of the anaesthetics used but also the safety and reliability of 
total anaesthesia care. Additionally, when it comes to patient 
responses to anesthesia, genetic factors can outweigh several 
factors such as age, mass index, underlying diseases, and 
gender. However, when it comes to geriatric patients, age is a 
factor to be considered, as renal clearance can pose a significant 
threat to the drug clearance rate and impact the effectiveness of 
the drugs used [8,9]. 

 Precision medicine has gained increasing attention across 
many medical fields, with the goal of adapting treatment to 
the genetic and physiological profile of each patient [10,11]. In 
anesthesiology, this approach could allow more accurate drug 
selection, safer dosing, and better prediction of perioperative 
outcomes [12]. However, despite this promise, current practice 
in anesthesia still relies heavily on population-based guidelines 
and standardized protocols, creating a gap between the potential 
of precision medicine and its application in routine care [13,14].

Currently, anesthesiology remains largely protocol-driven, 
with clinicians utilizing established drug regimens and 
monitoring systems that apply broadly to most patients. While 
this has ensured safety and efficiency, it does not always 
account for individual variability in drug metabolism, genetic 
background, or comorbid conditions [15]. Some progress has 
been made through pharmacogenomics research, such as the role 
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of CYP2D6 in opioid metabolism and variability in response to 
anesthetic agents [16]. 

Several barriers limit the widespread use of precision medicine 
in anesthesiology. From a scientific perspective, there are still 
few validated biomarkers that can reliably guide anesthetic 
choice or dosing. Genetic influences on drug metabolism are 
complex and often vary across populations, and the interaction 
between multiple genes and clinical factors is not fully 
understood [15-18]. Clinically, the integration of precision tools 
into the perioperative workflow is difficult. Patient responses 
to anesthetic agents remain highly variable, and there is 
limited availability of real-time decision support that can help 
anesthesiologists adapt care on the spot [18-20]. On a practical 
level, precision medicine approaches are hindered by the high 
cost of genetic testing and the lack of infrastructure to integrate 
data into electronic health records and bioinformatics systems 
[21]. Ethical and privacy concerns related to genetic data further 
complicate implementation. In addition, many clinicians have 
not yet received training in the interpretation and application 
of precision medicine findings, creating knowledge gaps in 
practice [22,23]. Finally, there is a significant evidence gap. 
Large, diverse clinical trials are still needed to demonstrate that 
precision-based strategies provide superior outcomes compared 
to current standard protocols. Without strong clinical evidence, 
widespread adoption remains unlikely [24].

Looking ahead, several opportunities could support the 
growth of precision medicine in anesthesiology. One major 
area is the expansion of pharmacogenomic testing, including 
the development of rapid perioperative genetic screening that 
can provide results in time to guide anesthetic choice and 
dosing [18-26]. Artificial intelligence and machine learning 
also offer potential by integrating genetic, physiological, 
and intraoperative data into real-time decision-making tools. 
Improved perioperative risk prediction is another important 
direction, particularly for 

vulnerable groups such as elderly patients, those with multiple 
comorbidities, or individuals undergoing complex cancer 
surgeries [27,28]. Finally, the development of cost-effective, 
point-of-care precision tools will be essential for adoption in 
everyday practice. Affordable and accessible technologies 
could help overcome financial and logistical barriers, allowing 
precision medicine approaches to be applied more widely across 
different healthcare settings [29,30]. 

Therefore, pharmacogenomics is a critical factor in the 
evolution of anesthesiology and, furthermore, also plays a 
pivotal role in precision medicine. It helps clinicians to tailor 
personalised treatment plans for the patients by identifying the 
specific genetic markers that affect drug metabolism, efficacy 
and patient safety. This approach not only minimises the risk of 
complications that can arise from adverse drug reactions but also 
improves therapeutic outcomes by selecting the most effective 
drug at the optimal dose. And so, pharmacogenomics serves as 
a cornerstone of precision medicine, transitioning from a one-
size-fits-all model to a more individualised plan that benefits the 
patients and prevents adverse complications [31]. 

This review paper explores and analyzes the current clinical 
and technological approaches in anesthesia, emphasizing the 
importance of precision medicine in enhancing anesthetic care.

Precision Medicine and Genetic factors in anesthesia care.
Precision medicine personalizes healthcare by combining a 

patient’s genetic variants and medical history. It has demonstrated 
potential application in addressing various health challenges; 
its primary goal is to improve treatment effectiveness, patient 
outcomes, reduce complications and tailor healthcare. Precision 
medicine is also capable of understanding in-depth variations in 
the patient's genetic factors, paving the way for more personalised 
care [32,33]. It can also measure risk assessment and prevention 
by identifying individuals with genetic predispositions that pose 
a high risk of certain conditions. This helps develop proactive 
measures, such as lifestyle changes and early screening, which 
contribute to preoperative management in anaesthesia care [34]. 
On the other hand, even though traditional anaesthetic protocols 
work for most patients, they are incapable of accounting for how 
individuals respond to drugs or to treatment. These variations 
can lead to unexpected complications which can affect treatment 
outcomes. This leads to the integration of pharmacogenomics in 
precision medicine to provide personalized anesthesia care [35]. 

Pharmacogenomics, the field that comprehends drug efficacy 
and toxicity at the genetic level based on genetic variations 
affecting pharmacokinetics and pharmacodynamics, can 
guide the development of optimal therapeutic strategies [36]. 
This is particularly relevant in understanding how a person 
responds to drugs, as it depends on the drug-metabolising 
enzymes and their genetic variations, which are responsible 
for activating and breaking down drugs. Drug-metabolizing 
enzymes play a role in converting proactive drugs to their 
usable-active form in the body, however any genetic mutation 
or deficiency in these enzymes can affect this conversion 
leading to drug ineffectiveness and those drugs that are not 
capable of breaking down can lead to accumulation and then 
result in drug-toxicity and it’s adverse side effects, which is 
why genetic variants are considered a crucial information in 
anesthesia care [37]. The significance of pharmacogenomics 
in anaesthesia care can be further understood by considering 
the example of cytochrome P450 enzymes. Cytochrome P450, 
a family of enzymes belonging to the group B cytochromes, 
is responsible for the metabolism of drugs, steroids and fatty 
acids. This group of enzymes includes NADPH cytochrome C 
reductase (flavoprotein), phosphatidylcholine (phospholipids) 
and P450 (haemoglobin). Cytochrome P450, although found 
in cells of lungs, brain, kidneys, gastrointestinal tract, placental 
tissue and skin, is present in higher concentrations in the liver 
[35]. These enzymes are also capable of protecting against 
foreign compounds and additionally can convert drugs to more 
reactive compounds [38]. The CYP family that is considered 
to be related to a broad range of substrates and is found to be 
in high concentrations is the Cytochrome P4503A (CYP3A), 
which includes CYP3A4, CYP3A5, CYP3A7 and CYP3A43 
[39]. Understanding CYP3A family is considered necessary 
in places where it is required to correlate genetic factors and 
ethnic differences, that is, to be more specific, CYP3A5 which 
accounts for over half of total hepatic CYP3A, under which 
the CYP3A5*1 allele is most commonly found among African 
population is linked to higher CYP3A5 expression, on the other 
hand it is found to have minimal impact on drug metabolism in 
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Caucasian population. Therefore, ethnic differences in CYP3A5 
expression play a role in the variations of CYP3A-mediated 
metabolism. Additionally, changes in CYP450 enzymes such 
as CYP2D6, CYP3A4 and CYP2C9 can influence anaesthetic 
metabolism. For example, patients with improper CYP2D6 
metabolizers can have prolonged drug effects or reduced pain 
relief with agents like codeine, while patients who have rapid 
metabolizers can suffer from drug toxicity due to excess active 
metabolites [40]. Therefore, this highlights the significance of 
understanding genetic variants to enhance anaesthesia outcomes 
and prevent complications [41]. 

Thus, it is suggested that, by considering individual genetic 
variants in conjunction with patients' medical histories, 
treatment effectiveness and patient outcomes can be enhanced, 
thereby supporting minimising complications. Specifically, the 
limitations of traditional anaesthetic protocols are not focusing 
on examining the individual variations regarding drug response, 
which potentially leads to adverse effects.
Importance of understanding anaesthesia in the perioperative 
period during cancer.

To further highlight the importance of personalised anaesthesia 
care, it is helpful to consider its role in cancer. Even though 
there have been advances in early diagnosis, surgery and cancer 
management, postoperative cancer recurrence and metastasis 
still remain a major concern. This tumour recurrence and 
development are closely associated with the perioperative 
period, which also encircles anaesthesia administration and 
its management [42]. For instance, some anaesthetics such as 
propofol, lidocaine, and ropivacaine have demonstrated anti-
tumour effects by preserving immune functions and inhibiting 
tumour growth; on the other hand, volatile anaesthetics such as 
isoflurane, sevoflurane, and desflurane may contribute to tumour 
progression and metastasis [43]. Therefore, perioperative 
anaesthesia care that supports immune functions is considered 
essential, and selecting anaesthetic agents based on their 
oncological impact and the patient’s genetic profile can optimise 
surgical outcomes and prevent adverse side effects such as the 
risk of recurrence [44,45].

To optimise anaesthesia and reduce complications, it is crucial 
to integrate pharmacogenomics approaches to maximise drug 
efficacy and reduce toxicity. Genetic variations in some genes 
can lead to significant differences in drug metabolism.
Importance of understanding anaesthesia's current 
approaches in complex disease' management.

Precision medicine is suggested to ensure that medical 
interventions are tailored to an individual's unique genetic, 
environmental, and lifestyle characteristics. At the intersection 
of genetics and anesthesiology. It applies these principles by 
sculpting anesthetic is the field of personalised anaesthesia, 
which is frankly still evolving every day. It applies these 
principles by sculpting anaesthetic regimens around a 
patient's specific genetic predispositions, comorbidities, and 
physiological parameters. The foundational pillars of this 
approach include pharmacogenomics, advanced biomarker 
analysis, and the role of artificial intelligence. Patients with 
cardiovascular diseases are specifically susceptible to adverse 
events. The traditional model of medicine, often characterised 

by a "one-size-fits-all" approach, is rapidly giving way to the 
more nuanced framework of precision medicine. Today, our 
medical community is well aware of the concept of personalised 
anaesthesia, for example, as a perioperative measure that 
potentially directly affects the outcomes of procedures. The 
ultimate goal may be to move beyond conventional protocols to 
mitigate perioperative complications, refine pain management, 
enhance recovery after surgery (ERAS) protocols, and improve 
patient safety and satisfaction. Hippocrates believed that it was 
essential to understand the person with the disease to effectively 
treat them; thus, this is not entirely a new concept in healthcare. 
In fact, anesthesiologists are likely the first physicians to 
seriously undertake personalized and precision medicine, 
as even the oldest records show them using unique amounts, 
titrating the dose based on direct, real-time observation of the 
patient's clinical effects and specific clinical features. Modern 
personalised anaesthesia is not a radical departure, but a logical 
evolution, empowered by powerful new technologies and the 
ability to interpret vast quantities of acute care data [46]. Even 
though the risk factors are identified and improvements have 
been made in treatments for prevention, PONV (postoperative 
nausea and vomiting) rates are still as high as 80% in the 
circumstances of high risk [47]. The importance of personalised 
anaesthesia in patients with CVD is of an imperative nature as 
they are more susceptible to the risks perioperatively, such as 
hemodynamic instability, arrhythmias, and ischemic events. 
[48]. The optimisation of perioperative approaches is crucial 
for achieving positive outcomes in procedures for high-risk 
groups [49]. Specific genetic variations have been shown to 
have a significant impact on anesthesia outcomes. Malignant 
hyperthermia (MH), a rare but life-threatening hypermetabolic 
response to certain anesthetic drugs, is a genetically determined 
autosomal dominant disorder [50]. The majority of cases 
are linked to mutations in the RYR1 gene, which provides 
instructions for a protein involved in the regulation of calcium 
ions in skeletal muscle cells [51]; These genetic variants cause 
the RYR1 channel to open more easily and close more slowly 
in response to halogenated anesthetics, such as isoflurane and 
sevoflurane, and the neuromuscular blocker suxamethonium. 
The resulting flood of calcium ions leads to muscle rigidity, 
heat generation, and acidosis, demonstrating a direct, heritable 
link between genotype and a dangerous adverse reaction. The 
metabolism of opioids like codeine and tramadol is dependent on 
the CYP2D6 enzyme. Individuals classified as poor metabolizers 
of this enzyme may experience little to no analgesic effect from 
these prodrugs, as they are unable to effectively convert them 
to their active form. Conversely, ultrarapid metabolizers may 
produce abnormally high levels of morphine from standard 
doses of codeine, leading to a rapid onset of side effects. The 
OPRM1-A118G polymorphism has been linked to a reduced 
risk of postoperative vomiting, though not other side effects 
like nausea or pruritus. In the context of the public health crisis 
surrounding opioid addiction, the determination of genetic 
profiles susceptible to respiratory depression is a critical area 
of ongoing research [52,53]. Similarly, the metabolism of the 
beta-blocker metoprolol, commonly used in patients with CVD, 
is mediated by the CYP2D6 enzyme. A study found that poor 
metabolizers of CYP2D6 experienced an increased risk of 
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bradycardia and had a significantly lower average heart rate 
compared to normal metabolizers. These findings underscore 
the need for personalised dosing to minimise adverse effects, 
further solidifying the case for pharmacogenomic testing [54]. 
Another important factor for patients with heart failure is the 
measurement of prognostic biomarkers like Natriuretic Peptides, 
soluble ST2 receptor, and galectin-3, which guide treatment 
strategies, leading to reduced mortality and improved quality 
of life. These protein-based biomarkers are easily accessible 
in circulation and provide valuable, tissue-specific information 
that informs therapeutic guidance [55]. To not discuss about 
the future and the fastest currently evolving part of this topic 
would be injustice, to AI and machine learning which are using 
the vast and often abundant amount of perioperative data being 
collected by EMG and NMT sensors to help in providing more 
precise details that may enable anesthesiologists to make better 
choices during procedures such as finding the optimal titration 
of anesthetic agents required for the patient. A prime example 
is the Hypotension Prediction Index (HPI), a validated machine 
learning algorithm that predicts hypotensive events in surgical 
patients. By analysing high-fidelity arterial pressure waveforms, 
the HPI can provide an early warning up to 15 minutes in 
advance, allowing clinicians to act proactively. Studies have 
shown that the use of HPI software, when combined with 
a treatment protocol, can achieve a statistically significant 
reduction in both the incidence and duration of intraoperative 
hypotension. While these predictive models demonstrate high 
accuracy, it is important to note their limitations; some models 
may rely on a single data source or may not be able to identify 
the specific root cause of an event, reinforcing the role of these 
tools as an augmentation to, rather than a replacement for, 
human clinical judgment [56]. 

General anesthesia is superior to conscious sedation in the 
successful reperfusion rate for acute ischemic stroke patients 
undergoing endovascular therapy, but is associated with higher 
risks of hypotension and pneumonia [33]. It is suggested 
that machine learning shows promise in stroke medicine, 
enabling precise diagnosis, tailored treatment selection, and 
improved prognosis, but challenges must be addressed for 
widespread adoption and impact [57]. Genetic variations in 
electroencephalogram phenotypes can influence the depth of 
general anaesthesia during surgery, potentially impacting the 
accuracy of bispectral monitoring. Six SNPs in five genes were 
associated with EEG spindle amplitude during anaesthesia [58]. 
Some specific SNPs, namely SCN9A, SCN10A, and SCN11A, 
play a significant role in postoperative inadequate analgesia 
following single-port VATS [59].

In conclusion, the evolving field of personalised anaesthesia 
highlights the importance of tailoring medical interventions 
to individual patient characteristics, including genetic, 
environmental, and lifestyle factors. This approach not only 
supports patient safety and satisfaction but also minimises 
perioperative complications, especially in high-risk populations 
such as those with cardiovascular diseases and stroke.
Nanotechnology and Three-dimensional Printing technology 
in precision anaesthesia.

The advanced technological approaches have transformed the 
field of anesthesia, leading to more precise and personalized 

care. The application of nanotechnology is closely related to the 
drug delivery system in the body. Nanotechnology, specifically 
nanomedicine, has been a pivotal technological advancement in 
recent years due to its ability to provide a targeted drug delivery 
system, which in turn can lead to improved therapeutic efficacy 
and minimise systemic side effects, highlighting its significance 
in precision medicine and anaesthesia [60]. It involves 
unique encapsulated nanoparticles ad bio-interactive surface 
modifications which is a part of the drug-deliverance system 
[61]. It is especially advantageous when it comes to the slow 
drug release effect of the medications used, which also includes 
anaesthetics, as certain anaesthetics in patients with a genetic 
predisposition can cause fast metabolization and a higher drug 
clearance rate, and so this property of nanoparticles becomes 
advantageous in such cases [62]. Additionally, nanomedicine 
can also assist in increasing drug permeability and prolonging 
the anaesthetic action, specifically a hybrid nanofilm with 
lidocaine and prilocaine can demonstrate this property [63]. 
This property is considered a significant benefit for patients 
who require extended pain management or those experiencing 
chronic pain conditions. Therefore, an anesthesiologist can 
utilise nanotechnology in routine clinical anaesthesia and 
pain management to improve perioperative care and reduce 
perioperative-related complications [64,65].

Three-dimensional printing technology is one of the most 
recent technological advancements which has been found in 
a broad range of areas of both medical science and industrial 
fields. It is a type of manufacturing technology that involves 
easily accessible and modifiable digital structuring which 
utilizes bondable materials like plastic, polymers and metals for 
manufacturing [66]. Similar to how three-dimensional imaging 
helps clinicians to visualize the complications in patients, three-
dimensional printing assists clinicians to attain a real tactile-
abled feedback model made with specific modifications from the 
patient’s pathology [67]. This can be done by creating realistic 
anatomical structures that can act as functional simulators. This 
not only provides clinicians with the opportunity to interact 
freely with the models to understand the pathology, but also is 
considered a potent training prospect for anesthesiologists, as 
3D models are cost-effective, modifiable digital renders that can 
be rapidly manufactured [68]. 

Additionally, it can also be used to print anesthesia equipment 
as they are both convenient and economically viable, for 
instance low-cost and sustainable thermal laryngoscopes have 
been developed with this technology [69]. Therefore taking 
into account the speed, cost effectiveness, sustainability of 3D 
printing technology it has shown to the useful in the field of 
precision and personalized anesthesia in providing clinicians 
with both insights into modifiable and individualized models 
based on the patients complication for the clinicals understanding 
and utilizing the technology further for the development of 
sustainable tools puts three-dimensional technology as one 
of the essential critical and growing technologies in precision 
medicine.

Thus, advances in nanotechnology and 3D printing significantly 
enhance anesthesia care, allowing for targeted and personalized, 
treatment management in clinical settings.
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AI Role in Anesthesia.
According to the literature, integrating artificial intelligence 

(AI) genomic tools can significantly improve monitoring in 
anesthesiology, particularly by leveraging AI’s formidable 
data processing/self-learning capabilities. Additionally, by 
statistically analysing serial data streams from anaesthesia 
machines and monitors, it is suggested that AI can integrate with 
technologies such as electroencephalography (EEG) and near-
infrared spectroscopy (NIRS), accordingly providing real-time 
feedback to optimise patient care [8].

AI/machine learning is increasingly integrated into anaesthtic 
practice, aiding in the interpretation of complex genetic/genomic 
data and supporting advanced decision-making. AI-driven 
tools can synthesise genomic, clinical, and monitoring data 
to recommend personalised anaesthetic protocols/streamline 
procedures and finally significantly reduce risks. The use of big 
data and bioinformatics is also facilitating the identification of 
new genetic determinants and biomarkers relevant to anaesthesia 
[8,70].

 A study (based on the 22 studies published between February 
2019 and September 2023) suggests that the transformative 
impact of AI-driven models on perioperative medicine, 
focusing on three main domains: prediction of surgical case 
durations, optimisation of post-anaesthesia care unit (PACU) 
resource allocation, and detection of surgical case cancellations. 
Additionally, ML algorithms significantly enhance the precision 
of prognoses related to surgical durations and the risk of surgical 
case cancellations. These improvements have led to enhanced 
efficiency/cost-effectiveness/and safety in surgical procedures. 
For instance, XGBoost consistently outperformed other 
algorithms in predictive tasks, and surgeon-specific models 
were found to be more accurate than service-specific ones. 
The implementation of these models has resulted in reduced 
patient wait times, optimized scheduling, and better resource 
utilisation without negatively impacting operational efficiency 
or patient outcomes. Predictive models for PACU length of stay 
have enabled more effective case sequencing and the need for 
after-hours staffing. At the same time, ML-based identification 
of high-risk surgical cancellations has improved resource 
allocation and cost management. Despite these promising 
results, several significant challenges (related to data access, 
privacy concerns, validation, safety, ethical implications, etc.) 
are faced in the widespread adoption of AI in perioperative 
medicine. Importance of interdisciplinary collaboration, robustly 
enhancing understanding, and development of user-friendly 
tools to facilitate the practical implementation of AI models 
in healthcare settings. It suggests that Artificial intelligence 
in operating room management improves prediction accuracy 
and resource utilization, but data access and privacy concerns 
remain [71,72].

Taken all together, Nanotechnology/genomics and 3D printing 
can advance precision medicine in anesthesiology by providing 
personalised protocols, thereby enhancing decision-making /
precision medicine [72]. The integration of specific factors, 
genetic makeup, biomarkers, pharmacogenomics approaches, 
including clinicopathological characteristics, AI artificial 
intelligence, will significantly contribute to personalized 

anesthesia based on the patient's genetic makeup. In the case 
of using traditional anaesthetic protocols, individual prediction 
of drug reactions is not possible, and therefore, side effects are 
minimised. Notably, the role of pharmacogenomics involves 
identifying genetic polymorphisms that affect drug metabolism/
sensitivity, thereby reducing the risk of complications. Despite 
the above, the implementation of personalised anaesthesia faces 
numerous challenges, including the high cost/limited availability 
of pharmacogenomic testing, and the lack of standardised 
guidelines in the case of genetic tests. However, it is undeniable 
that anaesthetic agents, aspects of their metabolism, treatment 
efficacy, and safety directly depend on drug selection and 
correct dosing; this approach reduces possible adverse reactions 
and improves therapeutic approaches. Thus, the need for the use 
of biomarkers is evident from the point of view of predicting/
monitoring perioperative and postoperative risks. 

Integrating AI and genomics in anesthesiology can improve 
personalized patient care and optimize existing opportunities. 
Notably, managing challenges related to data privacy and 
standardization will be critical for realizing the full potential of 
these advancements.
The genetic information's effect on the therapeutic decisions.

The integration of genetic information into clinical practice is 
no longer a theoretical concept from older times but a clinical 
necessity, as it offers opportunities to enhance therapeutic 
efficacy and minimize adverse events. 

the management of Malignant Hyperthermia (MH) 
susceptibility, the optimization of opioid pain management, 
and the proactive mitigation of postoperative complications. 
Classical findings demonstrate that genetic variants in genes 
such as RYR1 and CACNA1S are not only predictive of a 
potentially fatal MH crisis but also help find a broader, multi-
system phenotype that can guide long-term care and therapeutic 
applications for conditions like bleeding abnormalities, which 
commonly affect a significant part of our population today. In 
the realm of pain management, the pharmacogenomic analysis 
of drug-metabolizing enzymes like CYP2D6 and receptor genes 
like OPRM1 enables the clinicians to pre-emptively identify the 
patients which may be at high risk for inadequate analgesia or 
severe toxicity, by using a genotype-guided approach to drug 
and dose selection by pointing and predicting exactly how a 
person with a specific genotype would respond to the therapy 
and dosage. As far as postoperative outcomes go, Venous 
thromboembolism and surgical site infections are significant 
concerns that have been countered for a long time using 
classical knowledge but recently, a sophisticated understanding 
of genetic predispositions is emerging which not only includes 
using single gene variants but also polygenic risk scores and 
this may help the clinicians in making imperative decisions 
regarding therapies that directly influence the prognosis of the 
surgeries performed. 

Fundamentally, in MH, the underlying pathophysiology 
involves a defect in the regulation of skeletal muscle calcium. 
The genetic basis of this disorder is predominantly linked to 
mutations in two genes: RYR1 and CACNA1S [73]. The 
RYR1 encodes the ryanodine receptor type 1 (RyR1), a critical 
calcium channel in the sarcoplasmic reticulum that controls 
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muscle contraction, and half of the individuals susceptible to 
MH carry dominant, gain-of-function mutations in RYR1. A 
smaller proportion of MHS cases are associated with variants 
in the CACNA1S gene, which encodes the α1s subunit of the 
dihydropyridine receptor (DHPR). The European Malignant 
Hyperthermia Group (EMHG) has verified two CACNA1S 
variants as being associated with MHS [74]. The Clinical 
Pharmacogenetics Implementation Consortium (CPIC) has 
established strong evidence-based recommendations for MHS-
related gene-drug pairs [75]. For patients who have inherited 
a known MH-causative variant, the primary therapeutic 
decision is to avoid all the triggering anesthetic agents. Specific 
agents to be avoided include halogenated volatile anesthetics 
such as enflurane, desflurane, and isoflurane, as well as the 
neuromuscular blocker succinylcholine. In their place, clinicians 
are advised to use alternative anesthetic medications that are not 
known to trigger MH. These include propofol, benzodiazepines, 
opioids, nitrous oxide, and non-depolarizing neuromuscular 
blockers like rocuronium and vecuronium. This genetic-guided 
approach fundamentally alters the standard perioperative 
management plan for these patients, ensuring their safety and 
avoiding a life-threatening event. Recent research has revealed 
that the mutations are associated with broader pleiotropic effects, 
going beyond the anesthetic agents perspective; for instance, 
the mounting evidence suggested that susceptible individuals 
may also develop MH-like symptoms in response to exercise 
or exposure to hot environments, completely independent of 
anesthetic drugs [76]. 

Since the pharmacokinetic and pharmacodynamic properties 
of the drugs administered are largely determined by CYP450 
and mu opioid receptor (MOR), respectively, genetic variations 
in the genes encoding these proteins are key determinants of 
a patient's response to opioid therapy [77,78]. The CYP2D6 
enzyme, encoded by the CYP2D6 gene, is a major player in the 
metabolism of numerous clinically important drugs, including 
many opioids. Opioid prodrugs, such as codeine and tramadol, 
are converted into their more active analgesic metabolites, 
morphine and O-desmethyltramadol, respectively, because of 
this enzyme. The genetic variations in the CYP2D6 gene are 
highly diverse and can be classified into: 1) Poor Metabolizers 
(PMs): These individuals have an activity score of 0 and possess 
two non-functional alleles. They are unable to effectively 
convert prodrugs into active metabolites, resulting in little to 
no analgesic effect from drugs like codeine and tramadol. CPIC 
guidelines provide a strong recommendation to avoid the use of 
these opioids in PMs [78]. 2) Ultrarapid Metabolizers (UMs): 
Defined by an activity score greater than 2.25, UMs have an 
increased copy number of the CYP2D6 gene. They rapidly 
convert prodrugs to active metabolites, leading to higher-than-
expected systemic levels of the active form. This significantly 
increases their risk of toxicity, including life-threatening 
respiratory depression. The FDA has added a boxed warning 
to codeine and tramadol products, contraindicating their use in 
children under 12, as reported cases of toxicity, including death, 
have been linked to the UM phenotype.
Normal and Intermediate Metabolizers.

These groups have expected or reduced enzyme activity, 
respectively. Normal metabolizers (activity score 1.25-2.25) 

can be prescribed label-recommended dosing. Intermediate 
metabolizers (activity score 0-1.25) may have a less-than-
optimal response to codeine or tramadol due to reduced 
morphine formation, and close monitoring or an alternative 
analgesic may be warranted.

The OPRM1 gene encodes the mu opioid receptor, which is the 
primary molecular target for opioids such as morphine, fentanyl, 
and methadone. Genetic variants within this gene can alter the 
function and expression of the receptor, and influence a patient's 
pain sensitivity, analgesic response, and vulnerability to opioid 
dependence. Although the evidence can be conflicting, this 
variant has been associated with opioid and alcohol addiction 
and variations in pain sensitivity. Patients with dysfunctional 
CYP2D6 or OPRM1 are considered high-risk (approximately 
14% of the population) and are best managed with non-opioid 
therapies. Medium-risk patients (approximately 48%) with 
subnormal function can be managed with dose monitoring, while 
low-risk patients (approximately 38%) with functional genes 
are considered good candidates for standard opioid therapy 
[78]. The clinical utility of genetic information in guiding 
opioid therapy is not uniform across the entire drug class. While 
the evidence for codeine and tramadol, is sufficiently robust to 
support strong, actionable clinical guidelines, the data for other 
commonly used opioids, such as oxycodone and methadone, are 
significantly weaker or conflicting. 

VTE- There is a significant genetic component that contributes 
to an individual's risk of suffering from VTE aside from 
the traditional clinical factors like age, obesity, and history. 
These include the Factor V Leiden (FVL) mutation and the 
prothrombin G20210A mutation [79]. The presence of either 
of these mutations approximately doubles the relative risk of 
a thrombotic event [80]. Polygenic risk scores (PRS) have 
emerged as a valuable tool for improving VTE risk assessment. 
Aggregating the cumulative weighted effect of numerous 
single-nucleotide polymorphisms (SNPs) across an individual’s 
genome provides a single score that quantifies their overall 
genetic susceptibility, helping clinicians make more informed 
decisions. Including PRS, and more broadly genetics, into risk 
prediction models could enhance the risk assessment, potentially 
provide higher quality predictions that are more accurate, and 
provide these more efficiently, potentially in an earlier stage 
of life, and it could enable the development of personalised 
strategies for minimizing the risk, or therapies to work on any 
existing abnormalities. In detail review of examples of such 
PRS assessment systems is too vast and beyond the scope of 
this current report, as in the most recent decade, a plethora of 
studies have consistently identified newer genetic mutations and 
factors that may affect VTE risk [81-83].

SSI- The genetic predisposition to poor wound healing and 
surgical site infections (SSI) is a critical area for genetic-
guided therapeutic decisions in the postoperative period. 
While it is true that such infections are primarily caused by 
microbial contamination, it is also true that the host’s ability to 
manage these infections and successfully heal the wound has 
a significant genetic component. For instance, specific regions 
on chromosomes 9 & 14 have been shown to be statistically 
significant for postoperative sepsis (POS) [84]. Research has 
identified several genetic factors that can influence wound 
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healing and scarring, such as MGF3, discovered by researchers at 
Ohio State University, USA. The MTHFR gene has been shown 
to impair wound healing by causing hyperhomocysteinemia, 
which can lead to systemic inflammation and disrupt proper 
hemostatic function. The heritability of wound healing has been 
estimated to be as high as 86% in mice, and specific patterns of 
human gene expression are linked to the onset and progression 
of wound healing.
Discussion.

The development and practical use of new biomarkers will 
significantly increase the accuracy of predicting anesthesia 
outcomes. Because the use of biomarkers will make it possible 
to identify patients at risk of perioperative complications in a 
timely manner; ultimately, it will facilitate the correct/timely 
implementation of necessary preventive interventions; The 
integrating pharmacogenomics knowledge and advances into 
anaesthesia care can significantly improve patient outcomes. 
The identification of genetic markers significantly enhances the 
efficacy and safety of anaesthesia. Thus, the field of anaesthesia 
is increasingly dependent on precision and personalised 
approaches, thereby significantly improving patient safety. A 
greater focus on personalised approaches can be achieved by 
fully incorporating pharmacogenomics; it is precisely based on 
the patient's genetic characteristics that individualised treatment 
plans can be developed. Identifying specific genetic markers 
that affect drug metabolism and efficacy will enable clinicians 
to enhance the effectiveness and safety of anaesthetic care. 
Accordingly, the transition from a generic approach to a more 
tailored strategy significantly reduces the risk of adverse drug 
reactions, while also contributing to and focusing on better 
therapeutic outcomes. Overall, it contributes to patient recovery 
and a better prognosis. There is no doubt that integrating of both 

nanotechnology and 3D printing in anaesthesia will significantly 
improve the development of personalised anaesthesia 
approaches, ultimately contributing to the development of 
effective and outcome-oriented treatment strategies. Thus, 
the combined use of the above-mentioned technologies will 
significantly improve the anaesthesia process and ultimately the 
development of patient-specific approaches (Figure 1).

Taken all together, pharmacogenomics can be considered the 
cornerstone of individualized anesthesia. Pharmacogenomics, 
the field that at the genetic level comprehends drug efficacy and its 
toxicity based on genetic variations affecting pharmacokinetics 
and pharmacodynamics, it can help guide the development 
of optimal therapeutic strategies [36]. And since there are 
variations in the way individual patients respond to anesthesia, 
pharmacogenomics plays a crucial role in identifying causative 
factors and developing efficient personalized anesthesia care. 
Furthermore, the way a person responds to drugs is dependent 
on the drug-metabolizing enzymes and their genetic variations, 
which are capable of activating and breaking down the drugs. 
Drug-metabolizing enzymes play a role in converting proactive 
drugs to their usable-active form in the body, however any 
genetic mutation or deficiency in these enzymes can affect this 
conversion leading to drug ineffectiveness and those drugs that 
are not capable of breaking down can lead to accumulation and 
then result in drug-toxicity and it’s adverse side effects, which 
is why genetic variants are considered a crucial information in 
anesthesia care [37]. One such dominant drug-metabolizing 
enzyme is Cytochrome P450. 

Cytochrome P450 (CYP450) belongs to a superfamily 
of enzymes, specifically the group B cytochromes, and is 
responsible for the metabolism of drugs, steroids and fatty 
acids. This group of enzymes includes NADPH cytochrome C 
reductase (flavoprotein), phosphatidylcholine (phospholipids) 

Figure 1. The significance of precision medicine in Anaesthesia.
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and P450 (haemoglobin). Cytochrome P450, although found 
in cells of lungs, brain, kidneys, gastrointestinal tract, placental 
tissue and skin, is present in higher concentrations in the liver 
[85]. There are 57 isozymes, and six of these isozymes are 
responsible for 90% of drug metabolism, and those six isozymes 
are CYP1A2, CYP2C9, CYP2C19, CYP2D6, CYP2E1 and 
CYP3A4 [86]. Different drugs act on specific isozymes, and 
understanding which isozymes are targeted is essential for 
effective drug development [87]. Genetic polymorphisms 
can significantly influence how the CYP proteins metabolize 
drugs. Poor metabolizers can either reduce or eliminate enzyme 
activity, leading to increased drug levels and a higher risk of 
toxicity, while rapid metabolizers cause increased enzyme 
activity, resulting in rapid drug clearance and reduced drug 
efficacy [88]. To conclude, understanding pharmacogenomics, 
particularly CYP450 genetic polymorphisms, is essential for 
precision anesthesia. Furthermore, integrating gene-level data 
into preoperative planning can help anesthesiologists improve 
efficacy, minimize adverse complications, and provide optimal 
personalized patient care.

Thus, cutting-edge technologies facilitate is essential in 
precision medicine. In recent years, precision medicine has 
focused on tailoring medical treatment based on an individual’s 
genetic profile, lifestyle, and environment. Many technological 
advances have been helping the field of personalized care 
to develop further. A few such advancements are artificial 
intelligence, nanotechnology, and three-dimensional learning.

Artificial Intelligence (AI), with its formidable data processing 
and self-learning capabilities, has enhanced monitoring in 
anesthesiology. Additionally, AI is capable of integrating with 
other technologies, such as electroencephalography (EEG) and 
near-infrared spectroscopy (NIRS), which helps receive real-
time data and optimize patient care. Furthermore, AI enables 
genomic data analysis, predictive modelling, and decision 
support systems, and can further integrate with electronic 
health records, providing easy access for the healthcare workers 
[89,90].

The application of nanotechnology in medicine is closely 
related to the development of drug delivery systems within the 
body. Nanotechnology, specifically nanomedicine, is a pivotal 
technological advancement in recent years due to its ability to 
provide a targeted drug delivery system, which in turn can lead 
to improved therapeutic efficacy and minimize systemic side 
effects, highlighting its significance in precision medicine and 
anesthesia [60]. It is especially advantageous when it comes 
to the slow drug release effect of the medications used, which 
also includes anesthetics. Certain anesthetics in patients with 
a genetic predisposition can cause rapid metabolization and 
a higher drug clearance rate. In such cases, this property of 
nanoparticles becomes advantageous [91]. Anesthesiologist 
can utilize nanotechnology in routine clinical anesthesia and 
pain management to improve perioperative care and reduce 
perioperative-related complications [64,65]. 

Three-dimensional printing technology is one of the most 
recent technological advancements found in a broad range of 
areas, including both medical science and industrial fields. It is a 
type of manufacturing technology that involves easily accessible 
and modifiable digital structuring, utilizing bondable materials 

such as plastics, polymers, and metals for manufacturing [66]. 
Additionally, it provides clinicians with tactile models derived 
from patient-specific pathology, enabling better understanding 
and simulation of complications. It is beneficial for both 
patient assessment and training due to its modifiability, cost-
effectiveness, and rapid production [67,68]. Furthermore, 3D 
printing is used in the development of affordable and sustainable 
anesthesia equipment, such as thermal laryngoscopes. Its speed, 
adaptability, and economic feasibility make it a valuable tool in 
precision medicine and personalized anesthesia [69]. 

Therefore, the integration of artificial intelligence, 
nanotechnology, and three-dimensional printing creates 
great potential in optimizing preoperative care, personalized 
therapeutic strategies, and prevention of adverse risks. The 
integrating precision medicine/pharmacogenomics into 
anesthesiology is a crucial step in enhancing patient care. 
In particular, the maximum utilization of genomic data is 
beneficial for considering environmental and genetic factors 
that affect drug metabolism/efficacy. Healthcare professionals 
are given greater opportunities to develop individual 
anesthetic approaches that will significantly improve patient 
safety and therapeutic outcomes. Drug side effects will be 
significantly reduced, especially in patients with comorbidities, 
thereby ensuring the optimization of both intraoperative and 
postoperative care. Thus, the use of personalized strategies 
will be crucial in supporting anesthetic practice. Ultimately, it 
will contribute to improving patient outcomes in surgery and 
anesthesia. Precision medicine in anesthesiology aims to tailor 
anesthesia care to individual patient characteristics; however, 
its implementation faces significant challenges and presents 
promising opportunities. There are several key obstacles: 
integration of Advanced Technologies, Data Complexity and 
Standardization, Cost and Accessibility, and Ethical Concerns, 
among others. But it has tremendous Opportunities; particularly 
the decision based on the advanced monitoring technologies 
drives precise Decision Support, promising safer, more effective 
anesthesia.

Conclusion.
Pharmacogenomics, nanotechnology, three-dimensional 

printing technology, AI hold potential to transform precision 
anaesthesia, and it can enhance perioperative care by providing 
patient-centred drug delivery systems, customised surgical tools 
and improved therapeutic outcomes personalised to patients’ 
needs.
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