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Abstract

Perioperative medicine is a series of medical activities throughout the perioperative period, including preoperative 
optimization, intraoperative safety, postoperative rehabilitation, and other activities. Anesthesia is closely integrat-
ed with perioperative medicine to guarantee smooth progress of operations, comfortable recovery, and favorable 
long-term outcome for patients. There are a huge number of clinical data in anesthesia and perioperative medi-
cine, and artificial intelligence (AI) has a powerful ability to analyze and evaluate data; thus, applying AI is a signif-
icant advantage in analysis and prediction based on real clinical big data in anesthesia and perioperative medi-
cine. AI has made some progress in the field of anesthesiology and perioperative medicine. This review introduces 
the most encountered computerized techniques of AI in anesthesiology, main clinical applications themes of AI in 
anesthesiology, as well as limitations and ethical implications involved in deployment of this technology. 
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Highlights
● This review introduces the core concepts of artificial intelligence (AI) and describes the most commonly encoun-
   tered computerized functioning of AI in anesthesiology.
● This survey systematically presents the main clinical applications of AI in anesthesia and perioperative medicine 
   according to the perioperative phases.
● The advantages and disadvantages of introducing AI into the medical field are also discussed to explore the ca-
   reer development direction of anesthesiologists in the future.

Introduction

Artificial intelligence (AI) is defined as the broad 
concept of machines designed to imitate the 
human way of thinking by building a model and 
finding some rules of the data on their own. 
The various techniques of AI include machine 

learning (ML), deep learning (DL), and natural 
language processing (Figure 1) [1]. In addition 
to the patients’ health data, there are likewise 
substantial perioperative monitoring data as 
anesthesia runs through the whole perioper-
ative period, which creates opportunities for 
the application of AI in the field of anesthesia. 
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Namely, the characteristics of anesthesiology 
as a data-intensive discipline make it most like-
ly to benefit from the advances in AI [2].

Machine learning

ML is currently the most dominant approach 
to achieve AI, wherein a computer generates 
underlying rules by processing raw data and ex-
pected answers from the data. ML is an appro-
priate method for anesthesiology, providing the 
capability to analyze plentiful clinic data (e.g., 
Bispectral index (BIS)), discover associations, 
generate latent rules, and predict the outcomes 
through continuous learning, which is strikingly 
similar to the doctor’s diagnostic process [3]. 
Predicting the incidence of postoperative com-
plications caused by clinical factors based on 
big data analysis is a typical application of ML 
in anesthesia. According to the learning man-
ner, it includes supervised learning, unsuper-
vised learning, semi-supervised learning, and 
reinforcement learning.

	 Supervised learning is a process by which 
an algorithm is trained with the input ei-
genvalue and the target value. 

Decision tree model is a basic classifica-
tion and regression method that presents 
a tree structure and classifies instances 
based on input features. 

The k-nearest neighbor algorithm is anoth-
er essential classification and regression 
approach, in which the category of each 
instance can be represented by the cate-
gory of its k nearest neighbors (e.g., based 
on Euclidian distance).

	 Unsupervised learning is a ML technique 

where a model is trained only with the in-
put eigenvalue without the target value. 

	 Semi-supervised learning is a hybrid ap-
proach that combines aspects of both 
supervised learning and unsupervised 
learning where the model is trained using 
input eigenvalue and a subset of the tar-
get value.

	 Reinforcement learning refers to the pro-
cess by which an algorithm is asked to 
attempt a certain task, and it will be given 
different rewards or punishments accord-
ing to the completion of the task, then 
the computer will automatically optimize 
a criterion based on this reward or pun-
ishment, which is also a learning method 
used by AlphaGo.

Deep learning and neural network

DL is a subset of ML that utilizes multiple lay-
ers of connected neural networks, like the hu-
man brain, to progressively extract higher-level 
features from the raw inputs [3]. The most 
representative algorithms of DL networks are 
convolutional neural networks (CNNs), which 
can better process data with a grid-like struc-
ture, such as image data that can be viewed as 
two-dimensional grid of pixels (Figure 2). Recur-
rent neural networks are known as “memory” 
network of DL, which are sensitive to the se-
quence of the input. Therefore, recurrent neu-
ral networks are effective in mining temporal 
and semantic information from sequential data 
such as speech [4]. The strength of DL over tra-
ditional ML is that multi-layer mapping of neural 
networks can automatically learn complex data 
features, which reduces the workload of feature 
engineering by a human expert [2]. For exam-
ple, CNNs are applied to predict difficult airway 
intubation based on preoperative pictures of 
patients. These networks utilize a simple neu-
ron-level approach to process signals and then 
parameterize the connections between neurons 
by weights.

This review introduces AI techniques currently 
applied in anesthesia research and describes 
the current state at the cross-disciplines of 
AI and anesthesia. A literature search was 
conducted using the keywords “artificial in-
telligence”, “anesthesia”, and “perioperative 
period” in the PubMed database. This review is 
divided into sections dealing with most encoun-
tered computerized techniques in anesthesiolo-
gy, main clinical applications of AI in periopera-
tive anesthesiology, and limitations and ethical 
implications involved in deployment of AI.

Figure 1. Artificial intelligence. AI, artificial intelli-
gence; DL, deep learning; ML, machine learning; 
NLP, natural language processing.
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AI in pre-operative anesthesia

Preoperative risk prediction

Risk stratification is a primary but very import-
ant step of anesthesia, and risk prediction 
is the most common application field of AI in 
preoperative assessment. However, traditional 
preoperative anesthesia classifications are 
manually reviewed by clinicians, with certain 
subjectivity and limited granularity. Supervised 
ML methods, specifically random forest split 
classification, have been tested to automatical-
ly generate an American Society of Anesthesiol-
ogists Physical Status rating with finer granular-
ity which may be able to aid anesthesiologist in 
identifying at-risk patient [5].

Multiple systems for preoperative risk predic-
tion have been proposed to improve existing 
scores such as American Society of Anesthe-
siologists Physical Status, and some even 
defined extra patient-specific risk scores. For 
example, a famous system called “MySur-
geryRisk” collected data from 51,457 patients 
undergoing different types of surgeries, and 
picked 285 preoperative parameters for each 
patient to generate a risk score by using ML 
[6]. Moreover, many scholars have optimized 
perioperative risk prediction with better algo-
rithms and superior performance. For example, 
Fritz et al. developed a multipath CNN model 
from the data of 95,907 surgical patients, and 
for each patient, 56 preoperative parameters 
were selected to predict the risk of death within 
30 days [7]. This algorithm has been shown 
to have better performance with higher area 
under the curve (AUC) value when compared 

to that of CNN model, random forest model, 
support vector machine, and logic regression 
algorithm.

Difficult intubation prediction

Difficult tracheal intubation is the main cause 
of anesthesia-related morbidity and mortality. 
Although video laryngoscopy has been widely 
used in clinical practice, difficult intubations are 
still frequently encountered. Preoperative air-
way assessment is an important part of periop-
erative anesthetic management. Airway exam-
ination is another highly operator-dependent 
assessment. Therefore, an objective method is 
needed to define the degree of airway difficulty. 
Hayasaka et al. developed a CNN algorithm ca-
pable of evaluating the difficult intubation with 
an AUC of 0.864 by evaluating patients’ facial 
pictures in the supine-side-closed mouth-base 
position [8]. Matava et al. critically assessed 
the use of AI and ML in the assessment, diag-
nosis, monitoring, procedure assistance, and 
outcome prediction during pediatric airway 
management [9].

In addition to AI face recognition analysis tech-
niques that can be used to predict difficult 
intubation, acoustic features can also predict 
difficult intubation. The acoustic data of 225 
patients who underwent orthognathic surgery 
under tracheal intubation were collected during 
preoperative clinical airway assessment, and 
logistic regression analysis was performed to 
examine the association between acoustic fea-
tures and difficult laryngoscopy. The obtained 
model identified the difficult intubation with an 
AUC of 0.724, an overall accuracy of 0.632, a 

Figure 2. Architecture of convoluted neural networks. The input image is passed through the convolutional neural 
network model to output the classification result. The box represents the image matrix; the circle represents the 
neuron; the arrow represents the direction of data movement. Structures associating a convolutional layer and a 
pooling layer can be used consecutively. Full connection layer can also be used consecutively. The output layer is 
also referred to as the classification layer since output neurons classify the inputs into one of the output catego-
ries.
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specificity of 0.582, and a sensitivity of 0.772 
[10]. Acoustic features show the potential for 
predicting difficult intubation among patients 
under general anesthesia.

AI-assisted intra-operative anesthesia

Intubation and extubation operation

Intubation is one of the most important anes-
thetic skills. In 2012, Hemmerling et al. devel-
oped a robotic intubation system (Kepler intu-
bation system) for oral tracheal intubation [11]. 
In this operating system, doctors can remotely 
use a joystick to control a video laryngoscope 
and safely insert an endotracheal tube into the 
patient’s trachea. The success rate reached 
91% at the first human testing of this system. 
Although it was the first time to validate and re-
alize the possibility of remote control of trache-
al intubation, the system did not strictly reflect 
AI. Moreover, the system could not quickly iden-
tify the trachea to achieve tracheal navigation 
in difficult airway. In one patient of this study, 
fogging of the video laryngoscope hindered the 
intubation using Kepler intubation system.

In the context of coronavirus disease 2019 
(COVID-19) pandemic, Wang et al. developed 
a new tracheal intubation device based on 
magnetic navigation technology [12]. The new 
tracheal intubation device was designed by 
using external magnets to guide corresponding 
magnets in the body to move towards a preset 
target area. The tracheal intubation based on 
magnetic navigation technology is feasible, with 
high efficiency and easy operation. This mag-
netic navigation tracheal intubation enables 
successful tracheal intubation and takes less 
time than that of traditional laryngoscopy; more 
importantly, it reduces the risk of occupational 
exposure of medical staff.

Robotic endoscope-automated via laryngeal 
imaging for tracheal intubation has been devel-
oped to enable automated tracheal intubation 
[13]. The robotic device has real-time image 
recognition and remote automatic positioning 
function. The user can manually control the 
bending and movement of the endoscope tip; 
when the image recognition detects the glottal 
opening, the user can press a dedicated button 
to activate the automatic mode. In automatic 
mode, the tip of the speculum moves toward 
the geometric center point of the glottal open-
ing until it entered the trachea. The robotic 
endoscope-automated via laryngeal imaging for 
tracheal intubation was successfully performed 
for the first time on a manikin and obtained 
comparable results in a convenience sample of 

anesthetists and lay participants with no med-
ical training. This study suggests that the time 
required for non-trained participants to master 
the skill is similar to that of an experienced an-
esthesiologist, which may help inexperienced 
healthcare workers to perform tracheal intu-
bation. However, all the intubations were per-
formed on the airway trainer mannequin, not 
yet in clinical practice.

Prolonged mechanical ventilation (PMV) is com-
monly defined as more than 21 days; however, 
substantial variation exists in the terminology 
and definitional criteria for PMV [14]. Early iden-
tification of critically ill patients requiring PMV 
has proven to be difficult. AI can help quantify 
the risk of extubation, thus helping to personal-
ize and achieve accurate extubation. In a study 
that defined the duration of ventilation with 
>7 days as PMV, 20,262 total hospital stays 
with mechanical ventilation were identified 
from the Multiparameter Intelligent Monitoring 
in Intensive Care III [15]. Patients requiring 
tracheostomy placement were identified by the 
presence of ICD-9-CM procedure codes (31.1, 
31.29). Machine-learning classifiers were cre-
ated using a gradient-boosted decision tree 
algorithm based on the outcomes of PMV and 
tracheostomy placement. It showed that vari-
ables with the higher importance for predicting 
PMV and tracheostomy were the logistic organ 
dysfunction score (pulmonary component), the 
sepsis-related organ failure assessment score, 
cardiac arrhythmia, the Oxford acute severity 
of illness score before ICU stay. The classifiers 
predicted PMV for these patients who were 
admitted to surgical ICU with an AUC of 0.852, 
significantly reducing the probability of reintu-
bation in patients.

Ultrasound-guided anesthetic techniques

For ultrasound-guided anesthetic techniques, 
artifacts, noise, and anatomic structure vari-
ability all affect the accuracy of nerve tracking 
and needle positioning. AI could be used to 
assist ultrasound-guided local anesthetic oper-
ations.

In nerve block anesthesia, the block perfor-
mance varies due to the location, image param-
eters and patient specificity during the actual 
scanning. Compared with the traditional feature 
extraction method, DL neural network is more 
stable and accurate. In 2013, the first robotic 
system, Magellan, was invented to perform 
nerve blocks using a remote-control center [16]. 
The researchers presented the first human test 
of a robotic ultrasound-guided nerve block sys-
tem, and the success rate was 100%.



5

Perioperative Precision Medicine 2024; 2 (1): 1-10. PPM23070208

Perioperative Precision Medicine

Right after that, to prove whether this newly 
invented system can shorten the operator 
learning curve, Morse et al. compared success 
rates, learning curves, performance times, and 
inter-subject performance variability between 
robot-assisted and manual ultrasound-guided 
nerve block [17]. Analysis of variance indicated 
that there were significant differences in perfor-
mance times for performing the manual blocks; 
no statistical difference for the robot-assisted 
blocks and linear regression indicated that the 
average shortening time between two consec-
utive trials of robot-assisted nerve blocks was 
significantly longer than that of manual blocks 
[(1.8 ± 1.6) seconds vs (0.3 ± 0.3) seconds]. 
Therefore, this robot-assisted model can help 
beginners master the operation skills faster 
and reduce the operator interval differences 
[17].

At present, epidural puncture needle place-
ment is mainly performed manually that largely 
depending on the hand feel with a very high 
failure rate. Moreover, improper placement of 
the epidural needle can lead to inadequate an-
esthesia, post-puncture headaches and other 
potential complications. Ultrasonography for 
neuraxial anesthesia is increasingly being used 
to identify spinal structures and localize correct 
point of needle insertion to improve procedur-
al success. Pesteie et al. used the hybrid ML 
system to automatically localize the insertion 
point of epidural needle placement and identify 
anatomical landmarks of epidural space in ul-
trasound images [18]. Compared with sonogra-
phers, the hybrid machine ML has a transverse 
and longitudinal error of 1 mm and 0.4 mm 
in the 3D-augmented test data plane, which 
effectively reduces the error and improves the 
comfort and safety of patients. 

Performing subarachnoid or epidural anes-
thesia in obese patients, especially in obese 
pregnant women, remains a challenging task, 
as obesity and pregnancy may cause spinal 
changes, which in turn increases operational 
difficulty of determining the needle insertion 
point. Acting on ultrasound imaging of the lum-
bar spine, a program based on ML algorithms 
was developed to automatically identify the 
needle insertion site, and the first attempt suc-
cess rate for spinal anesthesia was 79.1% [19]. 
This shows that the automated spinal landmark 
identification program is able to provide assis-
tance to needle insertion point identification in 
obese patients.

For practicing the ultrasound-guided regional 
anaesthesia (UGRA), the tracking of the nerve 

structure in ultrasound images is extremely la-
bor intensive, even for experienced operators, 
due to the noise and other artifacts. By using 
additional information to track nerves and 
blood vessels, the combination of a detection 
and tracking framework and a robotic system 
can assist with UGRA. A new and robust track-
ing technique by using Adaptive Median Binary 
Pattern was introduced as texture feature for 
tracking algorithms. This fully automatic nerve 
tracking method in ultrasound images achieved 
best performance with 95% accuracy when it 
was applied in real data and evaluated in differ-
ent situations [20].

Studies of stroke require the acquisition of 
patient-specific geometry of the carotid artery 
bifurcation. Although C-mode CT and magnetic 
resonance are effective tests, there are many 
limitations including but not limited to ionizing 
radiation, unaffordable expense, and not avail-
able for all patients. De Ruijter et al. developed 
an automatic 3D geometry segmentation algo-
rithm for ultrasound images using a 2D ultra-
sound probe [21]. This algorithm is able to seg-
ment the common carotid artery, the internal 
carotid artery, and the external carotid artery 
including the carotid bifurcation in transverse 
B-mode images in both healthy and diseased 
arteries. The quality metrics of the method 
performed significantly better than or similar to 
those proposed in the previous papers, howev-
er, this method was tested on limited data, 19 
healthy volunteers and 3 patients, which needs 
further validation [21].

Depth of anesthesia (DoA) monitoring

BIS and electroencephalogram (EEG) charac-
teristic parameters are usually used to evaluate 
DoA. However, in anesthesia monitoring, the 
reliability of BIS can be affected by numerous 
interferences, including patient factors (basic 
diseases, etc.), different anesthetics, muscle 
relaxants, intraoperative electric coagulation 
etc. [22]. AI could be used to refine DoA mon-
itoring. Yu et al. proposed an adaptive control 
scheme that combines BIS and blood pres-
sure to ensure the proper dosage of drugs to 
achieve target setting point even if BIS signal is 
lost intermittently [23].

The competence of processing complex data 
streams, such as EEG, using ML methods have 
been testified. A range of EEG-based signals in-
dicating brain states have been analyzed by ML 
approaches to accurately scale the DoA. In Gu’s 
research, an algorithm based on artificial neu-
ral networks and EEG to evaluate DoA was pre-
sented, and the output results of this algorithm 
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clearly demonstrated a strong linear correlation 
with BIS [24].

Moreover, ML is used to distinguish states of 
consciousness based on EEG [25]. Three seda-
tion situations were studied with dexmedeto-
midine i.v., propofol i.v., or natural sleep in this 
research. Distinct source localized signatures 
of sensory disconnection and unconsciousness 
were identified using support vector machine 
classification, indicating that occipital delta 
power could differentiate disconnected and un-
conscious states for dexmedetomidine but not 
for sleep/propofol. These findings may enable 
novel anesthetic state monitoring to distinguish 
between sensory disconnection and uncon-
sciousness, and may provide novel insights into 
the biology of arousal.

With the deepening of DoA investigation, atten-
tion has been gradually paid to other clinical 
signals as well, for example, mid-latency audito-
ry evoked potentials, end-tidal carbon dioxide, 
blood pressure, and heart rate [26, 27].

Intraoperative hypotension and hypoxemia pre-
diction

Intraoperative monitoring of adverse events, 
such as intraoperative hypotension, which is 
commonly encountered, is crucial in anesthe-
sia management. Early prediction of adverse 
events allows physicians to take timely action 
to reduce patient morbidity and mortality. As 
mentioned earlier, due to the datafication of 
clinical information, real analysis based on 
big data is an advantage of AI for predicting 
patterns of intraoperative blood pressure [28]. 
Hatib et al. established a model for predicting 
hypotension based on the analysis of arterial 
pressure waveforms using ML methods [29]. In 
this real-time dynamic prediction system, the 
evolution of mean arterial pressure, the time-
to-event interval, is highly consistent with the 

hypotension prediction index (the algorithm 
output) [29].

Similarly, there is a lack of reliable indicators 
for the prevention of intraoperative hypoxemia. 
A ML-based system by visually presenting a 
weighted function model, was developed to 
assist anesthesiologist in predicting the occur-
rence of hypoxemia during anesthesia and de-
lineate the risk factors that contributed to the 
prediction [30].

Closed loop anesthesia control system

In the field of anesthesiology, how to achieve 
perioperative precise drug delivery and reduce 
the workload of anesthesiologists has always 
been concerned. Therefore, drug delivery ro-
bots have been rapidly developed and widely 
used in clinical practice. These major advances 
in anesthesia delivery control system are sum-
marized in Table 1.

In 2016, an intravenous anesthesia robot de-
veloped by a Beijing company was successfully 
tested for the first time in Beijing and relevant 
research papers of its mature core technolo-
gies have been published before the system 
came out [31-34]. The system is used to auto-
matically complete general anesthesia mainly 
through continuous monitoring of the depth of 
sedation, pain index, muscle relaxation, blood 
flow and other parameters, and then remote 
control through cloud computing to adjust the 
rate of drug delivery with feedback. At present, 
the system is in the stage of clinical testing, 
which opens a precedent for the application of 
Multiple Input Multiple Output systems [35].

Pattern recognition capabilities of neural net-
works enable the automatic classification of 
breath failures. Many studies on intelligent an-
esthesia alarm systems have shown that neural 
networks are the technical cornerstone in this 

Table 1. Anesthesia delivery control system
Name Control system Characteristics
Target controlled infusion 
system

Open-loop system Based on pharmacokinetic models of drugs to achieve specif-
ic plasma drug levels. 
The concentration of the drug needs to be manually deter-
mined and adjusted. 

Single input single output 
system

Closed-loop systems 1. Bispectral index -guided autonomous system. 
2. Real-time monitoring of anesthesia parameters (e.g. 
Bispectral index, blood pressure, and oximetry) as feed
back for drug infusion.
3. Algorithms, such as reinforcement learning, neural net
work, and fuzzy logic, can improve the performance of the 
system [3]. 

Multiple input multiple 
output  system

Closed-loop systems 1. Real-time monitoring hypnosis, analgesia, and muscle 
relaxation simultaneously as feedbacks for drug infusion.
2. Algorithms, such as reinforcement learning, neural net
work, and fuzzy logic, can improve the performance of the 
system [3].
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field [36]. In 1994, Orr et al. installed sensors 
at designated locations to measure respiratory 
signals, such as pressure, flow, and carbon 
dioxide, among which 30 descriptive features 
were extracted for each breath circuit, and fi-
nally, a neural network system was trained to 
identify 13 faults in an anesthesia breathing 
circuit [37]. In animal tests, the system detect-
ed 95.0% and 86.9% of the introduced failures 
in controlled ventilation and spontaneous respi-
ration, respectively [37]. 

Similarly, a hierarchical artificial neural network 
monitor developed by Narus et al. identified 23 
faults in 92% of cases and 21 faults in 83% 
of cases during controlled and spontaneous 
breathing, respectively [38]. These days, artifi-
cial neural networks have been proven be use-
ful in creating intelligent anesthesia alarm sys-
tems and have already been applied to some 
high-end ventilators or anesthesia machines.

In recent years, closed-loop systems have not 
been limited to anesthesia, sedation, analge-
sia, muscle relaxation, etc. In order to further 
explore the clinical value of closed-loop sys-
tems, researchers have also developed closed-
loop systems for perioperative fluid infusion 
and vasoactive drug management. In the treat-
ment of acute respiratory distress syndrome, 
positive end expiratory pressure (PEEP) is one 
of the important parameters following the prin-
ciples of the open lung concept [39]. Applica-
tion of PEEP can reinflate collapsed alveoli and 
increase arterial oxygen content, but too high 
PEEP can lead to hemodynamic instability and 
reduce oxygen delivery. AI can be used to devel-
op an automatic control system for mechanical 
ventilation therapy based on the open lung 
concept. This innovative closed-loop mechan-
ical ventilation system intelligently regulates 
intraoperative PEEP, end-tidal carbon dioxide, 
and other parameters, as well as the use of 
vasoactive drugs, leading to a significant im-
provement in oxygenation. The experiment with 
porcine dynamics demonstrated the feasibility 
and usefulness of this automatic closed-loop 
ventilation therapy, with hemodynamic control 
for severe acute respiratory distress syndrome 
[39].

AI in post-operative anesthesia

Pain treatment

In the field of pain treatment, the use of pain 
questionnaires is subjective and limited. 
Thanks to its powerful data analytics, AI is turn-
ing out to be valuable. Hu et al. presented an 
innovative and feasible neuroimaging-based 

augmented reality/AI concept that can poten-
tially transform the human brain into an objec-
tive target to visualize and precisely measure 
and localize pain in real time [40]. In this study, 
the neutral network with 3 layers achieved an 
optimal classification accuracy of 80.37% in 
discriminating pain and no-pain, and the neural 
networks with 6 layers achieved the highest 
classification accuracy of 74.23% for localiz-
ing left side pain, right side pain, and no-pain 
states [40].

Postoperative complication prediction

As described above, postoperative adverse 
events for hospitalized patients can be better 
predicted with preoperative risk prediction, in-
traoperative hypotension prediction, and intra-
operative hypoxemia prediction. 

Postoperative in-hospital mortality prediction

An important evaluation in post anesthesia 
care unit is to assess post-surgical in-hospital 
mortality. In this context, Lee et al. developed 
a generalized additive model with neural net-
works [41]. It turns out that in terms of perfor-
mance, it exhibited a high AUC in predicting the 
mortality of patients with general anesthesia. 
Over relatively simple models such as Logistic 
Regression, it shows better model performance; 
while over relatively complicated models such 
as DL, it shows less “black box” features [41]. 
For example, it can work on nonlinear data, and 
it has better transparency and higher accuracy 
with a notable AUC of 0.921.

Perioperative deep venous thrombosis (DVT) 
prediction

The formation of DVT is an extremely complex 
pathological process, and studies have shown 
that it is closely related to numerous basic 
health data and surgical factors of patients 
[42]. Any single factor is not enough to directly 
lead to the occurrence of DVT, so predicting 
DVT based on one or few variables is bound 
to increase the rate of missed diagnosis [42]. 
A patient-specific decision system, which had 
its origin from 35,963 total hip and knee ar-
throplasty patients, was created to predict the 
incidence of DVT, pulmonary emboli and major 
bleeding after operation [43].

Summary and future directions

The application of AI in medicine is aimed at 
solving patients’ health problems and has 
grown rapidly in recent years. AI is a potentially 
powerful tool, but it comes with multiple chal-
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lenges [44]. One objection is that AI, especially 
neural networks, has the black box problem. 
The physician can provide the input and get 
the prediction (output) through an algorithmic 
model but cannot examine the logic that pro-
duced the decision. In other words, the model 
cannot give extra details to explain how it works 
and why the output is produced [2]. Therefore, 
people pay attention to transparency and in-
terpretability of the AI algorithms. For example, 
decision tree is an easy to understand and in-
terpretable model, because it not only gives the 
prediction of the input data, but also provides 
a series of intermediate decisions that lead to 
the final prediction, which the researcher can 
verify or question. However, the accuracy of de-
cision tree prediction is lagging behind that of 
neural networks. Therefore, combining neural 
networks with decision trees is a feasible direc-
tion to improve their interpretability and main-
tain their accuracy. 

Secondly, AI algorithms are susceptible to bias 
in data. Whether human biases, like racial bi-
ases, will be coded explicitly or implicitly into 
the algorithms is debatable. People generally 
believe that ML algorithms, without judgments 
of human, is free of bias, but in fact bias is 
horrendously integrated into sample data. The 
main cause of ML data bias is the lack of diver-
sity of data samples [45]. Data from a single 
source may lead to erroneous conclusions.

The promise of a fiduciary relationship between 
patients and doctors becomes unclear with 
the involvement of AI [46]. At present, with the 
introduction of AI, there are no laws and regu-
lations to clarify the fiduciary compact. Who is 
responsible for the errors that generated by AI 
during its application in diagnoses? Is the re-
sponsibility for determining treatment still with 
the physician?

Doctors are aware of protection of patient pri-
vacy, but AI requires all aspects of the patient’s 
data, because patients cannot benefit from 
the algorithm without data. The implementa-
tion of AI will therefore require a redefinition of 
confidentiality and other core tenets of profes-
sional ethics [46]. At the intersection of AI and 
medicine, a strong regulatory body is urgently 
needed to weigh all the elements of data ethics 
management [3]. The use of scientific regulato-
ry concepts holds the potential to foster a deep 
integration among AI, the medical field, and 
regulators [47].

Will anesthetists be replaced by AI and lose 
their jobs and have to deliver food [48]? Maybe 
in the future, but not yet. Now we are in the 

“weak AI” stage where AI can achieve good re-
sults in a specific domain, but not as universal 
as people [49]. For example, AlphaGo can only 
be used in Go, not in chess or military chess. 
Similarly, the model developed by Lee et al. 
seems be incapable of predicting outcomes 
if we double the dose of either propofol or 
remifentanil, because the training data did not 
include this case when the neural network was 
built [22].

Admittedly, AI is technologically superior to 
humans in integrating complex, large, and 
structured data sets. But most of the data that 
doctors collected is based on a trusted doc-
tor-patient relationship, wherein patients place 
their trust in their healthcare providers rather 
than AI [2]. Therefore, physicians should not 
only make full use of the powerful DL capabil-
ities of AI, but also give full play to the advan-
tages of humans, striving for a complementary 
relationship between humans and computers.
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Abstract

Sepsis is a systemic inflammatory response that caused by infection or trauma, often resulting in multiple organ 
dysfunction. Its mortality rate is relatively high, ranging between 54% and 68%, and ineffective treatment and poor 
prognosis pose significant challenges to healthcare in recent years. One of the main pathogeneses of sepsis-in-
duced liver injury is oxidative stress (OS), which refers to a state where the antioxidant system cannot balance oxi-
dative products, leading to the accumulation of excessive oxidative products in the body. When sepsis occurs, the 
amount of reactive oxygen species produced by the body increases far beyond the levels that can be scavenged by 
the antioxidant system, thus damaging liver cells and aggravating liver damage. This article introduces the oxida-
tive/antioxidant system, oxidative stress-related pathways, and the molecular mechanism of OS in various types 
of hepatocytes, with emphasis on the antioxidant treatment on different hepatocytes, in order to understand the 
mechanism of OS involved in the development and progression of sepsis-associated liver injury. As the research 
deepens, improving liver function through the treatment of different cells and facilitating related clinical research 
are expected to provide a new target pathway for the treatment of sepsis-associated liver injury.

Keywords: Sepsis-associated liver injury, liver injury, oxidative stress, reactive oxygen species

Highlights
● The approaches of antioxidant therapy to alleviate sepsis-associated liver injury are summarized from the per
  spective of oxidative stress in different cells of the liver.
● Reactive oxygen species, one of the main substances that induce oxidative stress, affects the molecular mecha
  nism of the relevant signaling pathways. 
● Antioxidant therapy is helpful for the recovery of various liver cells in sepsis-associated liver injury and is expect-
  ed to advance basic and clinical research. 

Introduction

Sepsis is a systemic inflammatory response 
caused by infection, trauma, and other factors, 
resulting in multi-organ dysfunction. In severe 
cases, it can progress to life-threatening septic 
shock and organ failure [1, 2]. Sepsis mainly 
induces liver injury, lung injury, cardiac dysfunc-
tion, gastrointestinal injury, and kidney injury. 
Among them, the liver is the most important 

detoxification and metabolic organ of the hu-
man body, and it is very susceptible to infection 
and damage. Previous studies have shown that 
the reasons for the pathogenesis of sepsis-as-
sociated liver injury include oxidative stress 
(OS), hepatic microcirculation disorders, energy 
metabolism disorders, inflammatory response, 
etc. [3-5]. When sepsis occurs, the main mech-
anism of liver injury is OS due to increased 
oxygen free radicals and peroxidation of lipids 
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in the body [6]. Based on a review of recent lit-
erature, this paper summarizes the mechanism 
of OS-induced liver injury in sepsis, and the 
signaling pathways of reactive oxygen species 
(ROS) in sepsis-associated liver injury, as well 
as the effects of ROS on hepatocyte injury and 
antioxidant therapy.

Review progress

Oxidative stress

Oxidative damage

OS is a state of imbalance between oxidant 
and antioxidant in the body. When ROS and 
reactive nitrogen species such as nitric oxide 
(NO) increase in large quantities, the absence/
shortage of antioxidants disrupts the balance 
in the body [7, 8]. ROS refers to oxygen free 
radicals and non-free radicals produced by the 
body, mainly containing the substrates of the 
respiratory chain of the inner mitochondrial 
membrane, such as O2-, HO- and H2O2, with 
oxidizing ability and toxic effects on most cells 
[9]. In a physiological state, as a by-product of 
the oxidation system, the production and clear-
ance of ROS are in dynamic equilibrium in the 
body. Additionally, the level of ROS rises and 
exceeds the body’s clearance ability, which can 
increase lipid peroxidation in related tissues, 
leading to abnormal expression of related pro-
teins, DNA damage, and gene mutation [10]. 
Malondialdehyde (MDA), a lipid free radical, is 
the principal degradation product of lipid per-
oxides, which can damage mitochondrial and 
cell membranes, thereby inhibiting the function 
of membrane proteins, impairing the structural 
integrity of mitochondria, and leading to cell 
damage [10]. At the same time, NO synthase 
is greatly augmented, and NO can restrain the 
binding of mitochondrial cytochrome C to O2, 
leading to mitochondrial dysfunction. Thus, 
damage to cellular mitochondria causes spill-
over of cytochrome C from mitochondria into 
the cytoplasm, contributing to apoptosis [11, 
12]. Through a series of reactions, it eventually 
contributes to autophagy, necrosis, and apopto-
sis, etc. 

Anti-oxidation system

The antioxidant system is composed of en-
dogenous molecules, including both enzymes 
and non-enzymes. The main enzymes include 
superoxide dismutase (SOD), glutathione per-
oxidase (GSH-Px), and catalase (CAT). To put it 
more precisely, SOD is an important antioxidant 
enzyme mainly involved in scavenging oxygen 
radicals. When ROS increases, SOD reacts with 

O2- to produce H2O2, which is then converted 
into water by CAT and GSH-Px to remove ROS 
and protect cells from damage [13]. In con-
trast, when the contents of CAT, GSH-Px and 
SOD increase, the ROS and the MDA in the 
body reduce. The non-enzymes include vitamin 
C, vitamin E, uric acid, metal-binding protein, 
polyamines, bilirubin, carotenoids, etc. [14]. 

OS-related signaling pathways

Nuclear erythrocytes 2-related factor (Nrf2) sig-
naling pathway

Nrf2 is a key factor in cellular oxidative stress 
and is negatively regulated by cytoplasmic 
Kelch-like ECH-associated protein 1 (Keap1) 
[15]. Under normal physiological conditions, 
Keap1 is a substrate linker protein of the Cul-
lin3 (Cul3)-dependent E3 ubiquitin ligase com-
plex. Keap1 contains three functional domains, 
a Broad-complex, Tramtrack, and Bric-à-brac 
(BTB) domain, an intervening region domain, 
and a Kelch or double-glycine repeat domain. 
Wherein, BTB domain binds to Cul3 to assem-
ble into a functional E3 ubiquitin ligase com-
plex (Keap1-Cul3-E3). Keap1-Cul3-E3 ubiquitin 
ligase targets the Neh2 domain located at the 
N-terminus of Nrf2 and promotes Nrf2 ubiquiti-
nation [16]. After that, ubiquitinated Nrf2 is de-
livered to the 26S proteasome for degradation. 

When the body is in an OS state, ROS modifies 
specific cysteine residues in Keap1, causing 
conformational changes in Keap1-Cul3-E3 
ubiquitin ligase and interfering with Nrf2 ubiq-
uitination [17]. Alternatively, it facilitates the 
breakdown of Nrf2 with Keap1 by activating 
protein kinase C. Nrf2 is then transferred into 
the nucleus by oxidative stressors such as 
electrophiles and binds to the antioxidant re-
sponse element (ARE) by heterodimerization 
with the small Maf transcription factors [18]. 
Subsequently, the Nrf2-ARE signaling pathway 
initiates and promotes the expression of antiox-
idant enzyme genes, such as CAT, SOD, GSH-Px, 
glutathione S-transferase, NADH quinone ox-
idoreductase 1, and heme oxygenase 1, which 
in turn provides antioxidant defense [19, 20]. 
Moreover, ROS activates glycogen synthase 
kinase 3, nucleating phosphorylated Nrf2 and 
Keap1 and affecting the degradation of Nrf2 
(Figure 1) [21]. In general, ROS can promote 
Nrf2 into the nucleus through various ways, 
and then activate its downstream pathway.

Nuclear factor kappa-light-chain-enhancer of 
activated B cells (NF-κB) signaling pathway

NF-κB is a transcription factor protein that con-
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tains five different family proteins: Rel A (p65), 
Rel B, c-el, p105 (p50 precursor/NF-κB1), and 
p100 (p52 precursor/ NF-κB2), by forming 
homologous or heterologous dimers with the 
DNA-binding protein -Rel [22]. NF-κB is regu-
lated by proteins of the IκBs family, including 
IκBα, IκBβ, IκBγ, IκBε, and B cell leukemia-3. 
In a physiological state, NF-κB is inactivated in 
the cytoplasm due to its binding with IκBα [23]. 
NF-κB activation occurs through two major sig-
naling pathways: canonical and non-canonical 
NF-κB signaling pathways. The canonical path-
way refers to the activation of IκB kinase (IKK) 
and subsequent phosphorylation of IκBα. IκBα 
in the complex dissociates from NF-κB1, acti-
vating NF-κB1 [24]. The non-canonical NF-κB 
pathway refers to NF-κB inducing kinase activa-
tion and subsequent phosphorylation of IKKα. 
IKKα phosphorylates p100 to degrade to p52 
[25]. Following this, the combination of Rel B 
and p52 translocates to the nucleus to regulate 

gene transcription [26].

During OS, ROS mainly affects the activation of 
NF-κB by activating phosphorylation of IκBα and 
adjusting the mitogen-activated protein kinase 
kinase kinase 1 (MEKK1) upstream of IKK [27-
29]. ROS can also interfere with ubiquitination 
and degradation of IκB by inactivating Ubc12, 
thereby impacting the activation of NF-κB [30]. 
In the non-canonical pathway, ROS could ac-
tivate NF-κB2 by upregulating NF-κB inducing 
kinase (Figure 1) [31].

Nucleotide-binding oligomerization domain-like 
receptor protein 3 (NLRP3) signaling pathway

NLRP3 can form NLRP3 inflammasome bodies 
with precursors of apoptosis-associated spot-
like protein in the caspase recruitment domain 
and cysteinyl aspartate specific proteinase 
1 (Caspase-1). NLRP3 inflammasome is a 

Figure 1. Effects of ROS on different signaling pathways. ROS, reactive oxygen species; Keap1, Kelch-like 
ECH-associated protein 1; Cul3, Cullin3; Nrf2, Nuclear erythrocytes 2-related factor; ARE, antioxidant response el-
ement; Ubc, E2-ubiquitin conjugating enzyme; NEDD8, neural precursor cell expressed developmentally downreg-
ulated 8; NLRP3, Nucleotide-binding oligomerization domain-like receptor protein 3; NIK, Nuclear factor kappa-
light-chain-enhancer of activated B cells inducing kinase; IKK, IκB kinase; MEKK1, mitogen-activated protein 
kinase kinase kinase 1; AMPK, adenosine 5‘-monophosphate-activated protein kinase; PI3K, Phosphatidylinositol 
3-kinase; PIP3, phosphatidylinositol 3, 4, 5-triphosphate; AKT, activate protein kinase B; TSC, tuberous sclerosis
complex (consisting ofTSC1, TSC2, TBC1D7); VEGF, vascular endothelial growth factor; PTEN, phosphatase and
tensin homolog; RTK, receptor tyrosine kinase; shc, recombinant protein; GRB, growth factor receptor-bound
protein; SOS, son of sevenless; PLCγ, specific phospholipase Cγ; STAT; Signal transducer and activator of tran-
scription; SOCS, suppressor of cytokine signaling; SHP-2, Src homology 2 domain-containing protein tyrosine
phosphatase; JAK, janus kinase; MAPK, Mitogen-activated protein kinase; MEF2, myocyte enhancer factor 2 (con-
tain: MEF2A, MEF2C, MEF2D); ELK1, ETS transcription factor; ATF-2, activating transcription factor 2; ERK, extra-
cellular signal-regulated kinase; ASK1, apoptosis signal-regulating kinase 1; PDGF, platelet-derived growth factor;
JNK, c-Jun N-terminal kinase; PPAR, Peroxisome proliferator-activated receptor; HIF-1α, hypoxia-inducible factor-1
alpha; TXNIP, Thioredoxin-interacting protein; GSH, glutathione; PKC, protein kinase C; Raf, rapidly accelerated fi-
brosarcoma; OX, oxide.           : activation;  —I: inhibition.
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multi-protein macromolecular complex that pro-
cesses Pro Caspase-1 into bioactive Caspase-1, 
cuts Gasdermin protein to cause cell perfora-
tion and mediates interleukin (IL) 1β- and IL-18-
related responses.

With the invasion of pathogen-associated 
molecular patterns or damage associated mo-
lecular patterns, mitochondria are stimulated 
to produce ROS. ROS activates NLRP3 inflam-
masomes or reacts with thioredoxin interaction, 
which then releases thioededoxin and activates 
NLRP3 inflammasomes (Figure 1) [32].

Mitogen-activated protein kinase (MAPK) sig-
naling pathway

The cascade of MAPK consists of four main 
components: extracellular signal-associated 
kinase (ERK1/2), c-Jun N-terminal kinase, p38 
kinase (p38), and large mitogen-activated pro-
tein (MAP) kinase 1 (BMK1/ERK5) [33]. MAP 
kinase kinase kinase (MAPKKK/MEKK/MKK) is 
activated, which then phosphorylates and acti-
vates MAP kinase kinase (MAPKK/MEK/MKK). 
Phosphorylation of MAPKK activates MAP ki-
nase (MAPK), which, in turn, phosphorylates 
various substrate proteins [34].

ROS can activate receptors of epidermal growth 
factor and platelet-derived growth factor, ac-
tivating Ras on cell membranes. Ras then 
recruits rapidly accelerated fibrosarcoma (Raf) 
(MAPKKK) in cytoplasm into the cell membrane 
for activation [35]. Activated Raf phosphory-
lates MEK1/2(MAPKK), which then results in 
ERK activation [36]. ROS acts on thioededoxin 
and glutaraldehyde, dissociating them from 
MAPKKKs such as apoptosis signal-regulating 
kinase 1 and MEKK1-4 [37]. This activation of 
MAPKKKs leads to the activation of MAPKK, 
subsequently activating c-Jun N-terminal ki-
nase, p38, and BMK1 (Figure 1).

Phosphatidylinositol 3-kinase (PI3K) signaling 
pathway

PI3K catalyzes the synthesis of phosphatidy-
linositol 3, 4, 5-triphosphate to recruit and 
activate protein kinase B (AKT). Furthermore, 
it promotes the activation and transcription 
of Sestrins, endothelial nitric oxide synthase, 
forkhead box protein O, mechanistic target of 
rapamycin 1, and p53.

ROS can not only activate PI3K and its down-
stream signaling pathways, but also inactivate 
phosphatase and tensin homolog (PTEN) and 
inhibit AKT activation by negatively regulating 
phosphatidylinositol 3, 4, 5-triphosphate. Its 

downstream pathway, Sestrins, comprises 
stress response proteins crucial for cellular ad-
aptation to OS. Sestrins play a significant role in 
enhancing the body’s tolerance to OS, prevent-
ing the accumulation of ROS and MDA through 
its inherent antioxidant activity and the regen-
eration of thiol peroxidase (peroxiredoxin) [38, 
39]. Sestrin2 also inhibits sepsis-associated 
liver injury by activating the transcription fac-
tors p53, Nrf2, and hypoxia-inducible factor-1α 
[40]. The other downstream pathway, mTOR, is 
a class of serine/threonine kinases that affect 
the OS of the body by regulating hypoxia-induc-
ible factor-1α, peroxisome proliferators-activat-
ed receptors-γ and other pathways (Figure 1).

Signal transducer and activator of transcription 
(STAT) signaling pathway

STAT, including STAT1-4, STAT5 (STAT5A and 
STAT5B), and STAT6, is also an important pro-
tein for OS. When IL-6 and other cytokines bind 
to the relevant receptors, they can change the 
molecular conformation of the receptor [41]. 
The coupled Janus kinase (JAK) kinases ap-
proach each other and phosphorylate tyrosine 
to activate the JAK kinases. The activated JAK 
kinases allow the corresponding STATs to form 
docking site with the receptor complex and 
bind to the receptor through its SH2 domain 
[42]. In response to JAK kinase, STATs are acti-
vated by phosphorylation and then form homo/ 
heterodimers for incorporation into the nucleus. 
Dimeric STATs can bind to the promoters of tar-
get genes, and then the transcription of related 
genes can be activated [43].

During OS, ROS can inactivate tyrosine phos-
phatases and STAT phosphorylation. STAT3 also 
up-regulates glutathione to scavenge ROS (Fig-
ure 1) [44, 45].

Molecular mechanism of OS in sepsis-associat-
ed liver injury and antioxidant therapy

Hepatocytes

The roles of ROS production and accumulation 
in hepatocyte membrane and OS in sepsis-as-
sociated liver injury should not be underes-
timated. The main site of OS damage is the 
hepatocyte membrane. ROS can degrade un-
saturated fatty acids on the hepatocyte mem-
brane into lipid peroxides, which can aggravate 
the damage to mitochondria [46]. After mito-
chondria are damaged by ROS, they release 
cytochrome C into the cytoplasm and cause 
hepatocyte apoptosis. When sepsis occurs, the 
content of inducible nitric oxide synthase in the 
liver is significantly increased. Inducible nitric 
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oxide synthase can induce a large amount of 
NO, which in turn can react with mitochondrial 
cytochrome oxidase to inhibit the activity of cy-
tochrome oxidase, and then bring about struc-
tural and functional damage on mitochondrial 
proteins. NO can also react with O2- to generate 
strong oxidative nitrite peroxide ions, which can 
oxidize with various molecules, giving rise to 
apoptosis [47].

Celep et al. found that silymarin could allevi-
ate sepsis-associated liver injury by reducing 
OS [48]. Gou et al. revealed that Idebenone 
could prevent sepsis-induced OS, apoptosis, 
and inflammation by inhibiting RAGE/p38 sig-
naling [49]. Fan et al. discovered that Malvidin 
prevented the lipopolysaccharide (LPS)-in-
duced decrease in antioxidant enzyme activity 
by upregulating the Nrf2 pathway, and at the 
same time inhibited the NLRP3 inflammasome, 
apoptosis, and autophagy, thereby alleviating 
sepsis-associated liver injury [50]. Wu et al. 
reported that ginsenoside Rg3 decreased ROS 
and stimulated the SIRT1/AMPK pathway, 
thereby enhancing autophagy to ameliorate 
sepsis-associated liver injury and mitochondrial 
dysfunction [51]. Dai et al. demonstrated that 
Wogonin improved both OS and inflammatory 
response by activating Nrf2, thus acting as 
a protective agent against sepsis-associated 

liver injury [52]. Liu et al. and Pei et al. found 
that both albiflorin and anemoside B4 inhibited 
LPS-induced apoptosis and OS of primary he-
patocytes through the mTOR/p70S6K signaling 
pathway, and alleviated liver damage induced 
by sepsis [53, 54]. Chen et al. and Kleber et al. 
concluded that melatonin played a protective 
role in sepsis-induced liver injury by reducing 
ROS and activating SIRT1/STAT3 pathway [55, 
56] (Table 1). 

Hepatic stellate cells (HSCs)

HSCs are endothelial pericytes located in the 
hepatic sinusoid space. During liver injury, 
HSCs are activated into myofibroblasts and se-
crete extracellular matrix to participate in injury 
repair. At the same time, the activation of HSCs 
is also the central link in the development and 
progression of liver fibrosis [57]. HSCs also 
bring forth a large number of cytokines, chemo-
kines, and growth mediators and express cell 
adhesion molecules in response to stimuli such 
as endotoxin (LPS). Hepatocyte injury results 
in the release of damage associated molecular 
patterns, which stimulates HSCs and Kupffer 
cells (KCs). Further, stimulation of HSCs and 
KCs recruit immune cells and secrete proin-
flammatory mediators. Interaction between 
HSCs and KCs produces a two-way environmen-

Table 1. Signaling pathways and therapeutics of different cellular antioxidant therapies in liver
Types Signaling pathway Therapeutic agents

Hepatocyte

mTOR / p70S6K Albiflorin [53], Anemoside B4 [54]
Nrf2 / NF-κB Wogonin [52]

SIRT1 / STAT3 Melatonin [55]
SIRT1 / AMPK Ginsenoside R3 [51]
Nrf2 / NLRP3 Malvidin [50]
RAGE / p38 Idebenone [49]

Hepatic stellate cells

VEGF Dihydroartemisinin [62]
Nrf-2 Schisandrin B [60]

ZEB-2 / PTEN Orientin [59]
CYP2E/Nrf2 / ROS and PI3K / AKT Sophocarpine [63]

ROS / NF-κB Chlorogenic acid [64]

Hepatic sinusoidal endothe-
lial cells

TLR4 / NFκB Liquiritigenin and liquiritin [68]
ROS / ERK Curcumol [67]

Kupffer cells
CUL3 Pyrroloquinoline quinone [71]
AMPK Isoquercetin [72]

TLR4 / NF-κB / NLRP3 Ginsenoside Rb1 [73]

Note: Nrf2, Nuclear erythrocytes 2-related factor; p70S6K, ribosomal protein S6 kinase; NF-κB, Nuclear factor 
kappa-light-chain-enhancer of activated B cells; SIRT1, silent information regulator 1; STAT; signal transducer and 
activator of transcription; AMPK, adenosine 5‘-monophosphate-activated protein kinase; NLRP3, Nucleotide-bind-
ing oligomerization domain-like receptor protein 3; RAGE, receptor for advanced glycation end products; VEGF, 
vascular endothelial growth factor; ZEB-2, zinc finger E-box binding homeobox2; PTEN, phosphatase and tensin 
homolog; CYP2E1, cytochrome P450 family 2 subfamily E member 1; ROS, reactive oxygen species; ERK, extra-
cellular signal-regulated kinase; PI3K, Phosphatidylinositol 3-kinase; AKT, activate protein kinase B; TLR4, toll-like 
receptor 4; Cul3, Cullin3.
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tal interaction, leading to the release of pro-in-
flammatory and anti-inflammatory cytokines. 
This continued release contributes to ongoing 
liver damage [58].

It has been found that orientin inhibited HSC 
activation and reduced LPS and CCl4-induced 
liver injury by down-regulating ZEB-2/PTEN [59]. 
Yao et al. found that schisandrin B attenuated 
OS in LPS-induced HSC activation through the 
Nrf2 signaling pathway [60]. Rani et al. re-
vealed that HSCs-sufficient mice treated with 
acetaminophen exhibited stronger OS com-
pared to HSCs-depleted mice, suggesting that 
HSCs plays a major role in OS in hepatocytes 
[61]. Huan et al. found that dihydroartemisinin 
inhibited HSCs activation by regulating miR-
29b-3p to affect vascular endothelial growth 
factor pathway [62]. Jiang et al. reported that 
sophocarpine alleviated LPS-induced liver inju-
ry, OS and inflammation by inhibiting CYP2E/
Nrf2/ROS and PI3K/AKT pathways [63]. Shi et 
al. demonstrated that chlorogenic acid inhibit-
ed LPS-induced proinflammatory responses to 
HSCS through inhibition of the ROS/NF-κB sig-
naling pathway (Table 1) [64].

Hepatic sinusoidal endothelial cells

Liver sinusoidal endothelial cells (LSECs) are 
highly sensitive to OS. ROS and reactive nitro-
gen species can reduce the activity of endo-
thelial nitric oxide synthase messenger RNA, 
leading to dysfunction of LSECs. This dysfunc-
tion promotes vasoconstriction, increases inter-
cellular block, raises vascular permeability, and 
accelerates thrombosis, and further aggravates 
liver injury [65].

Research indicated that artesunate enhanced 
the defense of LSECs and prevented the aggre-
gation of inflammatory immune cells, mitigating 
the effects of sepsis-associated liver injury, 
inflammation, and dysfunction [66]. Gao et al. 
demonstrated that curcumin inhibited the an-
giogenesis of recombinant Kruppel like factor 
5-mediated LSECs by inhibiting ROS/ERK sig-
naling [67]. Chen et al. found that glycyrrhizin 
attenuated cyclophosphamide-induced LSEC 
injury and inflammatory injury in mice by reduc-
ing liver peroxidase activity (Table 1) [68]. Piogl-
itazone can suppress the activation of NF-κB, 
activator protein-1, MAPK and other inflamma-
tory signaling pathways, and inhibit the release 
of ROS by KCs, the generation of cytokines and 
pro-inflammatory mediators, and the expres-
sion of adhesion molecule genes in LSECs. Tai 
et al. discovered that celecoxib reduced ROS 
through both cyclooxygenase-2 dependent and 
independent signaling pathways. This reduction 

in ROS is associated with a significant decrease 
in NO clearance, subsequently reducing LSEC 
capillaries and correcting endothelial dysfunc-
tion [69].

KCs

KCs are the most important resident macro-
phages in the liver with abilities of self-renewal, 
clearance of endotoxin by phagocytosis and 
release of inflammatory factors to maintain 
immune homeostasis in the liver. At the same 
time, during sepsis, KCs can facilitate the de-
velopment of OS by releasing ROS. KCs further 
interact with hepatocytes to produce and re-
lease chemokines to recruit monocytes in the 
circulation and subsequently differentiate into 
monocyte-derived macrophages [70].

Wu et al. found that pyrroloquinoline quinone 
could inhibit Cul3 expression to alleviate OS 
and inflammation caused by KCs in sepsis-as-
sociated liver injury [71]. Qin et al. revealed 
that Isoquercetin alleviated inflammation and 
OS by activating AMPK pathway and inhibiting 
transforming growth factor β signaling [72]. Liu 
et al. found that ginsenoside Rb1 attenuated 
OS and inflammation through TLR4/NF-κB 
signaling pathway and NLRP3 inflammasome 
activation [73]. Zhou et al. demonstrated that 
ultralow doses of dextromethorphan reduced 
superoxide radicals and alleviated OS in KCs 
(Table 1) [74]. Zhai et al. reported that NADPH 
oxidase 4 activated the NLRP3 inflammasome 
through the generation of ROS. This activation 
promotes the inflammatory response of KC and 
the release of inflammatory factors, and inhi-
bition of NADPH oxidase 4 ameliorated acute 
liver injury in mice [75]. Zhang et al. observed 
that stimulator of interferon genes signaling in 
KCs enhanced ROS production in response to 
LPS stimulation, which upgraded mitochondrial 
DNA release and hepatocyte death, contribut-
ing to LPS-induced liver injury [76].

Conclusion 

In summary, OS plays an important role in the 
development and progression of sepsis-asso-
ciated liver injury. Nrf2, NF-κB, PI3K, NLRP3, 
MAPK, STAT and other signaling pathways can 
regulate OS. This review provides the theoret-
ical basis for the antioxidant therapy of sep-
sis-associated liver injury. Furthermore, liver 
circulatory and metabolic disorders, excessive 
inflammatory response, mitochondrial dysfunc-
tion, neutrophil and neutrophil extracellular 
trapping, and autophagy are all mechanisms 
leading to sepsis associated liver injury. At pres-
ent, there are many studies on hepatic paren-
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chymal cells and KCs in sepsis-associated liver 
injury. Most of the studies on hepatic stellate 
cells and hepatic sinusoidal endothelial cells 
are related to the treatment of liver fibrosis and 
cirrhosis, but few on sepsis-associated liver 
injury. This paper summarizes the OS status 
of different hepatocytes and the treatment of 
parenchymal and non-parenchymal cells, which 
can provide ideas for basic clinical research on 
sepsis related liver injury, so as to reduce the 
mortality of sepsis related liver injury. 
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Abstract

Anaemia is a frequent problem in surgical patients, and the commonest cause is iron deficiency. There is no 
agreement among perioperative clinicians on the utility of intravenous (IV) iron therapy in surgical patients. In this 
study, publications in Medline, Web of Science, and Embase databases, along with major perioperative guidelines 
up until 2022 were searched using specific key words, and relevant papers that investigated IV iron therapy in the 
perioperative settings were screened out. Management of perioperative anaemia is comprehensively discussed in 
major guidelines. However, the diagnosis and management of iron deficiency is not as straightforward as those for 
anaemia. Iron metabolism is a complex process. IV iron supplementation remains the treatment choice for periop-
erative iron deficiency; however, it has limited and conflicting evidence of benefits in surgical patients. IV iron re-
placement, as a part of patient blood management, has shown benefit in perioperative anaemia. 

Keywords: Iron, anaemia, perioperative care, surgery, intravenous

Highlights
● Iron deficiency is the commonest cause for anaemia in patients undergoing surgeries, and this review summariz-
  es its implications.
● Intravenous iron is a better treatment option for iron deficiency than other iron preparations.
● Body iron metabolism is a complex process, and evidence is conflicting on iron supplementation in surgical pa-
  tients.
● Intravenous iron replacement, as a part of patient blood management, has shown benefit in perioperative anae-
  mia.

Introduction

Anaemia is a common pathological condition, 
and its prevalence varies from 30% to 75% 
across patients undergoing elective surgical 
interventions [1]. Perioperative anaemia is 
reported in 54.4% patients prior to cardiac 
surgeries and in 39% undergoing non cardiac 
surgeries [2].

Anaemia is defined as reduction of body red 
cell mass, and the World Health Organization 
criteria for the diagnosis of anaemia are hae-
moglobin (Hb) level <12 g/dl for women and Hb 
level <13 g/dl for men [3]. However, the patho-

logical consequences of anaemia in males and 
females are equivalent during operative proce-
dures, so the lower Hb threshold in females is 
debatable. Patients undergoing major surgeries 
with expected blood loss greater than 500 ml 
should achieve target Hb level >13 g/dl [4]. Cell 
oxygenation and optimal cellular metabolism 
require an adequate level of Hb [5, 6]. Anaemia 
is associated with poor outcomes periopera-
tively, including intensive care admission, trans-
fusion requirements, extensive length of stay, 
and mortality [7, 8]. Anaemia in older patients 
is associated with further increased risk of 
perioperative complications [9, 10].
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However, the significance of anaemia and its 
impact on adverse surgical outcomes are un-
dervalued [11]. Routine preoperative investiga-
tions should include measuring blood Hb levels, 
so that treatments could be initiated timely. Ta-
ble 1 summarizes the leading available guide-
lines for perioperative anaemia investigations 
[4, 12-14].

Iron deficiency (ID) anaemia

Amongst the causes of anaemia, ID is the 
leading aetiology across all ages, and it is the 
commonest nutritional deficiency globally [15]. 
World Health Organization estimates that ID 
accounts for approximately 50% of all anae-
mias [16]. Females in childbearing age are 
more frequently affected by ID than males. It 
is a problem in both developed and developing 
countries [17, 18].

Pathophysiology of ID could be absolute or 
functional. Low or absent iron stores is defined 
as absolute ID (in contrast to diminished eryth-
ropoiesis). High or normal level of iron stores 
indicate relative or functional ID [15, 19]. Iron 
metabolism in human body is a complex pro-
cess which accounts for the above-mentioned 
types of ID.

Iron (Fe) is a main element of red blood cell 
Hb and muscle cell myoglobin. Iron is also an 
important component in enzymes, DNA, and 
mitochondria. Iron is stored in the form of ferri-
tin and haemosiderin in liver, bone marrow, and 
spleen [15, 20, 21]. Adults require about 25 
mg of elemental iron for red cell Hb production 
and cellular metabolism daily. However, the 

average daily intake of iron is only 1 to 2 mg. 
Due to the limited iron intake, iron homeostasis 
is maintained by recycling body iron. Older red 
blood cells are phagocytosed by macrophages, 
and iron molecules are taken up as a part of 
the salvage process. Hepcidin is a small pep-
tide secreted mainly from hepatocytes and 
is the primary regulator of iron homeostasis. 
Higher iron concentrations and inflammation 
up-regulate hepcidin production. Hepcidin 
binds to the ferroprotein, an iron transporting 
molecule on cell surfaces, and down-regulates 
its availability. As a result, iron is no longer 
released to the plasma. This process leads to 
functional ID in the context of inflammation [19]. 
Common causes of ID are summarized in Table 
2 [15, 22, 23].

Diagnosis of ID is not as simple as recognition 
of an apparent ID anaemia. Red cell indices 
such as mean cell volume and haematocrit are 
useful markers for assessment of ID. Low mean 
cell volume corresponds to microcytosis, and 
low haematocrit is indicative of hypochromia. 
Presence of these changes in a blood picture 
suggests long standing ID. Haemoglobinopa-
thies and nutritional deficiencies could alter 
interpretation of these results [24, 25]. Never-
theless, an iron study is the most useful test 
to identify ID (See Table 3). The ratio of serum 
iron to total iron binding capacity is presented 
as transferrin saturation, and a low transferrin 
saturation usually indicates ID. Serum ferritin 
levels reflect total body iron stores, and low 
ferritin is thus indicative of ID. However, acute 
and chronic inflammatory conditions can ele-
vate ferritin level as a part of the inflammatory 
process. Low transferrin saturation in the pres-

Table 1. Major guidelines on perioperative anaemia and blood management
Guideline Recommendation on Perioperative anaemia Class of rec-

ommendation
Level of 
evidence

National Association of 
Testing Authorities guidelines 
2011 [4].

Elective surgical patients should have an Hb level de-
termination as close to 28 days before the scheduled 
surgical procedure as possible.
Patient’s target Hb before elective surgery should be 
within the normal range (female ≥12 g dl−1, male ≥13 g 
dl−1), according to the World Health Organization criteria.

1

2

C

C

European Society of Anaes-
thesiology guidelines 2016 
[12].

Patients at risk of bleeding should be assessed for anae-
mia 3 to 8 weeks before surgery.

1 C

American Society of Anes-
thesiologists Task Force on 
Perioperative Blood Manage-
ment 2015 [13]. 

Preoperative evaluation of a patient to identify risk 
factors for requiring a blood transfusion or adjuvant 
therapy includes (1) reviewing previous medical records, 
(2) conducting a patient or family interview, (3) reviewing 
existing laboratory test results, and (4) ordering addition-
al laboratory tests when indicated.

3/4 B

Patient Blood Management 
Australia, module 2 Perioper-
ative. March 2012 [14].

Recommendations for multidisciplinary approach in 
patient blood management during perioperative period.

1/3/4 C
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ence of elevated ferritin levels is suggestive of 
anaemia of chronic inflammation [26-28].

Treatment for ID 

The first approach to manage ID is to treat the 
underlying cause (See Table 2). This is part of 
the pre-operative assessment. Oral iron therapy 
increases haemoglobin and reduces perioper-
ative transfusion requirements [29]. However, 
dietary therapy and oral iron supplements are 
less effective, mainly due to low efficacy and 
intolerance [30]. The next available option to 
treat ID is parenteral iron therapy. Intramuscu-
lar injections are available and effective in im-
proving body iron levels; however, intramuscular 
iron injections are painful and can cause skin 
staining [31, 32]. There were reported cases 
of sarcoma after intramuscular iron treatment, 
hence it remains a less attractive option [33].

Intravenous (IV) iron therapy

IV iron therapy is a choice for perioperative 
anaemia. Iron dextran was the first successful 
IV preparation introduced in 1950s. This is a 
high molecular weight preparation and associ-
ated with significant side effects and high risk 
of anaphylaxis [34]. There are now many other 
preparations marketed. Table 4 summarises 
available iron preparations with their basic 
properties [35, 36].

Positive evidence for perioperative use of IV 
iron therapy

IV iron has many advantages in managing 
perioperative anaemia. Although initial IV iron 
preparations were less popular due to high in-
cidence of reactions, newer preparations have 
improved tolerance [37, 38]. The primary bene-
fit of IV iron therapy is the fast response follow-
ing a single dose. Therefore, IV iron therapy is 
currently the best option to manage periopera-
tive ID anaemia.

The severity of anaemia has been shown to 
have a direct relationship with postoperative 
complications and mortality [39-41]. Preoper-
ative anaemia is an independent risk factor 
for receiving postoperative blood transfusions 
[7, 40]. Allogenic blood transfusion has been 
shown to be associated with adverse outcomes, 
such as increased infection rates, cardiac 
complications, hospital length of stay, and mor-
tality [41-45]. These complications are seen 
even with a transfusion of one unit of packed 
red blood cells [46]. At the same time, red cell 
transfusions are relatively expensive [47, 48]. 
Comprehensive patient blood management pro-
grams that include perioperative iron optimisa-
tion protocols have been developed to manage 
preoperative Hb levels and reduce postopera-
tive anaemia and blood transfusions [49-53]. 
A Cochrane review on the use of perioperative 

Table 2. Common causes of iron deficiency
Causes of iron deficiency

Absolute iron deficiency Blood loss Gastro-intestinal bleed, menstrual loss, worm 
infestation, regular blood donation, other sur-
gery / trauma

Lack of iron in diet Vegans, lack of iron rich food

Malabsorption Coeliac / Crohn’s disease, H. pylori infection, 
by-pass surgery / small intestinal resection/
gastrectomy, H2 antagonists / proton pump 
inhibitors

Increase demand Infancy and childhood growth, erythropoiesis 
stimulation treatment, pregnancy

Functional iron deficiency Anaemia of chronic disease Heart failure, obesity, cancer, inflammatory dis-
eases, perioperative response

Table 3. Iron study interpretation
Iron study Level Diagnosis

Ferritin <30 mcg/L Iron deficiency

Ferritin
Transferrin saturation

<100 mcg/L
<20%
(C-reactive protein >5 mg/L)

Iron deficiency   
     + 
Anaemia with chronic inflammation

Ferritin
Transferrin saturation

>100 mcg/L
<20%
(C-reactive protein >5 mg/L)

Anaemia with chronic inflammation
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iron concluded that administration of preoper-
ative IV or oral iron can accelerate Hb recovery 
and reduce transfusion requirements [54]. 
However, IV iron therapy showed many benefits 
over oral iron therapy in perioperative period. 
It is the only treatment option for preoperative 
ID when surgery is imminent within 6-8 weeks 
[12]. Preoperative IV iron therapy demonstrat-
ed improved surgical outcomes such as shorter 
length of stay and higher Hb concentrations 
at discharge [55-57]. All major blood manage-
ment guidelines suggest preoperative iron re-
placement to improve operative outcomes (See 
Table 5).

IV iron therapy is also a viable treatment choice 
in cases of ID associated with bowel pathol-
ogy, such as inflammatory bowel disease or 
bowel resection with poor oral iron absorption 
[58]. Oral iron is poorly tolerated in these 
patients due to production of reactive oxygen 
compounds, such as superoxides and perox-
ides, from non-absorbed iron salts. This can 
precipitate acute flares of bowel inflammation. 
Furthermore, ongoing inflammation in such 
conditions may cause functional ID as well [59].

Pregnancy and related surgical procedures are 
other situations where IV iron therapy demon-

strates beneficial effects in optimizing Hb and 
iron levels. Iron supplements are essential 
during pregnancy to meet the excess demand. 
Both oral and IV iron supplements are indicated 
in pregnancy related anaemia or ID [60]. Most 
studies demonstrated better outcomes with IV 
iron replacement after childbirth [61]. Consid-
ering transfusion reactions and the cost, IV iron 
therapy is the preferred choice for acute post 
childbirth anaemia [62].

Severe ID anaemia is best treated with IV iron 
therapy in both perioperative and non-oper-
ative patients. On most occasions, anaemia 
is diagnosed in pre-operative investigations. 
All patients undergoing surgical procedures 
with significant blood loss require iron studies 
as a part of their preoperative review. When 
severe ID anaemia is identified in patients 
who are awaiting surgical procedures, the only 
treatment option is IV iron therapy. This was 
reviewed in multiple studies, and the efficacy 
and potency of IV iron therapy in severe ID have 
been reported in the literature [55, 56, 63].

Operative or non-operative management of 
anaemia in cancer patients is usually treated 
with erythropoietin stimulating agents. Howev-
er, many studies reported beneficial effects of 

Table 4. Intravenous iron preparations
Intravenous iron preparation (Carbo-
hydrate substrate)

Brand name Half-life (Terminal plasma) Molecular Wt (kDa)

Iron dextran INFeD, DexFerrum 27-30 hours 103,000

Iron Carboxymaltose Ferinject 7-9 hours 150,000

Iron sucrose Venofer, Ferriecit 5-6 hours 43,300

Iron Isomaltosde Monofer 20-23 hours 69,000

Ferumoxytol Feraheme 14 -15 hours 185,000

Iron gluconate Ferrlecit 1-2 hours 37,500

Table 5. Major guidelines on perioperative iron replacement
Guideline Recommendation Level of evidence

Patient Blood Management Australia, mod-
ule 2 Perioperative. March 2012 [14].

*IV iron is indicated when oral not tolerat-
ed or rapid correction is required (surgery 
in <2 months)

Iron therapy is recommended for cases where 
there is a risk of perioperative iron deficiency 
anaemia.

B

Patients with preoperative anaemia should get 
iron.

A

For patient with post-operative anaemia, oral iron 
is not recommended.

B

American Society of Anesthesiologists Task 
Force on Perioperative Blood Management 
2015 [13]. 

Use of ESA and iron is indicated in risk of anae-
mia.

A

European Society of Anaesthesiology 
guidelines 2016 [12].

Oral iron is for patients with iron deficiency di-
agnosed 6 to 8 weeks before surgery. IV iron for 
those cannot not tolerated oral iron or closer to 
the surgery date.

C

Note: ESA, Erythropoietin Stimulating Agents; IV, intravenous.
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combining erythropoietin stimulating agents 
with IV iron therapy, which improved response 
to ESA in these patients [64-66]. In fact, ab-
solute and functional ID can co-exist in cancer 
patients, and IV iron therapy can promote bio-
availability of iron for Hb production [65, 66].

Other cohorts of patients who benefit from 
IV iron therapy are the those with anaemia 
secondary to chronic kidney disease (CKD). 
Chronic inflammation in these patients leads to 
functional ID, and poor oral intake and gastro-
intestinal bleeding cause absolute ID. Further-
more, patients undergoing dialysis loss blood in 
each dialysis circuit, contributing to ID. Patients 
with CKD are frequently on erythropoietin 
agents which promotes ID due to increased de-
mand of erythropoiesis [67]. This is the reason 
for using IV iron with Epo in patients with CKD 
as recommended in Kidney Disease Improving 
Global Outcomes guidelines [68]. Patients with 
CKD who are scheduled to undergo surgical 
procedures should get their Hb and iron levels 
optimized prior to any surgical interventions, 
and IV iron therapy combined with erythropoie-
tin is the best option. Peri-operative correction 
of Hb and iron demonstrated better surgical 
outcome in CKD patients [4, 69]. However, the 
ideal level of Hb concentration to achieve opti-
mal surgical outcomes in patients with CKD is 
not well defined in the literature [70].

Iron can also be given to patients without ID 
anaemia. Patients with beliefs that preclude 
the use of blood products (such as Jehovah’s 
Witnesses) benefit from preoperative IV iron 
dosing to optimize their red cell mass and mini-
mize need for red cell transfusion [71]. Iron is a 
cofactor in human enzymes. Patients with heart 
failure and ID were reported to have improved 
overall outcomes regarding exercise tolerance 
and heart failure symptoms after IV iron ther-
apy [72, 73]. Therefore, this is an important 
aspect of optimizing heart failure management 
prior to surgical procedures.

Disadvantages of IV iron therapy

Perioperative and non-operative IV iron therapy 
may cause harm as well, but not frequently. 
The main disadvantage of IV iron therapy is the 
risk for adverse drug reactions and allergy. The 
most reported adverse reactions include diz-
ziness, palpitation, urticaria, itching, flushing, 
and high blood pressure. These are not com-
mon and reported in less than 1% of patients. 
On the other hand, most of these effects are 
self-limiting [74, 75]. Severe reactions are rare 
but could lead to life threatening anaphylaxis. 
Factors predisposing to adverse reactions to 
IV iron therapy are summarized in Table 6 [76, 
77]. Patho-physiological basis of those reac-
tions is IgE-mediated immunological response 
and complement activation related pseudo 
allergy. These responses are partially second-
ary to labile free irons in the circulation [77]. 
Management of these reactions are beyond the 
scope of this article.

Newer IV iron preparations demonstrate less 
potential for reactions. Iron dextran has high 
antigenicity effect [77]. Also, dextran-iron high 
molecular weight compound releases iron fast-
er, causing more rapid increase in free iron lev-
els (See Table 4). A follow-up of side effects af-
ter IV iron dextran and IV iron gluconate over 3 
years revealed an allergic reaction incidence of 
21.5% without a difference between two prepa-
rations [78]. But most other studies demon-
strated a higher incidence of adverse reactions 
with old-fashioned IV iron preparations, such as 
iron dextran compared with newer preparations 
[79, 80].

Another main disadvantage of IV iron supple-
mentation is the potential risk of precipitating 
infections. This is a debatable issue, and 
controversial results are found in literature. 
Extracellular pathogens utilize free iron for 
their cellular metabolism. IV iron therapy in-
creases free iron in circulation and promotes 
pathogen activities. This is demonstrated in 
some animal studies with worsened pneumo-
nia, shock, lung injury, and mortality observed 
in IV iron group compared to red blood cell 
transfusion group [81]. Iron is also recognized 

Table 6. Risk factors for adverse events from intravenous iron therapy

Risk factors for adverse reactions Factors increase severity of reaction

Previous hypersensitivity to Intravenous iron
History of other allergies
Severe asthma or eczema
High iron infusion rate

Male sex
Older age
1st trimester pregnancy
Excess physical activity
Beta blocker/Angiotensin converting enzymes
Mastocytosis
Systemic inflammatory disease
Anxiety or psychological issues
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as a growth factor for microbes, and a higher 
incidence of bacterial infection was reported in 
patients with haemochromatosis experiencing 
iron overload [82]. Another hypothesis is that 
retention of iron in macrophages can impair its 
function. This will affect cellular immunity and 
increase risk of microbial growth [83]. Another 
potential mechanism of increasing infection 
risk is oxidative stress. Sodium ferric gluconate 
and iron sucrose are responsible for higher 
non-transferrin bound iron, which is a marker 
of oxidative stress compared with iron dextran 
[84]. Oxidative stress was only noted after iron 
sucrose compared with iron dextran [85]. How-
ever, the significance of non-transferrin bound 
iron in predicting oxidative stress is controver-
sial. Iron loading also accelerates inflammatory 
response to lipopolysaccharide and produces 
more superoxide from mitochondria [86]. On 
the other hand, clinical evidence of increased 
incidence of infection following iron infusion 
is lacking. A study investigating infection rate 
among patients who received no iron, oral iron, 
and IV iron revealed no significant increase in 
infection risk [64].

Iron and risk of cancer progression has been 
discussed for many years. Iron caries carcino-
genic potential in some reports [87]. High free 
iron levels following IV iron therapy could form 
hydroxyl radicals, and those reactive molecules 
facilitate lipid peroxidation and oxidative DNA 
damage. Eventually, the process could lead 
to tumour growth and angiogenesis [88]. In-
creased risk of hepatocellular carcinoma in iron 
overload conditions, such as hereditary hae-
mochromatosis, is possibly related to cirrhosis 
at the time of cancer diagnosis. Therefore, the 
relationship between iron overload and cancer 
is unclear [89]. At the same time, higher iron 
stores failed to demonstrate increased cancer 
risk [90]. It is impossible to conduct random-
ized prospective trials to prove this for ethics 
concerns. 

Conclusion

Anaemia is a common problem during periop-
erative period, with ID being its leading cause. 
Pathogenesis of ID is multifactorial. Iron is the 
main compound in Hb and a vital element of 
cell metabolism. Diagnosis of anaemia and ID 
is part of preoperative assessment due to its 
adverse effect on surgical outcomes and asso-
ciated increased need for red cell transfusion. 
IV iron supplementation is the best available 
treatment for ID and related anaemia periop-
eratively. There are multiple benefits of IV iron 
therapy in treating perioperative anaemia. How-
ever, safety concerns related to IV iron therapy 

may counteract some of its beneficial effects. 
IV iron therapy, as a part of patient blood man-
agement strategy, has shown good evidence of 
benefit [49]. However, as a therapeutic agent, 
it failed to demonstrate consistent evidence of 
benefit in perioperative settings. Large scale 
randomized studies are required to understand 
the benefit of IV iron supplementation as a 
treatment for preoperative anaemia.
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Abstract

Postoperative cognitive dysfunction (POCD) is a common postoperative complication in elder patients, elevating 
the risk of dementia, impacting patient prognosis, and adding to the socio-economic burden. Electroencephalogra-
phy (EEG) enables the recording of brain electrical activity and reflects the state of consciousness. Changes in the 
electrogram may signal diverse pathological and physiological states. Currently, EEG and its associated monitoring 
devices are extensively utilized in clinical practice. This paper presents a thorough review of the use of EEG in 
POCD research, aiming to establish a more substantial foundation for the prediction and prevention of POCD.

Keywords: Electroencephalography, depth of anesthesia, postoperative cognitive dysfunction, postoperative neu-
rocognitive disorder

Highlights
● Maintaining anesthesia depth within specific ranges, as indicated by electroencephalography monitors, may re-
   duce the risk of postoperative cognitive dysfunction.
● Quantitative analysis of electroencephalography data can provide insights into the characteristics of postopera-
   tive cognitive dysfunction, aiding in its early detection and diagnosis.
● Combining electroencephalography with functional magnetic resonance imaging  may enhance the assessment 
   of brain function and improve the accuracy of monitoring devices.

Introduction

Postoperative cognitive dysfunction (POCD) 
primarily comprises delayed neurocognitive 
recovery within 30 days after surgery and post-
operative neurocognitive dysfunction up to or 
beyond 12 months. It is a subset of periopera-
tive neurocognitive disorder, a broader category 
that includes both cognitive decline before sur-
gery and postoperative delirium [1, 2].

POCD is a long-term and potentially reversible 
neurological complication that predominantly 
seen in elderly patients after major surgery. It 
seriously impairs patients’ learning ability and 
memory, reduces their one-year survival rate 

after surgery, increases the risk of dementia, 
and prolongs patients’ hospitalization, which 
inevitably adds to socio-economic burden [1, 
3-7]. POCD affects an estimated 12% of pa-
tients with previously unimpaired cognitive 
function undergoing non-cardiac surgery under 
anesthesia [8]. While POCD is more prevalent 
in seniors, its incidence is also high among 
other age groups. With the aging of society, 
an increasing number of patients will undergo 
surgical treatment, potentially leading to a rise 
in the incidence of POCD. Therefore, in recent 
years, POCD has garnered considerable atten-
tion from scholars across various disciplines. 

The exact pathogenesis of POCD remains un-
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clear; however, plausible risk factors include 
cerebral oxygen saturation, neuroinflammation, 
stress response, temperature changes, genetic 
predispositions, residual effects of anesthe-
sia drugs, anesthesia drug toxicity, hypoxia, 
reduced cerebral blood flow perfusion, and 
central cholinergic dysfunction [6, 9-12]. POCD 
may also display a link to Alzheimer’s disease 
(AD) through mechanisms such as amyloid 
β-protein accumulation and neuroinflammation 
[10, 13, 14]. Previous research has demon-
strated the significance of electroencephalog-
raphy (EEG) indicators in the early diagnosis of 
AD and vascular cognitive impairment [15]. The 
quantitative analysis of EEG may be one of the 
potential methods for identifying biomarkers 
of cognitive impairment, offering insights into 
predicting and diagnosing POCD [16]. Exploring 
whether there is a correlation between periop-
erative EEG metrics – indicated brain functional 
state and POCD and whether these indicators 
can predict POCD is a valuable research topic.

Definition and basic principles of EEG

The electrical signals in brain primarily de-
rived from the synchronous summation of the 
postsynaptic potentials of a large number of 
pyramidal neurons in the cerebral cortex, which 
is the result of collective neuronal activity. Ger-
man psychiatrist Hans Berger systematically 
analyzed the electrical activity of the brain and 
introduced the term “electroencephalogram” to 
describe the recorded electrical potential fluc-
tuations of the brain. 

EEG amplifies and records the brain electrical 
signals using external scalp electrodes, yielding 
complex waveforms. In perioperative settings, 
EEG is commonly used to record spontaneous 
brain activity, with two most common approach-
es: raw EEG (rEEG) and processed EEG. rEEG 
records the brain electrical signals generated 
by postsynaptic currents within the cortical and 
subcortical regions of the brain. The frequency 
range of raw brain electrical signals spans from 
0.3 to 45.0 Hz, and rEEG frequencies are sub-
divided into various groups based on different 
frequencies: delta waves (0.4-4.0 Hz), theta 
waves (4-8 Hz), alpha waves (8-13 Hz), beta 
waves (13-30 Hz), and gamma waves (30-45 
Hz) [17]. Waves above alpha waves are termed 
fast waves, while those below alpha waves are 
termed slow waves. However, interpretation of 
complex EEG waveforms can be challenging for 
non-specialist anesthetists, which has led to 
the development of processed EEG based on 
cortical electrical activity, such as bispectral 
index (BIS) monitors, narcotrend monitors, and 
entropy index monitors.

Progress of EEG in POCD

Application of processed EEG in POCD re-
search

With the widespread use of EEG monitors 
in clinical practice, an increasing number of 
anesthetists can now assess the depth of 
anesthesia. Research has demonstrated that 
monitoring the depth of anesthesia, particularly 
in elderly patients, facilitates quicker recovery 
from anesthesia and lessens the occurrence of 
postoperative nausea and vomiting. Currently, 
there is no definitive academic conclusion on 
whether the occurrence of POCD can be pre-
dicted by the depth of anesthesia [18-23].

BIS

Currently, BIS is the most widely used EEG 
monitor in clinic. The EEG data are transformed 
into numbers by BIS, ranging from 0 to 100, to 
indicate the level of brain activity inhibition. A 
value of 100 shows that the brain is fully awake 
and a value of 0 shows that the brain is com-
pletely suppressed [24]. Several studies have 
recommended using BIS to monitor anesthesia 
depth as it may lower the occurrence of POCD. 
Ballard et al. demonstrated that monitoring 
anesthesia depth with BIS during operations 
could effectively prevent the occurrence of 
POCD [25]. Similar results were found by Chan 
et al., where anesthesia guided by BIS reduced 
the incidence of POCD at 3 months post-op-
eration [26]. Monitoring the anesthesia depth 
during operation can therefore be seen as a 
practical measure to reduce the incidence of 
POCD. Chen et al. asserted the effectiveness of 
BIS in reducing delayed neurocognitive recovery 
and postoperative neurocognitive impairment, 
regardless of patients’ age [7]. A systematic 
review and meta-analysis of EEG on perioper-
ative neurological dysfunction involving 4,976 
patients has demonstrated that employing BIS 
monitoring during surgery is associated with a 
lower risk of POCD [27].

Whilst numerous scholars have demonstrated 
that using BIS to monitor depth of anesthesia 
can reduce the incidence of POCD, there is still 
no consensus on the optimal BIS range for ef-
fectively minimizing the incidence of POCD. For 
elderly patients undergoing abdominal surgery, 
Shi et al. proposed that maintaining BIS be-
tween 45 and 60 could stabilize perioperative 
hemodynamics, reduce the risk of early-onset 
POCD, shorten the awakening time from anes-
thesia, and improve early postoperative cog-
nitive function [28]. An et al. held that the use 
of BIS monitoring could avoid deep anesthesia 
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and thus effectively reduce the incidence of 
POCD [29]. However, in a study using BIS to 
monitor the depth of anesthesia, Yue et al. 
observed that the proportion of patients with 
abnormal Mini-Mental State Examination score 
in the deep anesthesia group after surgery was 
significantly lower than that in the light anes-
thesia group, suggesting that deep anesthesia 
causes less cognitive impairment in patients 
[30]. A meta-analysis by Shi et al. showed that 
the incidence of early POCD was lower under 
deep anesthesia (BIS: 30-40) compared to con-
ventional anesthesia [6]. Nevertheless, there 
is still a lack of comprehensive research, and 
the available randomized controlled trials do 
not provide sufficient data to compare the in-
cidence of POCD at postoperative 3 or 7 days. 
Quan et al. reported that the incidence of POCD 
at postoperative day 7 was significantly lower 
in the deep anesthesia group (BIS: 30-45) 
than in the light anesthesia group (BIS: 45-60) 
(19.2% vs. 39.6%, p=0.032), but there was no 
statistical difference in the incidence of POCD 
between the two groups at 3 months after 
surgery (10.3% vs. 14.6%, p=0.558) [31]. Com-
pared with light anesthesia, deep anesthesia 
is associated with a lower incidence of short-
term POCD and a reduced release of inflamma-
tory cytokines in elderly patients undergoing 
abdominal surgery [31]. Hou et al. considered 
perioperative pain as a potential factor contrib-
uting to POCD and thus excluded potential bias 
caused by inadequate preoperative nerve block 
analgesia in their study. Their results showed 
that in elderly patients undergoing total knee 
replacement surgery, lighter anesthesia (BIS: 
55-65) coupled with complete nerve block anal-
gesia reduced the incidence of POCD, whereas 
patients under deep anesthesia had a higher 
incidence of POCD [32].

Some research has indicated a possible link 
between burst suppression in EEG and post-
operative delirium [33]. This sheds light on the 
direction of POCD research. Deiner et al. found 
that the lengths of burst suppression and 
deep anesthesia state in POCD patients were 
shorter, indicating that burst suppression and 
deep anesthesia may have a protective effect 
on POCD [34]. Dustin et al. discovered that 
the POCD patients experienced a significant 
increase in the duration of burst suppression 
during surgery [35]. However, it cannot be de-
duced that burst suppression has a clear caus-
al relationship with POCD. This discovery can 
assist the application of intraoperative rEEG to 
study POCD in the future. Some researchers 
have explored the correlation between BIS val-
ues and biochemical markers of POCD, such 
as serum S100β, which is an acidic protein 

that binds calcium and impacts glial cell growth 
and memory function. Serum S100β offers a 
dependable reflection of brain injury with high 
specificity [36]. Several studies have suggested 
that maintaining BIS at 30-39 benefits elder-
ly patients undergoing abdominal surgery by 
significantly reducing serum S100β level and 
mitigating brain injury, thereby reducing the 
incidence of POCD [30]. Other scholars have 
proposed the concept of ‘BIS awake’, which is 
the mean value of BIS when the concentration 
of disoprofol effector compartment drops to 
1 ug/ml after the target-controlled infusion of 
disoprofol is stopped. Their study found that a 
BIS awake of <65 postoperatively might be a 
predictor of some impaired cognitive functions 
related to word memory [37].

Narcotrend

Narcotrend is a new type of anesthesia monitor-
ing device that uses standard EEG electrodes 
to acquire and evaluate real-time EEG signals 
from any part of the patient’s head, such as 
raw EEG or visual EEG. Through automated 
analysis, it displays the depth of anesthesia or 
consciousness of patients. This device allows 
for adjustments in the dosage of anesthetics or 
sedatives based on the patient’s specific con-
dition, thereby enhancing the precision of an-
esthesia depth and improving safety and con-
venience [38, 39]. It divides the rEEG into six 
stages and 15 levels, namely A (wakefulness), 
B0-B2 (sedation), C0-C2 (light anesthesia), D0-
D2 (general anesthesia), E0-E2 (deep anes-
thesia), and F0-F2 (burst suppression), using 
a dimensionless anesthesia depth index (Nar-
cotrend index) ranging from 0-100 to reflect the 
entire process from wakefulness to deep anes-
thesia [6, 38]. Narcotrend outperforms BIS as 
it not only distinguishes consciousness states 
over a broad range but also monitors sudden 
changes in the depth of anesthesia [40]. In a 
study conducted by Zeng et al. on the effects of 
Narcotrend on POCD, they discovered that the 
occurrence of POCD in patients subjected to 
deep anesthesia was considerably lower com-
pared to those under light anesthesia [39]. The 
research highlights the value of utilizing deep 
anesthesia to minimize the risk of POCD. Chen 
et al. suggested that maintaining the depth of 
anesthesia within a Narcotrend index of 30-39 
could improve cerebral oxygen metabolism, in-
hibit inflammatory reactions, and reduce the in-
cidence of POCD in elderly patients undergoing 
thoracoscopic lobectomy [41]. This monitoring 
device can accurately reflect the level of anes-
thesia in each stage and can be widely applied 
in clinical practice to reduce the occurrence of 
POCD.
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Other EEG monitors

The Sedline EEG monitor offers an advanced 
analysis of raw EEG waveform and displays the 
patient’s current state index, density spectral 
array, and spectral edge frequency. Compared 
to the BIS and Narcotrend monitors, Sedline 
provides more accurate assessment of the 
anesthesia depth by eliminating electromyo-
graphic interference to a certain extent, and 
it can also identify the specific type of general 
anesthetic in use. However, its use for predict-
ing POCD is still inconclusive [42]. The index of 
consciousness (IoC) is another novel approach 
to depict anesthesia depth, which quantifies 
EEG signals into an IoC index. Research has 
shown that IoC monitoring is more accurate in 
assessing anesthesia depth compared to BIS, 
and its application can significantly reduce the 
occurrence of POCD in colorectal cancer pa-
tients [43]. The entropy index monitor collects 
EEG signals and frontal electromyographic 
data and converts them into state entropy 
and reaction entropy values, representing the 
depth of anesthesia. State entropy and reac-
tion entropy are indicators ranging from 0 to 
91 and 0 to 100, respectively, which represent 
the transition from complete suppression of 
cortical neuronal activity to wakefulness [44]. 
Cotae et al. concluded that utilizing entropy 
index-guided anesthesia in patients undergoing 
non-cardiac emergency surgery may decrease 
the occurrence of POCD when compared to 
standard monitoring [45]. These EEG monitors 
are less widely used in clinical practice com-
pared to BIS and Narcotrend devices, and there 
exists limited research on their application in 
POCD. However, there is currently no evidence 
indicating the superiority of any specific EEG 
quantification index in monitoring the depth of 
anesthesia or predicting patient prognosis. Fur-
ther studies are required to substantiate the ef-
fectiveness of EEG monitors in POCD research.

Application of rEEG and quantitative EEG in 
POCD studies

Above studies have investigated the effect of 
anesthesia depth on POCD by quantitative 
analysis of EEG data. However, there are few 
experiments investigating the characteristic 
changes in the rEEG or quantitative EEG of 
POCD patients. 

Prediction of POCD

Some studies have suggested that the reduc-
tion of α power in older adults during surgery 
is related to preoperative cognitive decline, 
further research is needed to ascertain the link 

between reduced α power in the frontal lobe 
and POCD [4]. Nevertheless, they also acknowl-
edged the potential application of EEG in the 
prevention of POCD, believing that the reduc-
tion of α power during surgery may serve as 
a biomarker to identify patients with possible 
impaired preoperative cognitive function, al-
lowing for intervention to prevent POCD. In the 
study by Hao et al., it was pointed out that the 
γ power ratio after anesthesia was lower than 
that in the awake state in the non-POCD group, 
and in the anesthetic state, the percentage of δ 
power in the total power was significantly higher 
in the POCD group than in the non-POCD group 
[46]. There were differences in EEG patterns 
between POCD and non-POCD patients, but the 
reduction in α power ratio and α power may 
not be risk factors for the occurrence of POCD  
[46]. θ band activity in the EEG is one of the 
most sensitive indicators of perioperative brain 
injury, and the increase in θ power in the EEG is 
associated with mild cognitive impairment and 
dementia [47, 48]. In a study evaluating the 
effects of preoperative aerobic physical training 
(PhT) on neurophysiological function and neu-
rovascular biomarkers in patients undergoing 
coronary artery bypass grafting, it was found 
that patients who received PhT before surgery 
were less likely to suffer from POCD [16]. EEG 
data showed that patients who received preop-
erative PhT had a less pronounced increase in 
slow wave θ activity after surgery, indicating a 
lower degree of intraoperative brain injury. This 
provides a new approach to prevent the occur-
rence of POCD. Another study suggested that 
high frequency β rhythm power was associated 
with POCD in patients undergoing coronary 
artery bypass grafting [17]. The elevated β ac-
tivity in the right frontal region and the reduced 
power of high frequency β oscillations in the 
left parietal region before surgery may serve as 
predictive factors for cognitive decline. Evalu-
ation of the topographic features and dynamic 
processes of cortical high-frequency activity 
patterns may help to develop individualized re-
habilitation plans for patients with POCD.

Diagnosis of POCD

In the study by Zhang et al., the characteristics 
of quantitative EEG in POCD patients were in-
vestigated, providing new insights into the study 
of EEG in POCD [49]. Their study showed that 
the α band energy and α variability in the EEG 
of POCD patients were significantly lower than 
those of the non-POCD control group, and they 
were significantly correlated with the Mini-Men-
tal State Examination score, suggesting that 
directional EEG may have clinical significance 
in the detection and diagnosis of POCD.
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Prospects of using Simultaneous EEG-function-
al MRI (fMRI) in POCD research

fMRI indirectly reflects neural activities by mea-
suring local blood flow metabolism. However, 
it is constrained by the slow hemodynamic 
response, with changes in blood flow occurring 
several seconds after changes in neural activity 
[50]. By combining with EEG, fMRI identifies ac-
tivated brain regions and links them to specific 
neural responses measured by EEG at specific 
times, providing advantages in both temporal 
and spatial resolution [51]. The simultaneous 
EEG-fMRI facilitates the study of various cog-
nitive functions, such as language, memory, 
emotion, and auditory and visual perception, 
through a variety of cognitive tasks, making it 
a leading technique in cognitive research in re-
cent years. Cichy et al. proposed that EEG-fMRI  
has the potential for effectively revealing the 
spatiotemporal dynamics of human cognitive 
function [52]. Its future application in POCD re-
search is promising.

Conclusion

Currently, EEG are commonly used in clinical 
practice to monitor the depth of anesthesia, al-
though there still lacks definitive consensus on 
the relationship between anesthesia depth and 
POCD. The amplitude and frequency of the EEG 
change with age, which questions the accuracy 
of using EEG to assess the depth of anesthesia 
in different age groups. In addition, EEG and 
its derived indices can be affected by various 
factors, including electromyographic interfer-
ence, neuromuscular blocking agents, use of 
medical devices, pacemakers, and compound 
anesthesia. It is hoped that monitoring devices 
can be optimized to reduce the interference of 
these confounding factors in the future, making 
intraoperative EEG monitoring more accurate 
and generating more accurate and consistent 
conclusions in future research. Furthermore, 
studies on the alterations in the rEEG of pa-
tients with POCD are still few. Whether it is pos-
sible to intervene and treat early POCD based 
on the changes in the EEG characteristics is to 
be expected.

References

[1]	 Tang X, Zhang X, Dong H, et al. Electro-
encephalogram Features of Perioperative 
Neurocognitive Disorders in Elderly Patients: 
A Narrative Review of the Clinical Literature. 
Brain Sci 2022;12:1073.

[2]	 Evered LA, Goldstein PA. Reducing Peri-
operative Neurocognitive Disorders (PND) 
Through Depth of Anesthesia Monitoring: A 

Critical Review. Int J Gen Med 2021;14:153-
162.

[3]	 Steinmetz J, Christensen KB, Lund T, et al. 
Long-term consequences of postoperative 
cognitive dysfunction. Anesthesiology 2009; 
110:548-555.

[4]	 Giattino CM, Gardner JE, Sbahi FM, et al. 
Intraoperative Frontal Alpha-Band Power 
Correlates with Preoperative Neurocognitive 
Function in Older Adults. Front Syst Neurosci 
2017;11:24.

[5]	 Jildenstål PK, Rawal N, Hallén JL, et al. 
Perioperative management in order to mini-
mise postoperative delirium and postoperative 
cognitive dysfunction: Results from a Swedish 
web-based survey. Ann Med Surg (Lond) 
2014;3:100-107.

[6]	 Shi X, Chen X, Ni J, et al. Systematic review 
and meta-analysis of the prognostic value of 
Narcotrend monitoring of different depths 
of anesthesia and different Bispectral Index 
(BIS) values for cognitive dysfunction after 
tumor surgery in elderly patients. Ann Transl 
Med 2022;10:186.

[7]	 Chen X, Li L, Yang L, et al. A randomized 
trial: bispectral-guided anesthesia decreases 
incidence of delayed neurocognitive recovery 
and postoperative neurocognitive disorder but 
not postoperative delirium. Am J Transl Res 
2022;14:2081-2091.

[8]	 Needham MJ, Webb CE, Bryden DC. Post-
operative cognitive dysfunction and dementia: 
what we need to know and do. Br J Anaesth 
2017;119:i115-i125.

[9]	 Berger M, Oyeyemi D, Olurinde MO, et al. The 
INTUIT Study: Investigating Neuroinflammation 
Underlying Postoperative Cognitive Dys-
function. J Am Geriatr Soc 2019;67:794-798.

[10]	 Hu Z, Ou Y, Duan K, et al. Inflammation: 
a bridge between postoperative cognitive 
dysfunction and Alzheimer’s disease. Med 
Hypotheses 2010;74:722-724.

[11]	 Chawdhary AA, Kulkarni A, Nozari A. Sub-
stitution of propofol for dexmedetomidine in 
the anaesthetic regimen does not ameliorate 
the post-operative cognitive decline in elderly 
patients. Indian J Anaesth 2020;64:880-886.

[12]	 Vacas S, Degos V, Feng X, et al. The neuroinfla-
mmatory response of postoperative cognitive 
decline. Br Med Bull 2013;106:161-178.

[13]	 Kapila AK, Watts HR, Wang T, et al. The impact 
of surgery and anesthesia on post-operative 
cognitive decline and Alzheimer’s disease 
development: biomarkers and preventive 
strategies. J Alzheimers Dis 2014;41:1-13.

[14]	 Steinmetz J, Siersma V, Kessing LV, et al. Is 
postoperative cognitive dysfunction a risk 
factor for dementia? A cohort follow-up study. 
Br J Anaesth 2013;110 Suppl 1:i92-i97.

[15]	 Mazzon G, De Dea F, Cattaruzza T, et al. 



34

Perioperative Precision Medicine 2024; 2 (1): 29-35. PPM23110230

Perioperative Precision Medicine

Memorization Test and Resting State EEG 
Components in Mild and Subjective Cog-
nitive Impairment. Curr Alzheimer Res 2018; 
15:809-819.

[16]	 Trubnikova OA, Tarasova IV, Moskin EG, et 
al. Beneficial Effects of a Short Course of 
Physical Prehabilitation on Neurophysiological 
Functioning and Neurovascular Biomarkers 
in Patients Undergoing Coronary Artery By-
pass Grafting. Front Aging Neurosci 2021;13: 
699259.

[17]	 Tarasova IV, Razumnikova OA, Trubnikova 
OA, et al. Neurophysiological correlates of 
postoperative cognitive disorders. Zh Nevrol 
Psikhiatr Im S S Korsakova 2021;121:18-23.

[18]	 Steinmetz J, Funder KS, Dahl BT, et al. Depth 
of anaesthesia and post-operative cognitive 
dysfunction. Acta Anaesthesiol Scand 2010; 
54:162-168.

[19]	 Ling L, Yang TX, Lee SWK. Effect of Anaes-
thesia Depth on Postoperative Delirium and 
Postoperative Cognitive Dysfunction in High-
Risk Patients: A Systematic Review and Meta-
Analysis. Cureus 2022;14:e30120.

[20]	 Li Y, Zhang B. Effects of anesthesia depth 
on postoperative cognitive function and 
inflammation: a systematic review and meta-
analysis. Minerva Anestesiol 2020;86:965-
973.

[21]	 Zhou Y, Li Y, Wang K. Bispectral Index Monito-
ring During Anesthesia Promotes Early Post-
operative Recovery of Cognitive Function and 
Reduces Acute Delirium in Elderly Patients 
with Colon Carcinoma: A Prospective Contro-
lled Study using the Attention Network Test. 
Med Sci Monit 2018;24:7785-7793.

[22]	 Bocskai T, Kovács M, Szakács Z, et al. Is 
the bispectral index monitoring protective 
against postoperative cognitive decline? A 
systematic review with meta-analysis. PLoS 
One 2020;15:e0229018.

[23]	 Lu X, Jin X, Yang S, et al. The correlation of 
the depth of anesthesia and postoperative 
cognitive impairment: A meta-analysis based 
on randomized controlled trials. J Clin Anesth 
2018;45:55-59.

[24]	 Chiang MH, Wu SC, Hsu SW, et al. Bispectral 
Index and non-Bispectral Index anesthetic 
protocols on postoperative recovery outcomes. 
Minerva Anestesiol 2018;84:216-228.

[25]	 Ballard C, Jones E, Gauge N, et al. Optimised 
anaesthesia to reduce post  operat ive 
cognitive decline (POCD) in older patients 
undergoing elective surgery, a randomised 
controlled trial. PLoS One 2012;7:e37410.

[26]	 Chan MT, Cheng BC, Lee TM, et al. BIS-guided 
anesthesia decreases postoperative delirium 
and cognitive decline. J Neurosurg Anesthesiol 
2013;25:33-42.

[27]	 Ding L, Chen DX, Li Q. Effects of electroence-
phalography and regional cerebral oxygen 
saturation monitoring on perioperative neuro-
cognitive disorders: a systematic review and 
meta-analysis. BMC Anesthesiol 2020;20: 
254.

[28]	 Shi LD, Zhang ML, Zhu SK, et al. Correlation 
between b ispectra l  index of  depth of 
anesthesia and postoperative cognitive 
dysfunction in elderly patients with abdominal 
surgery. China Mod Doct 2023;61:25-29+46.

[29]	 An ST, Wang Y, Fan QQ. Effect of different 
anesthesia depth based on bispectral index 
of EEG on inf lammatory response and 
postoperative cognitive function in elderly 
patients undergoing laparoscopic surgery. 
Hainan Med J 2019;30:2490-2493.

[30]	 Yue MM, Zhang YL, Wang S, et al. The effect of 
different BIS values on the early postoperative 
cognitive function and S100β protein in 
elderly patients undergoing abdominal 
surgery. J Clin Anesthesio 2016;32:109-113.

[31]	 Quan C, Chen J, Luo Y, et al. BIS-guided 
deep anesthesia decreases shor t-term 
postoperative cognitive dysfunction and 
peripheral inflammation in elderly patients 
undergoing abdominal surgery. Brain Behav 
2019;9:e01238.

[32]	 Hou R, Wang H, Chen L, et al. POCD in 
patients receiving total knee replacement 
under deep vs light anesthesia: A randomized 
controlled trial. Brain Behav 2018;8:e00910.

[33]	 Punjasawadwong Y, Chau-In W, Laopaiboon M, 
et al. Processed electroencephalogram and 
evoked potential techniques for amelioration 
of postoperative delirium and cognitive 
dysfunction following non-cardiac and non-
neurosurgical procedures in adults. Cochrane 
Database Syst Rev 2018;5:Cd011283.

[34]	 Deiner S, Luo X, Silverstein JH, et al. Can 
Intraoperative Processed EEG Predict Posto-
perative Cognitive Dysfunction in the Elderly? 
Clin Ther 2015;37:2700-2705.

[35]	 Dustin Boone M, Lin HM, Liu X,  et  al . 
Processed intraoperative burst suppression 
and postoperative cognitive dysfunction in a 
cohort of older noncardiac surgery patients. J 
Clin Monit Comput 2022;36:1433-1440.

[36]	 Wang X, Chen X, Wu F, et al. Relationship 
between postoperat ive b iomarkers of 
neuronal injury and postoperative cognitive 
dysfunction: A meta-analysis. PLoS One 2023; 
18:e0284728.

[37]	 Yu Z, Bin Z, Min W. Effects of Awake Bispectral 
Index on Postoperative Cognitive Function 
in the Elderly. Chin J Rehabil Theory Pract 
2013;19:671-673.

[38]	 Tu M, Zhang Q, Liu X. Influence of Narcotrend-
Assisted Anesthesia In-Depth Monitor on 



35

Perioperative Precision Medicine 2024; 2 (1): 29-35. PPM23110230

Perioperative Precision Medicine

Cognitive Impairment of Elderly Patients under 
General Anesthesia. Comput Math Methods 
Med 2022;2022:2866188.

[39]	 Li DF, Zeng QG, Liang HN, et al. Clinical 
Analysis of Using Narcotrend EEG Monitoring 
the Effects of Different Anesthesia Depths on 
POCD Occurrence and S100β Protein Level. 
Med Recapitulate 2014;20:2851-2853.

[40]	 Qiu YS, Xu Q. Accuracy of narcotrend index in 
monitoring depth of anesthesia in diabetics: 
a case report. Chin Med Sci J 2014;29:251-
252.

[41]	 Chen W, Zhong S, Ke W, et al. The effect of 
different depths of anesthesia monitored 
using Narcotrend on cognitive function in 
elderly patients after VATS lobectomy. Am J 
Transl Res 2021;13:11797-11805.

[42]	 Yang J, Li P, Tang XN. Research Progress 
of Anesthesia-related Measures to Prevent 
Postoperative Cognitive Dysfunction in Elderly 
Patients Undergoing Hip Joint Surgery. Med 
Recapitulate 2019;25:2457-2462.

[43]	 Kang ZM, Chen RS, Su CS, et al. Comparison 
of  IoC and EEG Dual - f requency  Index 
Monitoring of Different Anesthesia Depth 
on Postoperative Cognitive Impairment in 
Patients with Bowel Cancer. Chin Foreign Med 
Res 2020;18:32-34.

[44]	 Viertiö-Oja H, Maja V, Särkelä M, et al. Des-
cription of the Entropy algorithm as applied in 
the Datex-Ohmeda S/5 Entropy Module. Acta 
Anaesthesiol Scand 2004;48:154-161.

[45]	 Cotae AM, Ţigliş M, Cobilinschi C, et al. The 
Impact of Monitoring Depth of Anesthesia 
and Nociception on Postoperative Cognitive 
Function in Adult Multiple Trauma Patients. 
Medicina (Kaunas) 2021;57:408.

[46]	 Hao HZ. The correlat ion between EEG 
spectrum pattern and postoperative cognitive 
dysfunction in elderly patients. Air Force 
Medical University 2018.

[47]	 Tarasova I, Trubnikova O, Kupriyanova DS, 
et al. Cognitive functions and patterns of 
brain activity in patients after simultaneous 
coronary and carotid artery revascularization. 
Front Hum Neurosci 2023;17:996359.

[48]	 Babiloni C, Arakaki X, Azami H, et al. Measures 
of resting state EEG rhythms for clinical trials 
in Alzheimer’s disease: Recommendations 
of an expert panel. Alzheimers Dement 
2021;17:1528-1553.

[49]	 Zhang BY, You Y, Yu WK, et al. Characterization 
of quantitative EEG in patients with post-
operative cognitive dysfunction. J Med Res 
Combat Trauma Care 2019;32:724-728.

[50]	 Sorger B, Goebel R. Real-time fMRI for brain-
computer interfacing. Handb Clin Neurol 
2020;168:289-302.

[51]	 Warbrick T. Simultaneous EEG-fMRI: What 
Have We Learned and What Does the Future 
Hold? Sensors (Basel) 2022;22:2262.

[52]	 Cichy RM, Oliva A. A M/EEG-fMRI Fusion 
Primer: Resolving Human Brain Responses in 
Space and Time. Neuron 2020;107:772-781.


	PPM23070208
	PPM23090220
	PPM23100229
	PPM23110230



