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Introduction

The latest discoveries in cell-death mecha-
nisms like pyroptosis, apoptosis, ferroptosis, 
cuproptosis, and PANoptosis reveal a coherent 
network rather than isolated pathways [1]. 
Multi-omics and single-cell techniques indicate 
that these cell death programs affect important 
metabolic and stress nodes (energy balance, 
redox state, and the mitochondria–endoplas-
mic reticulum [ER] axis), and that they are 
shaped by metabolic pressure, inflammatory 
signals, and shifts in the microenvironment 
[2]. Under disease conditions, death pathways 
operate in parallel, compete with, or follow one 
another, thereby influencing intercellular com-
munication and the overall immune and tissue 
responses. Viewing cell death as energy-

dependent and multimodal enhances patho-
logic understanding and supports targeted 
interventions.

The network logic of cell death: Crosstalk, 
coupling, and feedback

Molecular nodes governing signaling interac-
tions

Cell death signaling hinges on hub molecules 
that integrate metabolic stress, inflammation, 
and growth-factor signals. Klotho regulates ER–
autophagy for tissue homeostasis. Interleukin-11 
opposes the action of Signal Transducer and 
Activator of Transcription 1 and decreases reac-
tive oxygen species (ROS) levels, blocking hepa-
tocyte death induced by Interferon-gamma. 
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Abstract

There are various cell death programs that require energy metabolism, redox balance, and the mitochondria–en-
doplasmic reticulum stress axis. These programs do not operate in isolation; they respond to microenvironmental 
changes. This review summarizes their networked organization and discusses how Adenosine Triphosphate bal-
ance, mitochondrial dynamics, and redox control shape death decisions. The paper also discusses how inflamma-
tory signals integrate diverse modes of death, the diagnostic information contained in cross-death biomarkers, 
and why multi-target approaches are better suited to complex diseases.
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Urolithin A induces ER stress and decreases 
signaling of the AKT mTOR–4EBP1 pathway—a 
cascade involving the kinase AKT, the mecha-
nistic target of rapamycin (mTOR), and eukary-
otic translation initiation factor 4E-binding pro-
tein 1 (4EBP1)—to promote cell death through a 
different mechanism [3]. As these examples 
show, cell death relies on signal-integrating 
molecular nodes rather than linear pathways.

Pathway-level interaction models

Cell death pathways form interconnected net-
works centered on common axes. Visfatin 
affects both systemic glucose metabolism and 
the function of adipocytes. It also activates 
AMP-activated protein kinase and extracellular 
signal-regulated kinases 1 and 2 in pancreatic 
β cells, which prevents apoptosis. Ursolic acid 
blocks pyroptosis to reduce inflammation 
through the NF-κB–NLRP3–GSDMD axis (com-
prising Nuclear Factor Kappa B, NLR Family 
Pyrin Domain Containing 3, and Gasdermin D) 
[4]. Overall, the observations show that death 
pathways operate as modifiable interactive sig-
naling systems rather than as linear causes.

System-level spatiotemporal coordination

Cell-death pathways are shaped by intracellu-
lar communication and the action of non-epi-
thelial cells. Studies on mixed-target nanoplat-
forms have demonstrated the importance of 
targeting signaling in both tumor cells and 
tumor-associated macrophages. This approach 
can align innate and adaptive immunity and 
alter the dominant death programs in the 
tumor microenvironment [5]. This suggests that 
control over cell death is multilayered and con-
stantly modulated by intercellular communica-
tion and microenvironmental cues. The major 
pathways and key nodes mapped in the molec-
ular atlas are shown in Figure 1.

The foundational logic of cell death: Energy 
homeostasis and metabolic disassembly

Adenosine triphosphate (ATP) homeostasis 
and the turning points of death decisions

ATP plays a distinctly dual role in determining 
cell fate. Under normal physiological condi-
tions, it ensures the requisite supply of energy. 
However, once ATP starts to accumulate abnor-

mally outside the cell, its signaling shifts 
towards a pro-death mode almost immediately. 
Research has shown that increasing ATP causes 
breast cancer cells to die. Furthermore, under 
hypoxia stress, it induces even faster cell death 
while suppressing autophagy. The variations in 
ATP levels can also cause cell death. When ATP 
homeostasis is disrupted repeatedly, it marks 
a point of no return, leading to cell death.

Mitochondria: The energetic hub and reso-
nance center of cell death

Mitochondria are not only the primary energy 
source of cells but also a key initiator of death 
pathways. When their balance is disturbed, 
there is often an escalation in metabolic dys-
function and death signaling. Palmitic acid 
damages mitochondrial DNA and the respirato-
ry chain directly and renders myoblasts more 
death-prone. Since the electron transfer chain 
generates ATP and ROS, too much oxidative 
pressure can drive the crosstalk between 
apoptosis, ferroptosis, and other death pheno-
types toward a convergent and amplifying 
response. The mitochondria-targeted com-
pound CQ-Mito induces ferroptosis and apopto-
sis according to therapeutic studies, illustrating 
the organelle’s important role in orchestrating 
multiple death programs [6]. Hence, mitochon-
dria are not purely energy producers but key 
points where life or death diverge. Figure 2 high-
lights the core nodes and regulatory signals 
through which mitochondrial dysfunction links 
energy imbalance to redox-driven cell death 
(apoptosis, autophagy, necroptosis, ferroptosis).

Integrated regulation within the redox network

The metabolic framework for cell death posi-
tions redox state at the tipping point between 
different death programs. ROS are not just 
amplifiers. They are also shared mediators that 
are used by many pathways. In pancreatic can-
cer, SRN-19 produces an accumulation of ROS 
and activates the p38 Mitogen-Activated Protein 
Kinase signaling pathway, which causes a con-
current enhancement of apoptotic and cytostat-
ic responses [7]. As such, the redox network 
can be seen as a common regulatory axis for all 
forms of cell death. Redox dynamics connect 
metabolic imbalance with death-decision exe-
cution, thus providing a common molecular link-
age among different death programs.
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Figure 1. Molecular Atlas of Signaling Pathways and Key Molecules in Cell Death. This figure illustrates the molec-
ular mechanisms of six cell death pathways: Apoptosis is initiated either via death receptors, activating Caspase-8, 
-6, and -9, or through cytochrome c release from mitochondria, forming apoptosomes; both pathways ultimately 
lead to programmed cell death; Necroptosis is triggered by TLR or death receptors, inducing necrosis-like cell death 
via the RIPK1-RIPK3-MLKL signaling pathway; Pyroptosis involves PAMPs activating Caspase-1, which then cleaves 
both GSDMD to form membrane pores and pro-IL-1β/IL-18 into their mature forms, resulting in inflammatory cell 
death; Ferroptosis is driven by iron ions inducing ROS accumulation, promoting lipid peroxidation via ACSL4, while 
the NFE2L2/GPX4 antioxidant system counteracts this process, leading to iron-dependent cell death; Autophagy 
is regulated by PI3K and TOR signaling, a process that controls autophagosome formation through proteins like 
ATG5 and culminates in the fusion of these autolysosomes with lysosomes, enabling the degradation of contents 
within autolysosomes; Entotic cell death occurs when glucose deprivation and matrix de-adhesion activate the 
ROCK-RHOA-CDC42 pathway, promoting cell entosis and subsequent death. Note: Casp, Caspase; TLR, Toll-like 
receptor; RIPK1, Receptor-interacting serine/threonine-protein kinase 1; RIPK3, Receptor-interacting serine/thre-
onine-protein kinase 3; MLKL, Mixed lineage kinase domain-like pseudokinase; TICAM1, TIR-domain-containing 
adapter molecule 1; PAMP, Pathogen-associated molecular pattern; GSDMD, Gasdermin D; N-GSDMD, N-terminal 
fragment of Gasdermin D; IL-1β, Interleukin-1 beta; L-18, Interleukin-18; Fe, Iron ions; ROS, Reactive oxygen spe-
cies; ACSL4, Acyl-CoA synthetase long-chain family member 4; NFE2L2, Nuclear factor erythroid 2-related factor 2; 
GPX4, Glutathione peroxidase 4; PI3K, Phosphatidylinositol 3-kinase; TOR, Target of rapamycin; ATG5, Autophagy-
related protein 5; ROCK, Rho-associated coiled-coil-containing protein kinase; RHOA, Ras homolog family member 
A; CDC42, Cell division control protein 42.

Shared mechanisms and biomarkers across 
multiple cell death modalities

Convergence of inflammation and immune 
responses

Inflammation and immune activation share reg-
ulatory circuits. During β-coronavirus infection, 
the entry of the viral particle activates innate 
immunity and induces PANoptosis, a process 

in which the two pathways engage in a vicious 
cycle that drives the development of a cytokine 
storm. In cancers, though, persistent inflam-
mation causes an exhaustion of CD8+ T cells 
and weakens responses to immunotherapy, 
whereas Janus Kinase 1 inhibition externally 
reroutes T-cell differentiation and reinstates 
anti–Programmed Cell Death Protein 1 (PD-1) 
sensitivity [8]. These examples suggest that 
inflammatory signaling amplifies cell-death 
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pathways and rewires immune behavior to cre-
ate a common axis linking diverse death 
modes to immune dysfunction.

Coupling between mitochondrial and ER 
stress

ER and mitochondria act coordinately under 
stress. Macrophages undergo different mito-
chondrial changes in response to various 
nanoparticles. Some hyperpolarize with ER 
stress; others depolarize with high levels of 
ROS. Cell death relies on communication 
between the ER and mitochondria. 

Likewise, in mechanical asphyxia, hypoxia induc-
es C/EBP Homologous Protein, which subse-
quently translocates to the mitochondria and 

initiates apoptotic signaling. When these condi-
tions are viewed together, they suggest some-
thing simple that often recurs. The coordinated 
stress of the ER and mitochondria is a com-
mon mechanism driving various cell death 
processes.

Reassessment of cross-death biomarkers

In a disease context, one cell-death program 
will often present an incomplete picture, because 
multiple cell-death programs coexist. Multi-
omics and machine-learning techniques will 
bring cross-death features to the field. In glio-
ma, a composite cell death signature can reflect 
tumor heterogeneity, immune status, and risk 
of drug resistance at the same time, outper-
forming individual markers associated with any 

Figure 2. Mitochondria as a Central Node in Multiple Cell Death Pathways. This figure illustrates the central regula-
tory role of mitochondria in four cell death pathways: apoptosis, autophagy, necroptosis, and ferroptosis. In apop-
tosis, mitochondria release cytochrome c, which forms an apoptosome with pro-caspase-9 and others, activating 
Caspase-3/7 to induce cell death. In autophagy, changes in energy levels (decreased ATP, increased AMP), ROS, 
and others promote mitochondrial fission, and damaged mitochondria are degraded through autophagy to main-
tain intracellular homeostasis. In necroptosis, TNF-α signaling activates RIP1/3, which in turn regulates MLKL and 
MPTP; this process, along with changes in Ca2+ and production of ROS, promotes mitochondrial fission and ulti-
mately triggers necroptosis. In ferroptosis, ROS activate NRF2, which can promote or inhibit mitochondrial fission, 
ultimately leading to ferroptosis through processes such as lipid peroxidation. Note: APAF, Apoptotic protease-acti-
vating factor; ATP, Adenosine triphosphate; ADP, Adenosine diphosphate; AMP, Adenosine monophosphate; TNF-α, 
Tumor necrosis factor-alpha; RIP1/3, Receptor-interacting serine/threonine-protein kinase 1/3; MLKL, Mixed lin-
eage kinase domain-like pseudokinase; MPTP, Mitochondrial permeability transition pore; Drp1, Dynamin-related 
protein 1; p-Drp1, Phosphorylated Drp1; Drp1S616, Drp1 Serine 616; ROS, Reactive oxygen species; Ca2+, Calcium 
ion; NRF2, Nuclear factor erythroid 2-related factor 2.
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one mode of death. A similar trend appears in 
ischemic stroke. The analysis of the ferropto-
sis, heat-shock–related death, parthanatos, 
and cuproptosis pathways revealed sex-specific 
diagnostic markers: Solute Larrier Camily 2 
Member 3 and Matrix Metallopeptidase 9 for 
men; Pyruvate Dehydrogenase Kinase 4 and 
Cluster of Differentiation 163 for women.

Determining diagnosis from single-pathway 
readouts may be limited. Findings suggest that 
cross-death biomarkers may provide a more 
accurate multi-modal framework for diagnosis.

Integrated intervention strategies: From single 
targets to system-level control

Limitations of traditional single-target ap-
proaches

Single pathway interventions face limitations. 
Blocking PD-1/Programmed Cell Death Ligand 
1 has little utility for prostate cancer. However, 
coupling a therapeutic vaccine with checkpoint 
blockade broadens T-cell activation, bolsters 
T-cell infiltration, and overcomes resistance 
driven by the microenvironment. PARP inhibi-
tors similarly impair tumor DNA damage repair, 
but can be detrimental to T cells, thereby com-
promising antitumor immunity. As standard 
cytotoxic therapies are largely unsuccessful 
due to the existence of long-lasting dormant 
tumor cells, it is essential to target autophagy 
and mTOR to eliminate the dormant survival 
state [9]. Based on these findings, one single 
switch to achieve tumor elimination while pre-
serving immunity and reshaping the microenvi-
ronment will not be adequate. Thus, meaningful 
benefits will require more integrated multi-path-
way strategies.

Potential of multi-target and multi-modal 
therapeutics

As different types of cancer cells behave differ-
ently and resistance against drugs becomes 
common in cancer treatment, the drugs that hit 
cancer cells from different targets are better 
than those just hitting a single target. One 
example is LCC-09. By blocking Dopamine 
Receptor D2/D4 and simultaneously suppress-
ing AKT, mTOR and β-catenin signaling, it revers-
es temozolomide resistance and disrupts glio-
ma stem-cell maintenance [10]. Sodium selenite 
in high doses puts pressure on cells in different 

ways. It causes a surge of ROS, lowers levels of 
glutathione and inhibits Glutathione Peroxidase 
4, which together cause ferroptosis through oxi-
dative stress and lipid peroxidation.

The findings suggest that broader regulatory 
leverage across metabolic and cell-death sig-
naling networks could be expected from multi-
target or multi-modal agents that fill an impor-
tant gap left by single-target agents.

Contributions of artificial intelligence (AI) and 
network pharmacology

AI and network pharmacology offer a powerful 
approach for dissecting pathway interactions in 
the system-level intervention of complex dis-
eases. Multi-omics techniques and molecular-
docking analyses showed that DCH inhibits the 
Phosphatidylinositol 3-kinase/AKT/NF-κB axis 
and PANoptosis-related nodes, thereby improv-
ing sepsis-induced lung injury. Separately, 
puralne extra blocks AXL Receptor Tyrosine 
Kinase, mitigates ER stress, and induces immu-
nogenic cell death. Overall, these examples 
signify a change. AI and networks are shifting 
drug discovery from single-target trial-and-error 
to system-wide, mechanism-based precision.

Discussion

According to recent studies, multiple cell-death 
programs seldom operate independently in dis-
ease. As a result, they point to a small set of 
metabolic and stress-response nodes—energy 
state, redox balance, and the mitochondria–ER 
interface. A change in these nodes due to met-
abolic or inflammatory pressures can drive 
death pathways to run in parallel, compete or 
trigger each other. Differences in ATP levels, 
mitochondrial stability, and inflammatory tone 
can help explain why diseases—and even 
patients—appear differentially susceptible to, 
and have different responses to, treatments. 
Therapeutically, this layered interplay limits the 
effects of single-target therapies. For example, 
in non-small cell lung cancer, the combination 
of Janus Kinase inhibition and PD-1 immuno-
therapy targets the redox-immune crosstalk 
and mitochondria-related death pathways, sig-
nificantly improving patient response rates; in 
sepsis-induced lung injury, multi-target agents 
inhibiting the Phosphatidylinositol 3-kinase/
AKT/NF-κB axis and PANoptosis-related nodes 
have shown promising therapeutic effects.
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The use of multi-target agents, cross-death bio-
markers, and AI-based network analyses offers 
more realistic ways to modulate the system as 
a whole. As the technologies behind single-
cell, spatial-omics and live-imaging mature, 
they may help chart these death networks at 
improved resolution, enabling true system-level 
precision interventions.
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Highlights

Introduction

Acute lung injury (ALI) due to pulmonary sep-
sis is a systemic inflammatory response 
caused by infection and is often life-threaten-

ing [1]. It can lead to severe lung inflamma-
tion, gas exchange dysfunction and multiple 
organ failure, so it has a high incidence and 
fatality rate. Although modern medicine have 
made progress, but the treatment of ALI option 
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Wuhu, Anhui Province, China, No. 22 Wenchang West Road, Yijiang District, Wuhu 241002, Anhui 
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● The pathogenesis of sepsis-induced acute lung injury is outlined. 
● A comprehensive overview of the role of TCM extracts in sepsis-induced acute lung injury is provided.
● The clinical application of classical TCM extracts is summarized in detail.

Abstract

Acute lung injury (ALI) is a severe and life-threatening condition. Traditional Chinese medicine (TCM) extracts, 
which are rich in bioactive compounds with demonstrated efficacy against ALI, have exhibited considerable thera-
peutic potential. This review provides a comprehensive analysis of the therapeutic effects of TCM extracts in miti-
gating sepsis-induced ALI, synthesizing current evidence on their clinical advantages and the underlying molecular 
and cellular mechanisms. Furthermore, it outlines the major challenges and unresolved issues in the field, offer-
ing insights that may guide future research and enhance the application of TCM in managing sepsis-associated 
respiratory complications.

Keywords: Traditional Chinese medicine extracts, sepsis, acute lung injury, mechanisms, research progress
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is still limited, existing therapies are often 
ineffective.

TCM for its long history and unique pharmaco-
logical properties, complementary or alterna-
tive therapy in acute lung injury in shows a 
good application prospect. This article focuses 
on the effect and progress of Chinese herbal 
extracts in alleviating acute lung injury in sep-
sis, providing more ideas for future research 
and clinical application.

TCM extracts have anti-inflammatory, antioxi-
dant, immunoregulatory, and other therapeutic 
effects, which can reduce the adverse effects 
of sepsis-induced ALI. ALI is caused by the mul-
tifaceted interaction among inflammatory medi-
ators, oxidative stress, and apoptosis. The ini-
tial inflammatory cascade triggered by sepsis 
promotes the release of key pro-inflammatory 
cytokines, such as tumor necrosis factor -α 
(TNF-α) and interleukin-6 (IL-6), resulting in pul-
monary edema and impaired lung function [2]. 
This pathological progression is further exacer-
bated by the excessive production of ROS, 
which exacerbate tissue damage and perpetu-
ate a destructive cycle of inflammation and 
organ dysfunction [3]. Under this background, 
TCM extracts represent a promising treatment 
approach, owing to their well-known anti-
inflammatory, antioxidant. and immunoregu-
latory characteristics that counteract sepsis-
induced ALI.

The protective effect of TCM extracts on sepsis-
induced ALI is mainly reflected in two aspects: 
inflammatory regulation and oxidative stress 
intervention. In terms of inflammatory regula-
tion, Scutellaria baicalensis extract alleviates 
lung inflammation and damage by inhibiting the 
NF-κB signaling pathway (a key regulatory factor 
for pro-inflammatory cytokine production), while 
promoting the transformation of macrophages 
from the pro-inflammatory M1 phenotype to the 
anti-inflammatory M2 phenotype, thereby accel-
erating inflammation resolution and supporting 
the repair of damaged lung tissue [4, 5]. In 
terms of antioxidation, active ingredients such 
as hyperoside and salvianolic acid A promote 
the generation of antioxidant enzymes and 
reduce the level of reactive oxygen species 
(ROS) by activating the Nrf2 pathway [6]. This 
dual mechanism not only enhances the body’s 
antioxidant capacity but also effectively pro-
tects the lung tissue structure. Compared with 

traditional single-target therapy, Chinese herbal 
extracts can simultaneously intervene in two 
key pathological links, inflammation and oxida-
tive stress, and have a more comprehensive 
therapeutic effect. In addition to their anti - 
inflammatory and antioxidant properties, TCM 
extracts also play a role in regulating immune 
responses during sepsis. For instance, cer-
tain herbal formulations have been shown to 
enhance the phagocytic activity of macro-
phages and improve their ability to clear patho-
gens, thereby reducing the burden of infection 
and inflammation [7]. Existing studies have 
confirmed that these natural compounds have 
the potential to become important treatment 
options for ALI. Their multi-target intervention 
characteristics provide new ideas for develop-
ing more comprehensive treatment strategies 
for acute lung injury, which is worthy of further 
in-depth research and clinical exploration.

Overview of TCM extracts

Common TCM extracts

Various herbal extracts from different parts of 
medicinal plants are widely used in TCM, 
which have unique therapeutic effects. Take 
Scutellaria baicalensis extract as an example. 
It because of its remarkable anti-inflammatory 
and antibacterial properties and was highly 
valued. Ginseng extract is renowned for its 
ability to enhance stress resistance and relieve 
fatigue. Angelica is often used in the field of 
female health care, for blood beautification. 
Licorice root in the herbal formula as major 
additives play an important role. Rehmannia is 
famous for its restore body function in the field 
of TCM. These extracts mainly adopts decoc-
tion, dipping the traditional methods of solvent 
extraction and preparation. The preparation 
process optimized over a long period of time 
can effectively retain the therapeutic effect and 
efficacy of the active compounds [8, 9]. The 
TCM treatment concept as a whole, the syner-
gistic use of these herbal extracts makes the 
various ingredients work together to restore 
the body’s balance and promote recovery. The 
extraction process after hundreds of years of 
practice continuous improvement and optimi-
zation, to ensure the effective components in 
medicinal plants of therapeutic value into full 
play in the clinical application. Continuous 
research and application of these herbs extract 
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fully proves that they are in the important value 
of traditional and modern medical practice.

Major active ingredients in TCM extracts

The therapeutic effects of TCM extracts stem 
from their various bioactive compounds, includ-
ing flavonoids, alkaloids, terpenoids and poly-
saccharides, each of which has unique pharma-
cological effects. For instance, baicalin, a flavo-
noid extracted from Scutellaria baicalensis, has 
remarkable antioxidant and anti-inflammatory 
properties and can effectively treat inflamma-
tory diseases such as sepsis [1, 2]. The alka-
loids in Sophora flavescens exhibit obvious 
anti-cancer activity and are of great significance 
in tumor research [10]. Terpenoids, especially 
the extract of Salvia miltiorrhiza, can improve 
microcirculation and protect heart function, 
while the polysaccharide components in herbs 
such as Astragalus play a key role in immune 
regulation and can enhance the body’s anti-
infection ability [4, 5]. The synergistic effects of 
these active ingredients illustrate the holistic 
treatment philosophy of TCM. For instance, 
the combination of ginsenosides and glycyr-
rhizin enhances anti-inflammatory effects by 
inhibiting the NF-κB and MAPK signaling path-
ways. This multi-component synergistic strat-
egy exemplifies the comprehensive treatment 
characteristics of TCM [8, 9].

Pharmacological properties of TCM extracts

Herbal extracts have a wide range of pharma-
cological properties, including anti-inflammato-
ry and anti-oxidant effects, which support the 
widespread use of TCM in the treatment of 
various diseases. For example, turmeric extract 
attenuates inflammation by blocking key signal-
ing pathways such as NF-κB [2, 8]. In the treat-
ment of chronic diseases, TCM extracts have 
shown unique advantages, including improving 
diabetes and cardiovascular disorders by opti-
mizing metabolic pathways and enhancing insu-
lin sensitivity [9]. In particular, their significant 
immunomodulatory effects are of particular 
importance [5]. Astragalus extract, for instance, 
enhances the activity of macrophages and pro-
mote the secretion of cytokines, thus strength-
ening the body’s immune defense. Meanwhile, 
the hepatoprotective properties of Schisandrae 
chinensis extract provide new insights into the 
treatment of liver diseases and the prevention 
of liver injury. Collectively, these findings not 
only verify the application value of TCM but also 

provides a scientific basis for transforming 
ancient medical wisdom into modern medical 
practice.

Pathological mechanisms of sepsis-induced 
ALI

Sepsis is a life-threatening condition in which 
the host response to infection becomes dys-
regulated, leading to widespread inflammation 
and potential multi-organ failure. The syn-
drome develops through a cascade of immune 
responses that can culminate in ALI, character-
ized by pulmonary vascular leakage, lung effu-
sion, and dyspnea [1]. In the early stage of 
sepsis, immune cells such as neutrophils and 
macrophages are excessively activated and 
release pro-inflammatory cytokines, including 
TNF-α and IL-6, which cause endothelial injury, 
increased vascular permeability, and alveolar 
fluid accumulation [2]. Interestingly, the immune 
system may later shift toward immunosuppres-
sion, making the patient more susceptible to 
secondary infections, a challenging complica-
tion for physicians treating sepsis [11]. Current 
research is focused on understanding the deli-
cate balance between inflammatory and anti-
inflammatory processes, which may lead to bet-
ter treatment of sepsis and its dangerous con-
sequences, such as ALI.

Cellular pathomechanisms

Dysregulated neutrophil activation

In sepsis, the excessive activation of neutro-
phils is closely related to tissue damage. After 
stimulation, white blood cells are activated by 
NOX2 enzyme to release reactive oxygen spe-
cies, and then release matrix metalloprotein-
ase-9 and other harmful substances through 
particles. These substances destroy VE-cadherin, 
an important structural protein, and degrade 
collagen IV and laminin in the lung tissue barri-
er, leading to fluid leakage and hemorrhage in 
the air sacs. The problem is exacerbated when 
neutrophils shed their DNA and form sticky 
webs called neutrophil extracellular traps, 
which promote clotting and inflammation.

Macrophage phenotypic polarization

The progression of sepsis also involves a 
dynamic shift in macrophage behavior. Early 
stages (0-48 hours) are marked by pro-inflam-
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matory M1 macrophage dominance, driven by 
IFN-γ and LPS-TLR4 signaling, which leads to 
elevated expression of CD86 and excessive 
secretion of IL-1β, IL-6, and TNF-α, fueling the 
cytokine storm. Beyond 72 hours, a transition 
to reparative M2 macrophages occurs, stimu-
lated by IL-4/IL-13-induced STAT6 activation, 
resulting in increased CD206 and arginase-1 
expression. While this shift promotes TGF-β1-
mediated collagen deposition, excessive M2 
activity is linked to a 58% incidence of fibrop-
roliferative ARDS in survivors [11].

Molecular signaling networks

Hyperinflammatory signaling cascades

The molecular signaling networks involved in 
hyperinflammatory cascades demonstrate con-
vergent activation of canonical pathways. The 
NF-κB pathway is triggered through IKKβ-
mediated phosphorylation of IκBα at Ser32/36, 
enabling nuclear translocation of NF-κB p65 
and subsequent upregulation of over 200 proin-
flammatory genes, including IL6, TNF, and 
CXCL8 [12].

Simultaneously, NLRP3 inflammasome assem-
bly occurs via dual signals—LPS priming com-
bined with ATP/K+ efflux—leading to the forma-
tion of the NLRP3-ASC-pro-caspase-1 complex, 
which generates active IL-1β (17 kDa) and 
induces gasdermin D-mediated pyroptosis [12].

Redox imbalance and oxidative injury

In septic lungs, NOX4-derived superoxide (O2●-) 
production increases 2.7-fold, overwhelming 
endogenous antioxidants (43% reduction in 
SOD1 and 39% reduction in catalase). This 
redox imbalance result in:

● Oxidation of endothelial caveolin-1, disrupting 
tight junctions (72% reduction in occludin).

● Activation of MMP-2 via ERK1/2 signaling, 
leading to degradation of elastin fibers.

● Generation of lipid peroxidation products (3.9-
fold increase in MDA and 4.5-fold increase in 
4-HNE) that impair surfactant protein-B (SP-B) 
function.

Ferroptosis-driven fibrogenesis

In sepsis-induced ALI, GPX4 activity decreases 
by 61% due to glutathione depletion (GSH/

GSSG ratio 1.2 vs. 8.7 in controls), permitting 
iron-catalyzed phospholipid peroxidation (6.8-
fold increase in AA/DHA-PE-OOH). Concurrent 
hepcidin suppression elevates labile iron pool 
(LIP) concentrations (4.3 μM vs. 1.1 μM), which 
contributes to the following:

● Fenton reactions: Fe2+ + H2O2 → Fe3+ + ●OH + 
OH-, accelerating oxidative damage.

● Upregulation of TGF-β1/Smad3 signaling (3.1-
fold increase in p-Smad3), promoting α-SMA+ 
myofibroblast differentiation and collagen I 
deposition (↑82%).

Immune response in lung injury

The immune response is central to the develop-
ment of ALI, with the lungs being especially sus-
ceptible due to their direct exposure to patho-
gens and inflammatory mediators. Key events 
in this process include the activation of alveolar 
macrophages and the influx of neutrophils into 
lung tissue, both of which drive inflammation by 
releasing a flood of cytokines and chemokines 
that worsen lung injury through mechanisms 
like edema formation, disruption of the epi-
thelial barrier, and triggering lung cell death 
[12]. Additionally, neutrophil extracellular traps 
(NETs) contribute to tissue damage, further 
aggravating ALI [13]. Striking the right balance 
between inflammatory and anti-inflammatory 
signals is critical—while a controlled immune 
response helps fight infection, excessive inflam-
mation can cause significant tissue harm and 
impair lung function [14]. Emerging therapeu-
tic approaches that fine-tune the immune 
response, such as targeting specific cytokines 
or immune pathways, show potential in reduc-
ing sepsis-related ALI severity.

Role of inflammatory factors in ALI

Inflammatory factors, especially cytokines and 
chemokines, play a crucial role in the develop-
ment of sepsis-induced acute lung injury (ALI). 
During sepsis, excessive production of pro-
inflammatory cytokines like TNF-α, IL-1β, and 
IL-6 creates a harmful inflammatory environ-
ment that damages lung tissue [15]. These 
cytokines not only worsen inflammation but 
also attract and activate immune cells in the 
lungs, creating a vicious cycle of injury [16]. 
Another important player is the NLRP3 inflam-
masome, part of the body’s innate immune 
defense, which when activated releases IL-1β 
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and IL-18, further intensifying the inflammatory 
response [17]. Additionally, the overproduction 
of reactive oxygen species (ROS) leads to oxida-
tive stress, causing damage to blood vessels 
and air sacs in the lungs [18]. Potential treat-
ment approaches could involve targeting these 
inflammatory pathways, such as blocking the 
NLRP3 inflammasome or specific cytokine 
receptors, which might help prevent or treat 
sepsis-related lung injury [19]. The complex 
interactions between these inflammatory com-
ponents demonstrate how challenging sepsis 
can be and emphasize the importance of devel-
oping precise treatments that can effectively 
control the immune response to minimize lung 
damage (Figure 1).

Effects of TCM extracts on sepsis-induced ALI

Improvement in lung function

TCM extracts have demonstrated considerable 
therapeutic potential in the treatment of sep-
sis-induced ALI, which remains a major clinical 
challenge due to the high mortality of sepsis 
and its complications. TCM preparations, such 
as Xuebijing Injection, have shown significant 
improvement in lung function in sepsis mod-
els by reducing oxidative stress and regulating 
inflammatory responses. Animal experiments 

have confirmed that Xuebijing can effectively 
inhibit the excessive production of key pro-
inflammatory factors such as IL-1β and TNF-α, 
which are hallmarks of sepsis progression [5]. 
In addition, Salvia miltiorrhiza extract also 
shows promising therapeutic prospects, pro-
moting lung function recovery through a dual 
mechanism of action: inhibiting inflammatory 
responses and improving microcirculation [1]. 
Collectively, these findings indicate that TCM 
extracts not only alleviate clinical symptoms 
but also target the core pathological processes 
of sepsis-induced ALI, providing a multi-target, 
multi-pathway treatment strategy for clinical 
treatment.

Studies have shown that certain phytochemi-
cals in TCM, such as Hyperoside and Salirin, 
exhibit potent anti-inflammatory and antioxi-
dant effects that effectively protect the lung 
function in sepsis [6]. Hyperoside improves 
lung function in sepsis models by reducing lung 
tissue inflammation and oxidative stress, while 
Salirin exerts its effect by blocking the activa-
tion of key pro-inflammatory signaling path-
ways, such as NF-κB and MAPK, which play sig-
nificant roles in the septic inflammatory 
response [12]. These findings suggest that TCM 
extracts hold great promise in treating sepsis-
induced ALI, as they can enhance lung function 

Figure 1. Sepsis-induced acute lung injury. Upon TLR stimulation, downstream effectors such as Rap1 and NK-
associated molecules initiate signaling cascades that trigger NF-κB degradation, releasing the NF-κB complex.
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through multiple mechanisms in a synergistic 
manner (Table 1).

Anti-inflammation mechanisms

TCM extracts play a key role in mitigating 
inflammation during sepsis-induced ALI by 
regulating macrophage polarization. Studies 
have shown that these extracts promote mac-
rophage polarization from the pro-inflammato-
ry M1 to the anti-inflammatory M2 phenotype, 
which is important for suppressing excessive 
inflammation and facilitating tissue repair. 
For example, Dichondra repens extract inhib-
its NLRP3 inflammasome activation, thereby 
reducing the release of proinflammatory cyto-
kines while enhancing M2 macrophage respons-
es [3].

Xuebijing injection and other TCM extracts not 
only regulate macrophage function but also 
suppress the expression of key inflammatory 
mediators such as IL-6 and TNF-α by inhibiting 
the NF-κB signaling pathway, a main regulator 
of inflammation [5]. In addition, active compo-
nents of TCM, including curcumin and echino-
side, effectively reduce oxidative stress and 
pulmonary inflammation by scavenging ROS 
and enhancing antioxidant enzyme activity, 
thereby exerting robust anti-inflammatory 
effects. These multifaceted synergistic effects 
fully demonstrate the efficacy of TCM extracts 
in combating the inflammatory process of ALI 
[20].

TCM also contributes to immune homeostasis. 
Studies have shown that TCM extracts improve 
host immune status by enhancing immune cell 
function, promoting balanced immune response, 
preventing excessive inflammation, and assist-
ing pathogen clearance. Specifically, their abili-
ty to modulate T cell responses is particularly 
critical for ameliorating the immune impair-
ment commonly seen in sepsis patients [21]. 
Collectively, these findings not only validate the 
clinical value of TCM in alleviating symptoms of 
ALI but also reveal its therapeutic potential in 

regulating the underlying inflammatory and 
immune mechanisms driving lung injury.

Inhibition of apoptosis

TCM extracts not only have significant anti-
inflammatory effects but also effectively inhibit 
the apoptotic process in sepsis-induced ALI. 
Apoptosis of lung epithelial cells is a critical 
event in the pathogenesis of ALI. By regulating 
apoptotic signaling pathways, TCM extracts can 
significantly alleviate this pathological process, 
thereby preserving lung function during sepsis. 
Various active ingredients of TCM exert protec-
tive effects through different mechanisms, pro-
viding new therapeutic possibilities.

For example, turmeric extract inhibits lung cell 
apoptosis by regulating key apoptotic proteins 
such as Bax and Bcl-2, which are essential for 
maintaining cell viability and function in sep-
sis-related inflammation [22]. In addition, TCM 
extracts enhance the expression of anti-apop-
totic proteins while reducing pro-apoptotic fac-
tors, thereby promoting cell survival. These find-
ings suggest that TCM may alleviate sepsis-
induced lung injury by regulating apoptosis [23].

Beyond apoptosis, TCM extracts also influence 
other survival pathways such as autophagy. 
Autophagy can remove damaged organelles 
and proteins, thereby enhancing cellular resil-
ience under stress. Studies have shown that 
active components of TCM extracts such as 
emodin can effectively induce autophagy in 
lung cells, thereby inhibiting apoptosis and 
improving lung function during sepsis [24]. In 
addition, the extract could also regulate 
immune response by promoting macrophage 
polarization from the pro-inflammatory M1 to 
the anti-inflammatory M2 phenotype and by 
inhibiting NLRP3 inflammasome activation [3, 
5]. Astragalus membranaceus extract, for 
example, shows a unique dual regulatory func-
tion: it can moderately enhance the inflamma-
tory response to fight infection in the early 
stage of sepsis, and inhibit excessive inflamma-

Table 1. Key TCM extracts and their mechanisms in sepsis-induced ALI

TCM Extract Active Compound Mechanism Synergistic Partners
Scutellaria baicalensis Baicalin Inhibition of NF-κB, antioxidant Glycyrrhizin
Salvia miltiorrhiza Tanshinones Anti-apoptotic, improves  

microcirculation
Astragalus polysaccharides

Astragalus membranaceus Astragalosides Immunomodulation, M2  
macrophage polarization

Ginsenosides
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These findings not only confirm the value of hes-
peridin in TCM but also highlight its potential as 
a modern therapeutic drug.

Astragalus extracts

Astragalus membranaceus, a core herb in TCM, 
has attracted much attention due to its signifi-
cant immune-enhancing and anti-inflammatory 
effects, which are mainly derived from the 
active ingredients such as astragaloside IV. A 
large number of clinical studies have shown that 
Astragalus not only enhances host immune func-
tion but also improves treatment outcomes in a 
variety of chronic diseases and infections. 
Specifically, Astragalus activates macrophages, 
enhances their ability to phagocytize patho-
gens, and promote the release of key cytokines, 
which are essential for maintaining immune 
system homeostasis [2]. In the treatment of 
sepsis, Astragalus extract significantly reduces 
patient mortality and organ damage by inhib-
iting excessive inflammatory response and 
improving microcirculatory blood flow [1]. When 
used in combination with conventional treat-
ment, Astragalus has also shown adjunctive 
benefits in chronic obstructive pulmonary dis-
ease (COPD) and heart failure. A meta-analysis 
of 15 clinical trials involving 1200 participants 
reported a 28% reduction in sepsis-related mor-
tality with Astragalus treatment [1]. Current 
evidence suggests that the therapeutic effects 
of Astragalus membranaceus are mainly attrib-
uted to its regulation of key inflammatory and 
immune signaling pathways, such as NF-κB 
and MAPK. With the deepening of research, 
as a safe and effective immunomodulator, 
Astragalus has shown increasingly broad appli-
cation prospects in the adjuvant treatment of 
immune-related diseases.

Salvia miltiorrhiza

Salvia miltiorrhiza has been traditionally used 
for centuries, especially in the treatment of car-
diovascular diseases and improvement of blood 
circulation. Its core active ingredients, tanshi-
none and salvianolic acid, exhibit multiple phar-
macological effects, including anti-inflammato-
ry, antioxidant, and cardioprotective functions. 
Recent studies have confirmed that Salvia milt-
iorrhiza effectively regulates oxidative stress 
and inflammatory response, significantly atten-
uates myocardial ischemia-reperfusion injury 
and improves cardiac function [27]. Clinical 

tory response to prevent tissue damage in the 
later stage. This dynamic regulatory mechanism 
explains the contradictory reports on the pro-
versus anti-inflammatory effects of TCM in pre-
vious studies. This multi-targeted protective 
effect of TCM is particularly important because 
uncontrolled cellular stress and inflammatory 
responses in sepsis lead to widespread cell 
death.

TCM extracts can inhibit ALI by targeting the 
apoptotic pathway and promoting cell survival, 
which has broad therapeutic prospects. They 
not only preserve lung function in sepsis 
patients but also improve clinical prognosis. 
Owing to their multi-targeted mechanism of 
action, TCM extracts represent a promising 
complementary therapy in the management of 
sepsis and its complications.

Research progress on clinical application of 
classic TCM extracts

Hesperidin

Hesperidin, a flavonoid widely present in citrus 
fruits, has attracted much attention due to its 
significant anti-inflammatory, antioxidant, and 
cardiovascular protective effects. Recent stud-
ies have demonstrated its beneficial effects in 
ameliorating metabolic disorders and cardio-
vascular diseases. These therapeutic effects 
are mainly achieved by regulating inflammatory 
and oxidative stress-related signaling pathways, 
such as activation of the Nrf2 pathway, which 
induces antioxidant enzymes, thereby reducing 
cell oxidative damage [25]. In terms of cardio-
vascular protection, hesperidin improves endo-
thelial function and lowers blood pressure [21]. 
Clinical studies have also found that hesperidin 
can reduce peak postprandial blood glucose by 
inhibiting α-glucosidase activity, a finding of 
particular relevance for diabetes management. 
In addition, hesperidin exerts significant anti-
inflammatory effects by inhibiting pro-inflamma-
tory cytokine production, shows promise in the 
treatment of chronic inflammatory diseases 
such as arthritis and metabolic syndrome [26]. 
However, current evidence remains limited by 
small sample size and short observation period, 
highlighting the need for more in-depth explora-
tion [1]. It is important to note that studies on 
the pharmacokinetics of hesperidin, especially 
bioavailability and metabolic pathways, are 
essential to optimize its clinical application [21]. 
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practice has shown that its combination with 
conventional therapy yields significant benefits 
in patients with coronary heart disease, provid-
ing strong evidence on its role as an adjuvant 
treatment [28]. Mechanistically, Salvia miltior-
rhiza exerts its therapeutic effects mainly by 
regulating key signaling pathways such as 
PI3K/Akt and MAPK, manifested by inhibition of 
platelet aggregation, regulation of lipid metabo-
lism, and improvement of vascular function  
[29]. Notably, beyond cardiovascular disorders, 
Salvia miltiorrhiza has also shown therapeutic 
potential in liver fibrosis and diabetes, highlight-
ing its broad medicinal prospects [30]. With fur-
ther study of its active ingredients and mecha-
nism of action, the clinical application value of 
Salvia miltiorrhiza are expected to expand fur-
ther, thereby consolidating its important posi-
tion in traditional and modern medicine.

Multi-omics approaches to decipher TCM’s 
polypharmacology

Proteomics

In recent years, the development of multi-omics 
approaches has significantly enhanced our 
understanding of the multiple pharmacological 
mechanisms of TCM in the treatment of sep-
sis-induced acute lung injury (ALI). Proteomics 
studies have shown that Chinese herbal 
extracts can effectively regulate the expres-
sion of key inflammatory proteins. For exam-
ple, Scutellaria baicalensis plays a role by 
down-regulating high-mobility group box 1 
(HMGB1), an important inflammatory mediator 
[25]. Meanwhile, Xuebijing injection can inhibit 
the activation of NF-κB signaling pathway by 
regulating the expression levels of TLR4 and 
MyD88 [5].

Metabolomics

Metabolomic studies reveal TCM-induced meta-
bolic reprogramming, including salvianolic acid 
A restoring tricarboxylic acid cycle intermedi-
ates to improve mitochondrial function and 
Astragalus extracts enhancing glycolytic flux 
and ATP production in immune cells to bolster 
host defense [2]. 

Network pharmacology

Network pharmacology approaches systemati-
cally map compound-target-disease interac-

tions, showing how baicalein simultaneously 
targets multiple nodes in NF-κB and MAPK 
pathways for synergistic effects, and how com-
bination therapies like Salvia miltiorrhiza with 
antibiotics achieve enhanced efficacy through 
pathway modulation [4, 28]. 

Targets of TCM extracts

Single receptor targeting 

Toll-like receptor 4 (TLR4)

Baicalein, a bioactive flavonoid derived from 
Scutellaria baicalensis, directly antagonizes 
TLR4 by competitively binding its extracellular 
domain. This interaction disrupts the forma-
tion of the TLR4-MyD88 signaling complex, 
thereby suppressing downstream proinflam-
matory cytokine production (e.g., TNF-α, IL-6) 
in LPS-induced models.

Nuclear factor erythroid 2-related factor 2 
(Nrf2)

Astragaloside IV, a saponin isolated from 
Astragalus membranaceus, enhances cellular 
antioxidant defenses by promoting Nrf2 nucle-
ar translocation. Mechanistically, it inhibits 
Keap1-mediated ubiquitination of Nrf2, leading 
to transcriptional activation of phase II detoxify-
ing enzymes (e.g., HO-1, NQO1) and glutathione 
synthesis in oxidative stress models [13].

Post-translational modifications

Ubiquitination pathways

Tanshinone IIA, a diterpene quinone from 
Salvia miltiorrhiza, selectively induces ubiqui-
tin-dependent degradation of Keap1 through 
E3 ligase activation. This stabilizes Nrf2 and 
amplifies its cytoprotective activity, as evi-
denced by reduced oxidative damage in isch-
emia-reperfusion injury models [27].

Phosphorylation cascades

Hyperoside, a flavonol glycoside found in 
Hypericum perforatum, exerts anti-inflamma-
tory effects by inhibiting phosphorylation of 
MAPK family members (p38, JNK, ERK1/2). 
This suppression downregulates COX-2 and 
inducible nitric oxide synthase (iNOS) expres-
sion, attenuating prostaglandin E2 (PGE2) and 
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nitric oxide (NO) overproduction in macrophage 
models [6].

Enzyme inhibition mechanisms

Cyclooxygenase-2 (COX-2)

Glycyrrhizin, a triterpenoid from Glycyrrhiza gla-
bra, demonstrates non-competitive inhibition of 
COX-2 enzymatic activity, leading to a reduction 
in PGE2 synthesis by 58-72% in vitro (IC50: 
12.3 μM), which is comparable to selective 
COX-2 inhibitors, without affecting constitutive 
COX-1 expression [8].

Xanthine oxidase (XO)

Berberine, an isoquinoline alkaloid from Coptis 
chinensis, suppresses ROS generation by 
directly binding to molybdenum-pterin center of 
xanthine oxidase (Kd: 8.4 nM). This interaction 
reduces uric acid production by 41% in hyperuri-
cemic models, outperforming allopurinol by tar-
geting both ROS and purine metabolism [10].

Comparative efficacy: TCM extracts vs. con-
ventional therapies

Antimicrobial synergy

Clinical trials reveal that Xuebijing injection 
combined with imipenem significantly reduced 
28-day mortality in sepsis patients (OR: 0.62, 
95% CI: 0.41-0.93; *p*=0.021) compared to 
antibiotic monotherapy, likely through TLR4/
NF-κB pathway modulation [5]. Preclinically, 
Andrographis paniculata extracts enhanced 
ciprofloxacin’s bactericidal activity against 
Pseudomonas aeruginosa by 8-fold via efflux 
pump inhibition [30].

Anti-inflammatory profiles

Salvia miltiorrhiza extracts demonstrated com-
parable IL-6 and TNF-α suppression to dexa-
methasone (45.2% vs. 48.7% reduction, respec-
tively) in rheumatoid arthritis models, without 
inducing glucocorticoid-induced lymphocyte 
apoptosis [28]. Furthermore, synergistic effects 
were observed when Scutellaria baicalensis 
was co-administered with low-dose cortico-
steroids, improving forced expiratory volume 
(FEV1) by 22% in pulmonary fibrosis models [4].

Limitations

Despite the pharmacological promise, 83% of 
comparative studies remain preclinical (rodent/
cell-based), with only 17% progressing to Phase 
II/III human trials. Critical challenges include:

1. Standardization: Batch-to-batch variability in 
multi-component TCM formulations (e.g., Salvia 
miltiorrhiza, which contains over 50 active com-
pounds) complicates dose-response analysis.

2. Pharmacokinetics: Limited data on herb-drug 
interactions, particularly for cytochrome P450 
substrates.

3. Evidence quality: Only 12% of reviewed stud-
ies met CONSORT guidelines for randomized 
controlled trials.

Rigorous quantification of bioactive constitu-
ents (e.g., HPLC-MS fingerprinting) and multi-
center dose-optimization studies are urgently 
needed to bridge translational gaps.

Future research directions and challenges

In-depth study of mechanisms of action

The study of TCM mechanisms in treating sep-
sis and related conditions holds significant 
promise for future research, as sepsis—a com-
plex syndrome characterized by an imbalanced 
immune response to infection—often results in 
organ failure and high mortality rates. TCM 
plays a role in anti-sepsis through a variety of 
ways, including anti-inflammation, reducing oxi-
dative stress and regulating immune function. 
Recent studies have shown that it is of great 
significance to explore the molecular mecha-
nisms of TCM. In particular, TCM affects the 
immune response by regulating macrophage 
activity and controlling cytokine release, which 
play a key role in the development of sepsis. 
Modern research methods such as network 
pharmacology help to identify the active compo-
nents of TCM and their potential targets for the 
treatment of sepsis. Elucidating these mecha-
nisms can not only deepen the understanding 
of TCM but also provide the possibility for the 
combination of TCM and traditional therapies, 
so as to develop more effective treatment strat-
egies for sepsis and its complications [2].
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Combined application of herbal extracts

Investigating how different TCM extracts inter-
act is a key area for future research, as combin-
ing multiple TCM herbs is a long-standing TCM 
practice aimed at balancing therapeutic bene-
fits while minimizing side effects. Recent stud-
ies have shown that certain combinations of 
TCM extracts can enhance efficacy and reduce 
toxicity, especially in the treatment of sepsis. 
For example, herbal mixtures ameliorate sepsis 
by enhancing immune response and reducing 
inflammation [3]. Xuebijing injection combined 
with antibiotics has shown good efficacy in the 
treatment of sepsis-related organ dysfunction 
[5]. Future research should systematically eval-
uate the combination of TCM extracts through 
well-designed clinical trials to determine the 
most effective and safe combination regimen. 
This approach will contribute to the standardiza-
tion of TCM therapy and provide reliable treat-
ment options for patients with sepsis.

Clinical translation 

The transformation of TCM from experimental 
research to clinical application encounters 
many challenges, especially in the field of sep-
sis treatment. Although previous experimental 
studies have shown the potential efficacy of 
TCM extracts, there is a lack of reliable clinical 
trial data to validate these findings. At present, 
the main problem restricting the development 
of TCM is the lack of standardized research pro-
tocols and quality control standards, which also 
directly affects the recognition of TCM in the 
modern medical system. At the same time, the 
differences in composition caused by factors 
such as the source of medicinal materials and 
processing technology make it difficult to estab-
lish a unified treatment standard [21]. Based on 
these problems, the follow-up research needs 
to focus on the construction of clinical trial pro-
tocols in line with modern scientific research 
standards, including the establishment of scien-
tific and reasonable efficacy evaluation indica-
tors, the setting of standardized control groups, 
and long-term follow-up observation, so as to 
systematically evaluate the safety and clinical 
value of TCM in the treatment of sepsis [31]. By 
translating laboratory results into clinical prac-
tice, TCM is expected to become an important 
part of the comprehensive treatment of sep-
sis, providing more treatment options for 
severe patients and ultimately improving clini-
cal prognosis.

Conclusion

Chinese herbal extracts have shown great 
potential in the treatment of ALI caused by 
sepsis through multiple mechanisms such as 
reducing inflammatory responses, regulating 
oxidative stress, and promoting cell repair. This 
holistic treatment approach contrasts sharply 
with the traditional drug treatment methods 
that target a single pathway. However, due to 
the fact that its mechanism of action has not 
been fully elucidated, the integration of TCM 
with modern clinical research standards faces 
many problems. Although current research has 
made certain progress, further studies are still 
needed to narrow the gap between the applica-
tion of TCM and the acceptance of modern 
medicine. Some experts point out that advanced 
technologies such as high-throughput screen-
ing, molecular docking and systems biology 
should be utilized for strict scientific verifica-
tion. Meanwhile, standardizing the extraction 
process and establishing a complete quality 
control system are of decisive significance for 
ensuring the clinical consistency, safety and 
efficacy of TCM products.

TCM extracts have shown significant potential 
in the treatment of acute lung injury (ALI) caused 
by sepsis, which plays a role through multiple 
mechanisms such as anti-inflammation, regu-
lating oxidative stress and promoting cell repair, 
reflecting the advantages of holistic treatment 
of TCM. Compared with traditional targeted 
drugs, the treatment strategy of TCM is more 
comprehensive, but it still faces challenges 
such as insufficient mechanism research and 
difficulties in integrating with modern clinical 
research standards. Although the current find-
ings are encouraging, more extensive confirma-
tory studies are needed, including in-depth 
exploration of molecular pathways of action, 
well-designed clinical trials to assess efficacy 
and safety, and interdisciplinary collabora-
tion. Systematically solving these problems is 
expected to establish a more perfect integrated 
treatment model, combining the wisdom of TCM 
with modern scientific verification. Although 
continued efforts are needed to establish TCM 
as a clinically validated treatment for ALI, 
accumulating evidence suggests that TCM 
may provide a valuable complementary treat-
ment option for the field and improve patient 
outcomes.
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Highlights

Introduction

Perioperative management is central to mod-
ern surgical practice, aiming to optimize the 
patient’s overall experience and recovery before, 

during, and after surgery. Within this continuous 
process, effective pain management is a cru-
cial component for ensuring patient comfort, 
accelerating postoperative recovery, and reduc-
ing complications. By precisely controlling post-

Address correspondence to: Haipo Cui, School of Health Science and Engineering, University of 
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● Deep learning-powered nerve block segmentation significantly contributes to optimized perioperative pain man-
agement by enhancing the precision and safety of regional anesthesia.

● Advanced architectures, particularly U-Net variants, dominate peripheral nerve block segmentation, offering 
high precision and adaptability to medical imaging challenges.

● Deep learning enhances clinical workflows by improving segmentation accuracy and efficiency in upper and lower 
limb nerve blocks, thereby supporting procedural success.

● Future efforts will focus on improving model robustness and generalizability to address limitations such as data 
variability and limited adaptability, facilitating broader clinical adoption.

Abstract

Effective pain management is a cornerstone of optimal perioperative care, significantly impacting patient recovery 
and outcomes. Regional anesthesia, particularly peripheral nerve blocks, plays a crucial role in achieving this by 
providing targeted analgesia. While ultrasound guidance has enhanced the precision of these procedures, chal-
lenges persist in accurately identifying nerve structures due to inherent image quality issues. Addressing these 
challenges is critical for improving the efficacy and safety of nerve blocks. Recent years have witnessed significant 
advances in medical image processing powered by deep learning, particularly in the segmentation of peripheral 
nerve blocks. This review summarizes current research progress and emerging techniques in this domain. We first 
introduce commonly used segmentation models, including Fully Convolutional Networks, U-Net and its variants, 
and task-specific network architectures. We then examine the application of deep learning to the segmentation of 
upper and lower limb nerve blocks, highlighting improvements in accuracy and efficiency. Current limitations-such 
as challenges with data heterogeneity and model generalization-are critically analyzed, and future directions are 
proposed to enhance model robustness and clinical scalability. Ultimately, this paper underscores the potential 
of deep learning to revolutionize peripheral nerve block localization through automated and reliable image seg-
mentation.

Keywords: Deep learning, medical image processing, nerve block, perioperative medical applications
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operative pain, patients can ambulate earlier, 
reduce hospital stays, and significantly improve 
their quality of life. To achieve this goal, region-
al anesthesia techniques, particularly nerve 
blocks, have become an essential part of peri-
operative pain management.

Nerve block procedures involve the precise 
injection of anesthetic agents around target 
nerves to interrupt neural conduction, providing 
local anesthesia or analgesia. These tech-
niques are fundamental in clinical anesthesia 
and pain management [1]. Ultrasound guidance 
has become the standard approach for per-
forming nerve blocks, offering significant advan-
tages such as real-time visualization of nerves 
and surrounding structures. This facilitates 
more accurate needle placement and markedly 
improves procedural success rates and safety 
compared to traditional landmark-based meth-
ods [2]. However, ultrasound imaging is inher-
ently challenged by issues such as noise, arti-
facts, speckle patterns, and often indistinct or 
blurred nerve boundaries, making accurate 
interpretation difficult [3]. These limitations 
highlight the need for advanced auxiliary tech-
nologies to assist clinicians in reliably identify-
ing nerve structures.

Computer-aided analysis, particularly medical 
image segmentation, plays a pivotal role in the 
quantitative assessment of images from vari-
ous modalities [4, 5]. Early segmentation 
approaches primarily relied on traditional 
image processing techniques, including edge-
based, region-based, and threshold-based meth-
ods [6-8]. While these methods achieved limit-
ed success, their performance is significantly 
constrained by the variability and quality limita-
tions inherent in medical imaging, often proving 
inadequate for achieving reliable segmentation 
in real-world clinical settings [9].

The rapid advancement of computer vision 
and machine learning—especially the rise of 
deep learning (DL)—has revolutionized medical 
image segmentation [10]. Convolutional Neural 
Networks (CNNs), in particular, have demon-
strated outstanding performance in segmenta-
tion tasks and now represent the predominant 
methodology in this field. Compared to tradi-
tional approaches, CNNs offer distinct advan-
tages such as automatic hierarchical feature 
extraction, robustness to image variability, and 
high segmentation accuracy [11]. For example, 

Wu et al. developed a CNNs model that suc-
cessfully segmented the brachial plexus in 
ultrasound images captured at oblique angles 
[12]. The model achieved a mean Dice coeffi-
cient of 0.748 and a mean Jaccard index of 
0.630, demonstrating superior resilience to 
noise and blurred boundaries compared to 
conventional methods, and showing effective 
nerve delineation at the interscalene level.

These strengths have led to the widespread 
adoption of DL in medical image analysis, sig-
nificantly advancing computer-aided diagnosis 
and intervention planning—particularly for the 
complex task of interpreting ultrasound imag-
es. Applying these advanced segmentation 
techniques to ultrasound-guided peripheral 
nerve blocks holds significant clinical promise: 
enhancing block success rates and safety, 
reducing complications, and improving patient 
comfort.

This review provides a comprehensive over-
view of DL-based image segmentation tech-
niques and their specific applications in identi-
fying peripheral nerves in ultrasound images 
for nerve block procedures. The article is orga-
nized as follows: First, we introduce main-
stream DL segmentation methods relevant to 
this field. Next, we discuss their application 
and performance in ultrasound-guided periph-
eral nerve blocks. Finally, we analyze current 
advantages and limitations and explore future 
directions, including the potential for clinical 
integration of ultrasound-assisted nerve iden-
tification technologies.

Image segmentation techniques

Fully convolutional networks (FCNs)

FCNs represent a pivotal advancement in DL, 
primarily applied to semantic image segmenta-
tion. First introduced by Long et al. in 2015, 
FCNs addressed the limitations of traditional 
CNNs in segmentation tasks by proposing a 
new approach for pixel-level classification [13]. 
Traditional CNNs typically employ fully con-
nected layers at their final stages to produce 
fixed-size outputs, which are insufficient for 
segmentation tasks requiring detailed spatial 
localization.

FCNs overcome this limitation by replacing 
fully connected layers with convolutional and 
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upsampling layers, enabling dense, pixel-wise 
predictions while preserving spatial hierar-
chies. By integrating multi-scale feature repre-
sentations, FCNs achieve fine-grained segmen-
tation performance across various domains. 
The fundamental architecture of an FCNs is 
illustrated in Figure 1.

To tackle the challenges of low accuracy and 
long processing times in medical ultrasound 
segmentation, a team of researchers proposed 
a multi-scale dilated convolution approach 
based on an improved FCNs [7]. Their method 
employed image preprocessing to enhance 
input quality, constructed four dilated convolu-
tional layers with different dilation rates to fuse 
contextual information across scales, and uti-
lized Laplacian-based post-processing to refine 
segmentation boundaries. Experiments showed 
substantial improvement in segmentation accu-
racy on breast ultrasound datasets, particularly 
in fuzzy and structurally complex regions.

Huang et al. introduced an FCNs architecture 
augmented with attention modules to enhance 
semantic segmentation performance [14]. By 
integrating skip-layer and post-processing atten-
tion mechanisms, the model strengthened fea-
ture dependencies and improved adaptability 
to complex backgrounds. Their model achieved 
state-of-the-art performance on several public 
datasets.

Miao et al. developed an FCNs variant using 
dilated convolutions to expand the receptive 
field of convolutional kernels, thereby enhanc-
ing the network’s ability to capture fine neural 
structures [15]. This model demonstrated supe-
rior performance in segmenting peripheral 
nerve block images, notably improving both 
segmentation accuracy and contrast.

FCNs have been widely applied in nerve block 
image segmentation, enabling precise nerve 
localization, real-time guidance, automation, 
and improved procedural efficiency. Their clini-
cal utility lies in reducing physician workload 
and enhancing surgical outcomes [16]. However, 
FCNs are computationally demanding, especial-
ly when handling high-resolution medical imag-
es. They also tend to struggle with capturing 
extremely fine structures due to resolution limi-
tations [17].

U-Net architecture and its variants

U-Net is a DL architecture specifically designed 
for image segmentation and has shown excep-
tional performance in medical image analysis. 
Introduced by Ronneberger et al. in 2015, U-Net 
was developed to address the limitations of tra-
ditional segmentation techniques, especially in 
applications with small training Datasets [18].

The U-Net architecture features a symmetric 
U-shaped design composed of two main paths: 

Figure 1. The Fundamental Architecture of FCNs. This figure was cited from [13]. FCNs, Fully Convolutional Net-
works.
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a contracting (encoder) path and an expansive 
(decoder) path. The encoder path captures 
contextual information through convolution and 
pooling layers that reduce spatial resolution, 
while the decoder path restores spatial dimen-
sions using upsampling layers. A distinctive 
characteristic of U-Net is the use of skip con-
nections, which link corresponding layers in the 
encoder and decoder paths. These connections 
preserve high-resolution features, helping to 
maintain detailed boundaries during recon-
struction [19].

Given the limited availability of medical imaging 
data—often constrained by privacy regulations 
and high acquisition costs-U-Net training typi-
cally involves data augmentation techniques 
such as rotation, scaling, and flipping. These 
strategies enhance dataset diversity, improve 
generalization, and promote the learning of 
robust feature representations [20]. The funda-
mental architecture of U-Net is shown in Figure 
2.

In medical image processing, U-Net has demon-
strated remarkable accuracy, supporting tasks 
such as early diagnosis, lesion monitoring, and 
treatment planning. Numerous U-Net variants 

have since been proposed to further improve 
segmentation performance. These variants 
generally fall into three categories:

Dimension-based variants

This category adapts the U-Net architecture to 
the dimensional characteristics of specific med-
ical data.

3D U-Netis an extension of the classic U-Net, 
optimized for volumetric data [21]. It retains the 
symmetric encoder-decoder structure and skip 
connections but employs 3D convolutions to 
directly process three-dimensional inputs. 
Compared to its 2D counterpart, 3D U-Net 
more effectively captures spatial dependencies 
across multiple slices, resulting in improved 
segmentation accuracy for volumetric images.

V-Net, proposed by Milletari et al. in 2016, is 
another influential architecture tailored for 3D 
medical image segmentation, particularly under 
conditions of limited annotated data [22]. While 
structurally similar to U-Net, V-Net introduces 
several key innovations, most notably the Dice 
loss function, which effectively addresses class 
imbalance problems common in medical datas-

Figure 2. The Fundamental Architecture of U-Net. This figure was cited from [18].
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ets. The fundamental architecture of V-Net is 
shown in Figure 3.

Both 3D U-Net and V-Net represent important 
evolutions of the U-Net framework, offering 
powerful solutions for volumetric segmentation. 
These models have significantly advanced the 
field by enabling more accurate and efficient 
processing of complex three-dimensional medi-
cal images.

Structural optimization-based variants

This category improves segmentation perfor-
mance by optimizing the internal architecture 
of the network. Techniques include the integra-
tion of residual connections, dense connectivi-
ty, and refined upsampling/downsampling strat-
egies. A comparison of these architectural vari-
ants is presented in Table 1.

Residual U-Net, introduced by Zhang et al. in 
2018, is inspired by ResNet, which was origi-
nally designed to address the vanishing gradi-
ent problem in deep neural networks [23, 24]. 
By integrating residual connections into the 
U-Net architecture, this variant enables deeper 

network structures while preserving input infor-
mation. Specifically, residual blocks add input 
features directly to the output of convolution 
operations, mitigating information loss during 
training. This mechanism enhances both seg-
mentation accuracy and computational effi-
ciency, particularly in tasks requiring precise 
delineation of tissues, organs, and lesions.

Dense U-Net represents a more advanced evo-
lution of the traditional U-Net, inspired by 
DenseNet [25]. It incorporates dense connec-
tivity, where each layer receives inputs from all 
preceding layers, promoting gradient flow and 
improving feature propagation. Dense blocks 
within the encoder and decoder facilitate multi-
scale feature reuse, reducing the number of 
parameters while enhancing representational 
power [26]. The architecture of Dense U-Net is 
shown in Figure 4.

U-Net++, proposed by Zhou et al. in 2018, fur-
ther refines U-Net by introducing nested dense 
skip connections [27]. These connections form 
a series of subnetworks that allow deep super-
vision and multi-scale feature fusion. Each sub-
network connects to adjacent and all preceding 

Figure 3. The Fundamental Architecture of the V-Net. This figure was cited from [22].
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Table 1. Comparison of residual U-Net, dense U-Net, and nested U-Net

Methods Basic Structure Number of 
Parameters

Typical Clinical Scenario

Residual U-Net U-Net + Residual Connections High General medical image segmentation
Dense U-Net U-Net + Dense Connections High Segmentation tasks requiring rich feature reuse
Nested U-Net U-Net + NestedSkip Connections Low Precise segmentation

encoder-decoder architecture [29]. These gates 
learn to highlight salient spatial regions during 
feature fusion, directing the network’s focus 
toward informative areas while suppressing 
background noise. This mechanism improves 
segmentation performance in complex sce-
narios where target boundaries are unclear or 
embedded in heterogeneous backgrounds. The 
attention-enhanced architecture substantially 
increases model precision and efficiency across 
a range of medical imaging tasks. 

Network architectures based on specialized 
designs

While U-Net has demonstrated exceptional 
performance in medical image segmentation, 
researchers have developed specialized archi-

layers, improving the model’s ability to capture 
structural details at various scales and reducing 
overfitting. U-Net++ is particularly effective in 
segmenting images with irregular morphologies 
and complex backgrounds, such as tumor delin-
eation tasks [28]. A comparative analysis of 
Residual U-Net, Dense U-Net, and U-Net++ is 
summarized in Table 1.

Variants based on enhanced feature selection

This class of variants incorporates attention 
mechanisms to improve feature selection, allow-
ing the network to focus on critical regions and 
ignore irrelevant information, thereby enhanc-
ing segmentation accuracy.

Attention U-Net, proposed by Oktay et al. in 
2018, introduces attention gates into the 

Figure 4. The Fundamental Architecture of Dense U-Net.
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tectures to address its limitations in specific 
scenarios [30]. Compared with U-Net, these 
architectures offer improved generalization, 
robustness to limited data, enhanced struc-
tural feature extraction, and better integration of 
multimodal data—advantages particularly bene-
ficial in ultrasound-guided regional anesthesia.

Architectures based on generative adversarial 
networks (GANs)

GANs consist of two components: a generator, 
which synthesizes data resembling the real dis-
tribution, and a discriminator, which distinguish-
es between real and generated samples. This 
adversarial training paradigm enables the gen-
eration of high-fidelity synthetic data or pseudo-
labels, making GANs valuable in settings with 
scarce labeled data or high annotation costs.

Zhai et al. proposed an asymmetric semi-super-
vised GANs featuring two generators and one 
discriminator [31]. The two generators super-
vise each other, producing reliable segmenta-
tion masks even without labeled data, thereby 
enhancing model performance through the 
effective use of unlabeled samples. The meth-
od was evaluated on three public breast ultra-
sound datasets (DBUI, OASBUI, SPDBUI) and 
one additional dataset (SDBUI), demonstrating 
superior performance over fully and semi-
supervised approaches under limited annota-
tion conditions.

Architectures based on graph convolutional 
networks (GCNs)

GCNs extend convolution operations to non-
Euclidean graph structures [32]. By leveraging 
neighborhood connectivity, GCNs update node 
features through information aggregation from 
neighboring nodes, effectively modeling com-
plex spatial and semantic relationships. This 
capability enables GCNs to capture both local 
and global contextual information, which is par-
ticularly useful in processing images with irregu-
lar or non-grid structures [33].

In the context of neural blockade procedures, 
GCNs enhance the localization of nerve struc-
tures by modeling spatial dependencies, improv-
ing segmentation accuracy. The fundamental 
architecture of a GCNs is shown in Figure 5.

Ye et al. proposed a system that integrates 
segmentation and classification for breast can-
cer region of interest (ROI) images [34]. It com-
prises a segmentation module and a GCNs-
based classification module. The segmentation 
module produces masks for image patches, 
which are merged to form the full ROI mask. The 
GCNs module constructs a graph using these 
patches, learning spatial and semantic relation-
ships for classification. Extensive experiments 
confirmed the system’s effectiveness and supe-
rior performance in breast cancer detection 
tasks. 

Figure 5. The Fundamental Architecture of GCN. GCN, graph convolutional network.
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Multimodal-based architecture

Multimodal medical image segmentation 
involves the integration of multiple imaging 
modalities to enhance anatomical and patho-
logical interpretation, thereby improving seg-
mentation accuracy [35]. Each modality offers 
unique strengths-CT provides high-resolution 
bone structure imaging, while MRI yields supe-
rior soft tissue contrast. By fusing such com-
plementary information, multimodal approach-
es can overcome challenges such as low con-
trast, noise, and blurred boundaries, delivering 
more robust and reliable segmentation results 
[36].

One representative study proposed a multi-
modal segmentation network using the BraTS 
dataset to delineate brain tumors into three dis-
tinct regions: the whole tumor, the tumor core, 
and the enhancing tumor core [37]. The network 
accepts four MRI modalities (T1, T1c, T2, and 
FLAIR) as multi-channel input to construct a 
unified feature representation. Following the 
hierarchical anatomical structure of brain 
tumors, the network decomposes the complex 
multi-class segmentation task into sequential 
sub-tasks: segmenting the entire tumor, then 
the tumor core within the bounding box of the 
whole tumor, and finally the enhancing tumor 
core. Experimental results demonstrate signifi-
cant improvements in segmentation accuracy.

By leveraging the complementary characteris-
tics of diverse imaging modalities, this multi-
modal segmentation strategy improves the pre-
cision of complex pathological region delinea-
tion. It has shown notable success in applica-
tions involving brain tumors, liver tumors, and 
cardiac structures, offering valuable support 
for clinical decision-making and treatment plan-
ning. A comparison of GANs-, GCNs-, and mul-
timodal-based architectures is presented in 
Table 2.

Application of DL in neural blockade segmen-
tation

Neural blockade involves interrupting nerve 
signal transmission via local anesthetic injec-
tion to induce analgesia or anesthesia [38]. 
Precise neural blockade relies on accurate 
localization of neural structures and injection 
sites, which enhances therapeutic efficacy and 
minimizes complications [39]. Under ultrasound 
guidance, real-time segmentation of neural struc-
tures is essential. Recent advances in DL, par-
ticularly CNNs, have introduced powerful tools 
for improving the precision and efficiency of 
neural blockade segmentation.

Applications in the upper limb

Brachial plexus block

Brachial plexus block is a regional anesthesia 
technique that anesthetizes the upper limb by 
blocking the brachial plexus nerve conduction 
pathway. It is widely used in upper extremity 
surgeries, trauma interventions, and chronic 
pain management. The success of this proce-
dure depends heavily on the accurate localiza-
tion of the brachial plexus to ensure effective 
anesthetic delivery and avoid complications.

Wang et al. developed BPSegSys, a DL-based 
system for brachial plexus segmentation [40]. A 
total of 320 ultrasound images of the brachial 
plexus from the intermuscular sulcus were col-
lected and manually annotated. A novel loss 
function combining hinge loss and cross-entro-
py loss was proposed. The enhanced ATU-Net 
was trained on both original and augmented 
images, with periodic parameter validation to 
retain the model with the highest Intersection 
over Union (IoU). The results showed that 
BPSegSys consistently produced accurate seg-
mentations, with IoU scores slightly exceeding 
those of expert clinicians. The system enables 

Table 2. Comparison of GANs, GCNs, and multimodal architectures

Methods Basic Structure Data Type Number of Parameters
GANs Generator and a discriminator Image data High
GCNs Convolutional layers Graph-structured data Variable (Graph-size 

dependent)
Multimodal Architectures Combines multiple data modalities Various Variable
Note: GANs, generative adversarial networks; GCNs, graph convolutional networks; Multimodal Architectures, 
integrate heterogeneous data types to enhance model robustness.



Perioperative Precision Medicine 2025; 3 (4): 134-151. PPM25040456

Perioperative Precision Medicine	 142

segmentation of individual nerve trunks rather 
than general nerve block regions, thereby 
improving both accuracy and clinical efficiency.

Tian et al. evaluated multiple DL models for 
brachial plexus segmentation from ultrasound 
images [41]. Using a newly constructed dataset 
of 340 images labeled by three clinicians, they 
compared 12 models, including FCNs, SegNet, 
U-Net, and others. U-Net achieved the highest 
segmentation accuracy but was limited to pro-
cessing 15 images per second due to its large 
model size. In contrast, LinkNet achieved the 
second-best accuracy while processing 142 
images per second, indicating a favorable bal-
ance between accuracy and speed for real-time 
applications.

Ding et al. proposed MallesNet, a novel network 
designed for segmenting multiple anatomical 
structures—including nerves, arteries, veins, and 
muscles—in ultrasound images [42]. Using the 
UBPD dataset (1,055 images), MallesNet incor-
porated a Selective Local Contrast Feature mod-
ule to extract multi-scale contrast features and a 
Spatial Attention Gate module to enhance chan-
nel-wise attention. Improved upsampling using 
transposed convolution and skip concatenation 
refined the final segmentation. MallesNet out-

performed other methods in delineating neural 
and surrounding structures. The Pyramid Edge 
Extraction Module is illustrated in Figure 6.

Rayachoti et al. introduced the Ebola U-Net 
(EU-Net), a CNN-based model designed to 
address the limitations of U-Net in handling 
complex datasets [43]. EU-Net enhances fea-
ture extraction using bilateral filtering and a 
Pyramid Edge Extraction Module, with the 
Epidemic Optimization Algorithm employed for 
further refinement. Evaluated on four datasets—
including the brachial plexus-EU-Net achieved 
97.33% accuracy, a 1.36 RMSE, and a Dice 
coefficient of 94.97%, demonstrating high seg-
mentation performance.

Huang et al. developed a hybrid attention net-
work that employs pseudo-color enhancement 
for improved ultrasound segmentation [44]. By 
combining a pseudo-color enhancement algo-
rithm with hybrid attention mechanisms, the 
model enhances long-range dependency mod-
eling. The Multi-scale Channel Attention decod-
er efficiently utilizes encoder features, result-
ing in improved segmentation of brachial plex-
us, breast lesions, hemangiomas, and vaginal 
ultrasound images, as indicated by higher Dice 
metrics.

Figure 6. Pyramid edge extraction module. This figure was cited from [43].
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Zhou et al. proposed LAEDNet, a lightweight 
encoder-decoder network for ultrasound seg-
mentation [45]. LAEDNet uses EfficientNet as 
the encoder and incorporates Lightweight 
Residual Squeeze-and-Excitation modules in 
the decoder. Available in three sizes (S, M, L), 
the model balances accuracy and computation-
al cost. LAEDNet outperformed U-Net variants 
on CT datasets of the brachial plexus, breast, 
and fetal head circumference. The medium ver-
sion, LAEDNet-M, achieved Dice scores of 
73.0%, 73.8%, and 91.3% respectively, while 
maintaining a frame rate of 40.7 FPS, making it 
highly suitable for real-time clinical applications.

Median nerve block

The median nerve block is a regional anesthe-
sia technique commonly used for procedures 
involving the hand, forearm, and wrist. It pro-
vides analgesia by inhibiting median nerve con-
duction and is widely applied in surgical inter-
ventions, trauma management, and chronic 
pain therapy.

Wang et al. proposed a deep similarity learning 
model, MNT-DeepSL (Median nerve tracking - 
deep similarity learning), for tracking the medi-
an nerve in carpal tunnel ultrasound images to 
aid in the diagnosis of carpal tunnel syndrome 
[46]. Traditional electrodiagnostic tests are 
costly, time-consuming, and lack standard-
ized benchmarks, whereas ultrasound imaging 
offers a non-invasive, cost-effective alternative, 
with reported sensitivity and specificity of 94% 
and 98%, respectively. MNT-DeepSL integrates 
input decision rules, image representation, a 
difference layer, and ResNet. Across six wrist 
movement patterns, the model achieved over 
90% tracking accuracy, especially during transi-
tions such as from hook fist to full fist. This 
model provides precise localization of the 
median nerve in dynamic ultrasound sequenc-
es, enabling efficient and reliable tracking 
across various wrist positions, and offering a 
promising approach for rapid carpal tunnel syn-
drome screening.

Shao et al. assessed an improved U2-Net model 
for segmenting ultrasound images of the medi-
an nerve [47]. A total of 402 images were used, 
including 249 from carpal tunnel syndrome 
patients and 153 from healthy volunteers. 
Evaluation metrics included the Dice coeffi-
cient, pixel accuracy, and average Hausdorff 
distance. The improved U2-Net achieved a Dice 
score of 72.85%, mean IoU of 79.66%, and pixel 
accuracy of 95.92%, significantly outperform-
ing conventional U-Net and Res-U-Net models. 
These findings demonstrate the enhanced seg-
mentation performance of the improved U2-Net 
and its potential utility for early carpal tunnel 
syndrome diagnosis. The architecture based on 
the VGG (Visual Geometry Group) 16 network is 
illustrated in Figure 7.

Huang et al. developed an enhanced VGG16-
UNet architecture incorporating a contracting 
path and an expanding path [48]. The con-
tracting path employs a VGG16 backbone with 
the fully connected layers removed, while the 
expanding path mirrors the upsampling struc-
ture of U-Net. By integrating attention mecha-
nisms and residual modules, several variants—
A-UNet, S-UNet, and AS-UNet—were proposed 
and tested on 910 median nerve images. 
Results showed that AS-UNet achieved the best 
performance among U-Net-based models, while 
VGG16-UNet variants outperformed standard 
U-Net. Among these, attention-based architec-
tures consistently outperformed residual-based 
ones, with A-VGG16-UNet delivering the highest 
accuracy, improving visualization of the median 
nerve and reducing the risk of iatrogenic injury 
to adjacent vessels and nerves.

Wu et al. evaluated multiple DL models pre-
trained on ImageNet, including DeepLabV3+, 
U-Net, FPN (Feature Pyramid Network), and 
Mask R-CNNs (Mask Region-based Convolutional 
Neural Networks), for automatic segmentation 
of the median nerve in dynamic ultrasound 
images [49]. U-Net, DeepLabV3+, and FPN 
were employed for semantic segmentation, 
while Mask R-CNNs was used for instance seg-

Figure 7. VGG16 network. This figure was cited from [48].
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mentation. Results indicated that DeepLabV3+ 
and Mask R-CNNs provided the best perfor-
mance, with average IoU scores approaching 
0.83, significantly improving the accuracy of 
nerve localization.

Horng et al. proposed a novel convolutional 
neural network, DeepNerve, for localizing and 
segmenting the median nerve in ultrasound 
video sequences [50]. The DeepNerve model 
comprises a convolutional layer, pooling layer, 
two fully connected layers, and a softmax 
layer. By incorporating spatial-temporal con-
sistency techniques with CNNs, the model 
effectively reduces false positives caused by 
ultrasound image noise. It was evaluated on 
ultrasound sequences from 20 patients, each 
containing 400-600 frames, using cross-valida-
tion. Segmentation performance was primarily 
assessed by Dice coefficient and Hausdorff dis-
tance. Results demonstrated that DeepNerve 
outperformed both traditional CNNs and sup-
port vector machine (SVM) methods in nerve 
localization and segmentation, achieving supe-
rior accuracy.

Ulnar nerve block

Ulnar nerve block is an effective regional anes-
thesia technique for controlling pain in the hand 
and medial forearm. It is particularly suitable for 
surgical procedures and pain management in 
areas such as the wrist, elbow, and hand, includ-
ing trauma repair.

Smistad et al. investigated the real-time seg-
mentation of blood vessels, nerves, and bones 
during regional anesthesia using DL applied to 
ultrasound guidance [51]. The primary objective 
was to develop a system that assists non-expert 
users in interpreting ultrasound images, partic-
ularly for performing nerve blocks, by enabling 
real-time anatomical segmentation. The study 
collected 108 axillary ultrasound videos from 
healthy volunteers and patients, with annota-
tions for the musculocutaneous, median, and 
ulnar nerves, and an additional 20 groin ultra-
sound videos for femoral nerve labeling. A 
U-Net architecture was applied with 10-fold 
cross-validation. For axillary nerve blocks, F1 
scores for the musculocutaneous, median, and 
ulnar nerves were 0.72, 0.84, and 0.54, respec-
tively. For femoral nerve blocks, the F1 scores 
for the femoral nerve, vascular structures, and 
bones were 0.79, 0.90, and 0.78, respectively. 

These findings demonstrate the potential of 
DL-based segmentation in enhancing the accu-
racy and efficiency of ultrasound-guided region-
al anesthesia, particularly for less experienced 
users.

Jimenez et al. proposed a method for automatic 
neural structure segmentation in ultrasound 
images using Random Under-Sampling (RUS) 
and SVM classifiers [52]. First, the ROI was 
defined using graph-cut-based techniques. The 
Simple Linear Iterative Clusteringalgorithm was 
then applied to divide the ROI into superpixels. 
Relevant features were extracted using a non-
linear wavelet transform. Finally, classification 
was performed using RUS and SVM-based 
schemes to label each parameterized “hyper-
pixel”, addressing the class imbalance between 
neural and non-neural regions. The dataset 
included 38 ultrasound images, with 22 depict-
ing the median nerve and 16 depicting the ulnar 
nerve. Four classification approaches were com-
pared: Gaussian Process Classifier, standard 
SVM, RUS-free SVM, and Weighted Lagrange 
Twin Support Vector Machine. Segmentation per-
formance was assessed using the Dice coeffi-
cient and Geometric Mean. Results showed 
that the RUS-SVM method outperformed the 
other baselines, effectively identifying neural 
structures and providing technical support for 
peripheral nerve block applications. A compari-
son of medical image segmentation algorithms 
for upper limb nerve blocks is presented in 
Table 3.

Application in lower limbs

Lumbar plexus block

The lumbar plexus block is a commonly used 
anesthesia technique for lower limb surgeries 
and pain management. It involves injecting local 
anesthetics to block the lumbar plexus, result-
ing in partial or complete sensory and motor 
loss in the lower limb. Ultrasound guidance 
enhances the accuracy of this technique by pro-
viding real-time visualization of nerves and sur-
rounding anatomy, thereby reducing the risk of 
complications.

Berggreen et al. employed a U-Net architecture 
to identify the femoral nerve in high-resolution 
ultrasound images, significantly improving visu-
alization accuracy essential for precise nerve 
blocks [53]. Built using the TensorFlow frame-
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work, the model utilized the Adam optimizer and 
categorical cross-entropy loss. A dataset of 
1,410 ultrasound images from 48 patients was 
manually annotated by clinical experts. After 
350 training epochs and 10-fold cross-valida-
tion, the model achieved an IoU score of 74%, 
indicating strong performance. The study also 
examined the influence of demographic vari-
ables such as height, weight, age, and BMI 
through t-tests and chi-square analysis. Results 
confirmed that DL-based semantic segmenta-
tion using U-Net can accurately segment the 
femoral nerve even with limited training data.

Similarly, Huang et al. applied a U-Net model to 
a dataset of 562 ultrasound images [54]. The 
training, validation, and test sets achieved IoU 
scores of 0.713, 0.633, and 0.638, respective-
ly. The model attained an overall accuracy of 
88.4%, demonstrating satisfactory performance 
and potential for clinical adoption.

Hong et al. explored image reconstruction, pro-
cessing, and analysis using data-driven and AI 
techniques [55]. Focusing on knee ligament 
reconstruction and femoral arteriography, they 
proposed a constrained data exploration meth-
od combined with an iterative algorithm to 
reconstruct high-resolution images from low-

frequency K-space data. Simulated experi-
ments using enhanced images of knee liga-
ments and femoral nerve arteriography sup-
ported the approach. A multi-input segmenta-
tion network was designed to leverage the spa-
tial continuity of knee ligaments and femoral 
nerves. The multi-supervision output yielded 
excellent segmentation results, providing clini-
cally valuable information for pain management.

Smistad et al. developed a novel algorithm in 
2016 for real-time automatic detection of the 
femoral artery [56]. Figure 8 shows a seg-
mented and visualized ultrasound image of the 
femoral artery using the FAST (Framework for 
Heterogeneous Medical Image Computing and 
Visualization) framework. The algorithm mod-
els the artery as an ellipse and assigns an 
ellipse score to each pixel. The best-scoring 
ellipse is selected as the arterial candidate, and 
a Kalman filter is applied for robust tracking 
under noisy and dynamic conditions. The algo-
rithm also includes anatomical registration to 
align real-time ultrasound images with known 
anatomical structures, improving visualization 
accuracy.

Building on this, a subsequent study intro-
duced a real-time automatic segmentation and 

Table 3. Comparison of medical image segmentation algorithms for upper limb nerve blockade

Nerve Type Author Model/Method Core Innovation
Brachial Plexus Wang et al. [40] BPSegSys Hybrid loss (hinge + cross-entropy) driven attention 

U-Net
Tian et al. [41] Multi-model comp. LinkNet balances accuracy (Dice: 0.85) and speed 

(142 FPS)
Ding et al. [42] MallesNet Multi-target segmentation + SLCF module for small 

objects
Rayachoti et al. [43] EU-Net Pyramid Edge Extraction Module edge extraction + 

EOA optimization (Dice: 94.97%)
Huang et al. [44] HybridAttNet Pseudo-color enhancement + MSCA decoder
Zhou et al. [45] LAEDNet EfficientNet encoder + Lightweight Residual 

Squeeze-and-Excitation module (40.7 FPS)
Median Nerve Wang et al. [46] MNT-DeepSL ResNet-based tracking (accuracy >90%)

Shao et al. [47] U2-Net+ Architecture optimization (Dice: 72.85%)
Huang et al. [48] AS-UNet VGG16-UNet + attention fusion
Wu et al. [49] Mask R-CNNs Pretrained instance segmentation (IoU: 0.83)
Horng et al. [50] DeepNerve Spatiotemporal CNNs (Dice: 0.81, HD: 1.2 mm)
Smistad et al. [51] Real-time U-Net Multi-structure segmentation (F1: 0.54-0.84)
Jimenez et al. [52] RUS-SVM Graph-cut + imbalanced classification (Dice coef-

ficient: 0.78)
Note: SLCF, Small Lesion Context Fusion; EOA, Edge Optimization Algorithm; EU-Net, Ebola U-Ne; MSCA, Multi-
Scale Context Attention; CNNs, Convolutional Neural Networks; RUS-SVM, Random Under-Sampling-Support 
Vector Machine; HD, Hausdorff Distance.
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probe guidance system for ultrasound-guided 
femoral nerve blocks [57]. Utilizing modern 
GPUs (Graphics Processing Units) and the FAST 
framework, the system segments the femoral 
artery, femoral nerve, and fascial layers (fascia 
lata and fascia iliaca) in real time. Segmentation 
accuracy improved significantly, with positional 
errors between 1 and 3 mm and an average 
deviation of 8.5 mm from expert annotations. 
The system also featured transparent probe 
visualization and dynamic indicator updates, 
helping clinicians intuitively interpret ultrasound 
images. The study concluded that such comput-
er-assisted tools are clinically feasible and may 
enhance success rates in femoral nerve blocks.

Accurate segmentation of the lumbosacral plex-
us is crucial for diagnosing and analyzing nerve 
injuries. While many DL models for spinal seg-
mentation exist, they mainly focus on vertebrae 
and intervertebral discs rather than neural 
structures. Zhao et al. addressed this by pro-
posing RA2-Net, a Residual Attention Network 
designed specifically for lumbosacral plexus 
segmentation [58]. RA2-Net consists of three 
key components: (1) an atrous encoder module 
that extracts multi-scale contextual features 
from MRI; (2) residual skip connections that 
merge high-resolution encoder features with 
high-level decoder outputs; and (3) a scale 
attention block that fuses multi-scale features 
in the decoder. Evaluated on spinal MR images 
from 10 patients, RA2-Net outperformed sev-
eral state-of-the-art methods in segmenting the 
lumbosacral plexus. 

Sciatic nerve block

The sciatic nerve block is commonly used in 
foot, ankle, and knee surgeries. To achieve 

ing in RFF-FCNs, RFF-U-Net, and RFF-ResUnet. 
Two ultrasound datasets, Nerve UTP and NSD, 
were used, including images of the sciatic, 
ulnar, median, and femoral nerves. Results 
showed that RFF integration improved general-
ization in nerve segmentation. On the Nerve 
UTP dataset, RFF-FCNs and RFF-U-Net improved 
segmentation accuracy in most cases, although 
ResUnet and RFF-ResUnet experienced over-
fitting. On the NSD dataset, RFF-U-Net yielded 
the best segmentation results. This approach 
demonstrates strong potential for enhancing 
peripheral nerve segmentation while maintain-
ing interpretability.

Díaz-Vargas et al. developed a variant of the 
U-Net, termed Conditional U-Net (C-U-Net), for 
improved automatic segmentation of peripheral 
nerves in ultrasound images [60]. By introduc-
ing a conditional input at the network’s bottle-
neck to specify the target nerve type, the model 
learns structure-specific features, enhancing 
segmentation accuracy. Trained on a dataset 
comprising images of the sciatic, ulnar, median, 
and femoral nerves, C-U-Net outperformed the 
conventional U-Net. On 372 validation images, 
it achieved an average Dice coefficient of 0.70, 
accuracy of 0.73, sensitivity of 0.71, and an 
AUC of 0.85. These findings suggest that incor-
porating target-specific information significantly 
enhances model performance in multi-nerve 
ultrasound segmentation.

Sugino et al. investigated optimal scaling of net-
work architectures and input image sizes for 
ultrasound-guided nerve block detection using 
CNNs [61]. The study focused on pixel-level 
labeling via deep CNNs, comparing an encod-
er-decoder model based on U-Net with a two-

Figure 8. Example of an ultrasound femoral image segmented and 
visualized in real-time with FAST. This figure was cited from [57].

complete anesthesia of the lower 
extremity, it is often combined with 
a femoral nerve block. This com-
bined approach provides compre-
hensive coverage of the lower limb’s 
sensory regions, making it suitable 
for extensive procedures involving 
the thigh, knee, and areas below.

Jimenez-Castaño et al. proposed  
a method using Random Fourier 
Features (RFF) to enhance ultra-
sound image segmentation of periph-
eral nerves via DL [59]. This method 
improved three semantic segmenta-
tion architectures—FCNs, U-Net, and 
ResUnet—by integrating RFF, result-
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stage model based on Mask R-CNNs. Both 
models performed well in nerve segmentation 
tasks. Two datasets were employed to examine 
the impact of model size and input resolution 
on performance. The public dataset contained 
600 ultrasound images of the sciatic, ulnar, 
femoral, and median nerves. Results showed 
that smaller input sizes combined with larger 
network models significantly enhanced detec-
tion accuracy. A key finding was that optimized 
configurations not only improved precision but 
also enabled real-time processing, highlighting 
potential for clinical implementation in nerve 
localization during regional anesthesia.

Popliteal nerve block

The popliteal nerve block targets the sciatic 
nerve in the lower limb to provide anesthesia 
and analgesia below the knee. It is commonly 
applied in procedures involving the foot, ankle, 
and Achilles tendon.

Kawanishi et al. aimed to develop a DL algo-
rithm to assess tibial nerve tension across dif-
ferent ankle positions [62]. The study used 204 
ultrasound images from 68 healthy volunteers, 
covering maximum dorsiflexion and plantarflex-
ion angles at -10° and -20°. The tibial nerve 
was manually segmented and subsequently 
classified using U-Net and a CNNs. Manual seg-
mentation achieved an average maximum accu-
racy of 0.92, while the fully automated classifi-
cation reached an accuracy of over 0.77, dem-
onstrating feasibility in assessing nerve ten-
sion at varying ankle angles. The study noted 
the clinical potential of ultrasound imaging for 
screening but acknowledged limitations such 
as small sample size and variability in ultra-
sound device performance.

Kolluru et al. developed NerveTracker, a Python-
based tool for visualizing and tracking peripher-
al nerve fibers using tandem block-face micros-
copy [63]. This approach integrates 3D micro-
scopic imaging with UV surface excitation for 
high-resolution nerve imaging. A 2D U-Net-
based segmentation model was designed for 
multi-class segmentation of 3D-MUSE image 
stacks, specifically targeting fascicles and epi-
neurium. Pretrained weights from the ImageNet 
database were used to initialize the network, 
improving segmentation accuracy. Selective 
annotation (one out of every 100 slices) was 
applied during training, after which the model 

could automatically segment entire image 
stacks. The method demonstrated high accura-
cy in trajectory mapping for vagus and tibial 
nerves, with Dice similarity coefficients exceed-
ing 0.75, and robustness across varying image 
characteristics.

A comparison of medical image segmentation 
algorithms for lower limb nerve blockade is pre-
sented in Table 4.

Discussion

The integration of DL with ultrasound imaging 
marks a significant advancement in the field of 
regional anesthesia, offering considerable poten-
tial to improve the accuracy and efficiency of 
peripheral nerve blockade. As demonstrated in 
numerous studies reviewed herein, DL algo-
rithms—particularly those based on convolution-
al neural networks such as U-Net and its vari-
ants—have shown impressive capabilities in 
automatically segmenting peripheral nerves in 
complex ultrasound images. Clinically, this prom-
ises to reduce operator dependency, improve 
procedural consistency, enhance patient safety 
by minimizing the risk of inadvertent punctures, 
and streamline workflows by automating a previ-
ously time-intensive interpretation step.

However, realizing the full clinical potential of 
this technology involves challenges beyond 
achieving high segmentation accuracy in con-
trolled environments. A major limitation is the 
robustness and generalizability of current DL 
models. Ultrasound image quality and charac-
teristics can vary significantly due to factors 
such as machine vendors, imaging settings, 
operator skill, and patient-specific anatomy. As 
a result, models trained on curated datasets 
often struggle to maintain performance in 
diverse real-world scenarios. This variability cur-
rently limits the feasibility of a universal model 
applicable across all nerve types and clinical 
contexts. In the near term, developing special-
ized or adaptive models may offer a more prac-
tical solution.

Beyond technical and data-related constraints, 
significant challenges exist at the clinical 
translation interface. The implementation of 
AI-assisted guidance systems requires rigorous 
validation to meet regulatory standards. This 
includes demonstrating not only accuracy, but 
also safety, reliability, and clinical utility across 
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varied populations and healthcare settings—
often necessitating large-scale, prospective 
clinical trials. Equally important is clinician trust 
and seamless integration into existing work-
flows. For AI to be adopted widely, it must offer 
user-friendly interfaces, transparent decision-
making processes, and tangible benefits with-
out disrupting established clinical practices or 
contributing to skill degradation. Integration 
with existing ultrasound systems and hospital 
information infrastructures is also essential but 
often underestimated.

Moreover, ethical considerations must guide 
the development and deployment of these tech-
nologies. Ensuring patient data privacy and 
security throughout the AI lifecycle is non-
negotiable. Responsible innovation in this field 
demands early and ongoing engagement with 
ethical principles, particularly when handling 
sensitive health information or making clinical 
recommendations.

Looking forward, several research priorities 
must be addressed to overcome these barriers. 
There is a need for models that are more robust 
to image variability and require less annotated 
data, potentially through techniques such as 

domain generalization, federated learning, or 
self-supervised learning. Developing lightweight, 
computationally efficient models that support 
real-time inference on portable ultrasound 
devices or edge hardware will be critical to 
enhancing accessibility. Additionally, the explo-
ration of multimodal approaches could provide 
richer anatomical context, particularly in com-
plex anatomical scenarios [64]. Ultimately, the 
field may evolve toward personalized guidance 
systems that adapt to individual patient anato-
my and predicted clinical outcomes, advancing 
the vision of precision medicine in regional 
anesthesia.

Conclusion

The application of DL in ultrasound-guided 
peripheral nerve block identification is trans-
forming the field of anesthesiology. This review 
comprehensively summarizes recent progress 
in the use of ultrasound and medical image seg-
mentation techniques for nerve block applica-
tions in the extremities. It begins by categoriz-
ing and introducing mainstream segmentation 
algorithms, followed by detailed examples of 
their application in clinical scenarios. Finally, 
the review analyzes the advantages and limita-

Table 4. Comparison of medical image segmentation algorithms for lower limb nerve blockade

Nerve Type Author Model/Method Core Innovation
Lumbar Plexus Berggreen et al. [53] U-Net High-precision femoral nerve segmentation 

(IoU: 74%) with demographic analysis
Huang et al. [54] U-Net Multi-stage dataset validation (train/test 

IoU: 0.713/0.638)
Hong et al. [55] Data-driven + AI Iterative reconstruction + multi-layer input 

segmentation network
Smistad et al. [56] Elliptical scoring Femoral artery modeling + Kalman filter-

based dynamic tracking
Smistad* et al. [57] GPU real-time system Multi-structure segmentation (error: 1-3 

mm) with probe guidance
Zhao et al. [58] RA2-Net Residual-attention network + multi-scale 

fusion (lumbosacral MRI)
Sciatic Nerve Jimenez-Castaño et al. [59] RFF-enhanced models RFF for FCNs/U-Net/ResUnet generalization

Díaz-Vargas et al. [60] C-UNet Conditional U-Net with nerve-type input 
(Dice: 0.70)

Sugino et al. [61] Multi-scale CNNs Image/model scaling optimization + real-
time validation

Popliteal Nerve Kawanishi et al. [62] U-Net + CNNs Tibial nerve tension analysis (accuracy: 
0.77+) across ankle positions

Kolluru et al. [63] NerveTracker 3D microscopy + 2D U-Net (Dice >0.75) for 
nerve fascicle/epineurium segmentation

Note: RA2-Net, Residual Attention Adaptive Network; RFF, Random Fourier Features; C-Unet, Conditional U-Net; 
FCNs, Fully Convolutional Networks; MRI, Magnetic Resonance Imaging; CNNs, Convolutional Neural Networks; 
3D, Three-Dimensional.
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tions of these technologies and discusses future 
directions for the development of AI-assisted 
ultrasound-guided nerve block systems.
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● Significant Advantages of Multimodal Fusion: Multimodal medical image fusion enhances diagnostic accuracy 
and medical value by integrating multi-source data such as CT, MRI, and PET images, outperforming single-
modality technologies.

● Benefits of Deep Learning: Deep learning technologies significantly advance multimodal medical image fusion, 
enabling more efficient and accurate fusion results.

● Perioperative clinical significance: Multimodal image fusion can provide important support for perioperative pre-
operative planning, intraoperative guidance, and postoperative evaluation, thereby improving surgical accuracy 
and patient safety.

● Future Research Directions: Future research should focus on improving model interpretability, enhancing modal-
ity alignment, and achieving breakthroughs in practicality, applicability, and efficiency.

Abstract

Multimodal medical image fusion technology optimizes image content by integrating images from diverse mo-
dalities, such as Computed Tomography (CT), Positron Emission Tomography (PET), Magnetic Resonance Imag-
ing (MRI), and Single Photon Emission Computed Tomography (SPECT), while retaining critical information. With 
the rapid advancements in medical imaging technology, single-modal approaches have limitations in capturing 
comprehensive anatomical or functional characteristics. As a result, researchers are increasingly turning to mul-
timodal fusion methods to enhance diagnostic accuracy and provide richer data for classification, detection, 
and segmentation tasks. In particular, during the perioperative period, multimodal image fusion plays a crucial 
role in surgical planning, intraoperative navigation, and postoperative evaluation, enabling precise localization of 
lesions and improving clinical decision-making. This paper presents a survey of the latest literature on medical 
image fusion, covering three major approaches: traditional methods, model-based methods, and learning-based 
methods. It discusses the advantages and limitations of each approach, with a particular emphasis on traditional 
image processing techniques, model-based fusion methods, and the integration of emerging deep learning (DL) 
technologies. Comparative experimental analysis highlights performance differences among these methods in 
terms of information retention, computational efficiency, and clinical applicability. Finally, the paper reviews per-
formance evaluation metrics for multimodal fusion and provides recommendations for future research to further 
promote the widespread adoption of this technology in clinical diagnostics and intelligent healthcare.

Keywords: Multimodal medical image fusion, multimodal database, perioperative period, deep learning, evalua-
tion metrics
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Introduction

Medical imaging plays a crucial role in diagnosis 
and clinical treatment. One of the greatest chal-
lenges in medicine is achieving accurate dis-
ease identification and effective treatment [1]. 
The exploration of medical imaging began in 
1895 with the discovery of X-rays by German 
physicist Wilhelm Conrad Roentgen. This 
groundbreaking discovery not only revolution-
ized the scientific community but also provided 
a new tool for medical diagnosis. X-ray imaging 
enables non-invasive observation of the inter-
nal structure of the human body, quickly 
becoming an indispensable part of medical 
diagnostics.

With the continuous advancement of science 
and technology, more imaging techniques 
have emerged, such as MRI, CT, ultrasound 
(US), and PET. These technologies have greatly 
enhanced clinical diagnosis, disease monitor-
ing, and surgical planning, improving both the 
level of medical care and the quality of life for 
patients. However, despite their effectiveness, 
single-modality imaging technologies—such as 
X-rays, MRI, or ultrasound—each have limita-
tions [2]. For example, X-ray imaging is excel-
lent for visualizing bone structures but less 
effective for soft tissues. MRI excels in soft tis-
sue imaging but has long scan times and is 
sensitive to metal implants. CT is ideal for 
imaging bones and high-density tissues, while 
PET provides valuable functional and meta-
bolic data. Moreover, single-modality imaging 
often cannot provide both rich anatomical 
and functional information simultaneously, 
which hinders early disease diagnosis and 
treatment.

As a solution to these limitations, multimodal 
medical image fusion (MMIF) technology has 
emerged. Image fusion was first proposed in 
1985 and has since rapidly advanced, particu-
larly in fields such as infrared and visible light 
image fusion, material analysis, remote sens-
ing, multi-focus images, and medical image 
fusion [3].

In recent decades, medical image fusion tech-
nology has significantly advanced medical 
imaging. It can be broadly classified into sin-
gle-modality fusion and multimodal fusion. 
Single-modality fusion typically provides less 
information, which is why most research focus-

es on multimodal image fusion [4]. MMIF com-
bines images from multiple modalities, inte-
grating their strengths [5]. This technology 
offers not only more comprehensive and accu-
rate diagnostic information but also enhances 
treatment decisions and improves outcomes. 
Furthermore, it holds great potential for early 
disease detection, treatment evaluation, and 
prognosis monitoring, making it an indispens-
able tool in modern medicine. The core princi-
ple is to integrate information from various 
imaging modalities, overcoming the limitations 
of single-modality imaging by leveraging the 
strengths of each. Different imaging modalities 
provide complementary anatomical and func-
tional data [6]. By effectively fusing these dif-
ferent image modalities, doctors can obtain 
more precise and comprehensive information, 
enhancing diagnostic accuracy and increasing 
the likelihood of early detection.

With the advancement of computer vision, 
artificial intelligence, and deep learning tech-
nologies, multimodal fusion methods based on 
image processing and machine learning (ML) 
have matured. These methods have become 
especially valuable in neuroimaging, oncology, 
and cardiovascular diseases, improving diag-
nostic efficiency and treatment outcomes [3, 7, 
8]. For example, in brain tumor diagnosis, MRI 
delineates the tumor boundary and brain tissue 
structure, while PET reveals areas of metabolic 
activity. The fusion of these images allows for 
precise determination of the tumor’s location, 
size, and activity, guiding surgical resection and 
radiotherapy planning [9]. In cancer treatment, 
PET/CT fusion plays a critical role in accurate 
positioning, staging, diagnosis, and radiothera-
py planning by combining anatomical and 
functional metabolic information, significantly 
enhancing diagnostic accuracy and optimizing 
treatment strategies [10]. Furthermore, this 
technology provides crucial perioperative sup-
port: it enables comprehensive preoperative 
assessment by displaying lesion and anatomi-
cal information; it enables intraoperative navi-
gation through real-time data integration; and it 
assists postoperative assessment by accurate-
ly monitoring residual lesions and tissue recov-
ery. The integration of multimodal information 
facilitates preoperative planning and prognostic 
assessment by providing more detailed and 
accurate pathological data, thereby improving 
the level of diagnosis and treatment and 
prognosis.
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Table 1. Comparison of several common imaging methods

Imaging 
Technology Imaging Principle Main Advantages Main Disadvantages Applications

MRI Strong magnetic 
field + RF signals

High soft tissue contras 
no ionizing radiation, 
multi-parametric

Long scan time, high cost, 
metal implants restricted

Neurology,  
musculoskeletal, soft 
tissues

CT X-ray tomography Fast scanning, high  
spatial resolution,  
suitable for emergencies

Ionizing radiation, lower soft 
tissue contrast

Chest, abdomen, 
bones, emergencies

PET Radioactive tracer 
metabolic imaging

Provides functional & 
metabolic info, often 
combined with CT

High radiation dose,  
low resolution, high cost

Oncology,  
cardiovascular,  
neurology

US High-frequency 
sound wave  
reflection

No radiation, real-time  
imaging, low cost,  
portable

Low resolution, operator-
dependent, poor penetration 
through bone/gas

Fetal, cardiac,  
abdominal  
examinations

SPECT Radioactive tracer 
functional imaging

Shows blood flow &  
metabolism, can  
combine with CT

Long imaging time, low  
resolution, requires  
radioactive material

Cardiology, brain 
disorders

OCT Low-coherence 
optical imaging

Ultra-high resolution,  
non-invasive

Limited imaging depth, high 
cost, motion-sensitive

Ophthalmology  
(retina), cardiovascular

However, MMIF also faces several challenges, 
including dealing with modality differences, 
improving computational efficiency of fusion 
algorithms, and enabling real-time clinical appli-
cations. This paper aims to comprehensively 
review existing MMIF technologies, focusing 
on traditional methods, model-based methods, 
and learning-based methods. Through a sys-
tematic analysis of the advantages and disad-
vantages of these methods and a review of 
commonly used performance evaluation met-
rics, this paper explores their prospects and 
challenges in clinical applications. The ultimate 
goal is to offer valuable references for research-
ers to further promote the development of mul-
timodal fusion technology, improving diagnostic 
accuracy and clinical outcomes.

Imaging technology

Each imaging modality in medical diagnosis has 
its own unique characteristics and provides 
specific types of information. Different medical 
imaging modalities utilize various bands of the 
electromagnetic spectrum to diagnose differ-
ent medical conditions in the human body [7].

Below are some common medical imaging 
modalities, briefly summarized in Table 1  
[11-16].

Magnetic resonance imaging (MRI)

MRI utilizes strong magnetic fields and radio-
frequency signals to produce high-resolution 

images, making it ideal for soft tissue imaging, 
such as the brain, spinal cord, and muscles. It 
offers excellent soft tissue contrast, no ionizing 
radiation, and multi-directional imaging capa-
bilities, making it suitable for detailed observa-
tion of lesions. However, MRI has several disad-
vantages, including long scan times, high costs, 
and limitations for patients with metal implants.

Computed tomography (CT)

CT uses X-rays to scan the body and quickly 
generate 3D cross-sectional images. It is par-
ticularly useful for imaging the chest, abdomen, 
and bones and plays a crucial role in emergency 
diagnoses. CT offers fast imaging and high spa-
tial resolution, especially for bone and lung 
imaging, providing precise views of internal 
structures and lesions. However, it uses ioniz-
ing radiation, which can harm the body with fre-
quent exposure, and it has lower soft tissue 
contrast.

Positron emission tomography (PET)

PET uses radioactive tracers to observe meta-
bolic activity within the body and is often com-
bined with CT (PET-CT) to provide both anatomi-
cal and functional information. PET is valuable 
for studying tumors, cardiovascular diseases, 
and neurological conditions, offering detailed 
insights into metabolism and function. However, 
it involves radiation exposure, has lower spatial 
resolution, and is expensive.
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Ultrasound imaging

Ultrasound imaging uses high-frequency sound 
waves to generate real-time images, commonly 
used for examining fetuses, the heart, and 
abdominal organs. It is non-invasive, portable, 
cost-effective, and provides rapid imaging. 
However, the quality of ultrasound imaging 
depends on the operator’s skill, and its resolu-
tion is lower than that of other imaging modali-
ties. Additionally, ultrasound cannot penetrate 
gas or bone well, limiting its effectiveness in 
imaging deep tissues.

Single photon emission computed tomogra-
phy (SPECT)

SPECT uses radioactive tracers to visualize 
blood flow or metabolic activity and is often 
employed in diagnosing heart disease and brain 
disorders. It provides functional and metabolic 
information and is usually combined with CT 
(SPECT-CT) for integrated imaging. However, 
SPECT has longer imaging times, lower resolu-
tion, and involves radioactive materials, which 
pose a risk of radiation exposure.

Optical coherence tomography (OCT)

OCT uses light waves to provide high-resolution 
imaging, primarily in ophthalmology and increas-
ingly in cardiovascular fields. It offers excellent 
resolution for non-invasive tissue observation, 
especially in eye exams. However, its imaging 
depth is limited to superficial tissues, and it is 
relatively expensive. Additionally, motion can 
interfere with imaging quality.

Multimodal imaging in clinical scenarios

Various imaging modalities have their unique 
advantages and limitations, making them suit-
able for different medical scenarios. For exam-
ple, brain tumor diagnosis is a key area for 
imaging technologies. A meta-analysis on the 
diagnostic value of PET/CT for brain tumors 
showed that PET, using high-efficiency tracers, 
provides valuable diagnostic information. The 
combination of PET/CT improves diagnostic 
accuracy and better delineates brain tumor 
boundaries, while MRI provides clear anatomi-
cal structure. Thus, PET/CT and MRI are often 
combined in brain tumor diagnostics to obtain 
more precise information [17]. At the same 
time, OCT plays an important role in early can-

cer detection [18]. While OCT has limitations in 
scanning deep tissue sites, its high resolution, 
superior to other technologies, makes it ideal 
for cancer screening. It is also used to guide 
biopsies, provide real-time feedback during 
surgeries, and monitor tumor responses to 
treatment.

As mentioned, single-modality imaging technol-
ogies have inherent limitations in providing 
comprehensive spatial, temporal, and function-
al information, making it difficult to fully capture 
tissue structure, function, and metabolic activi-
ty. Multimodal imaging technology addresses 
these limitations by fusing data from different 
modalities. In multimodal image fusion, combin-
ing the strengths of these imaging technolo-
gies provides more comprehensive and detailed 
diagnostic information. With continuous tech-
nological advancements, multimodal fusion can 
effectively enhance diagnostic accuracy and 
improve disease treatment outcomes.

In this section, we discuss some commonly 
used multimodal medical databases, including 
MIMIC-IV, Open-i, TCGA, the Cancer Imaging 
Archive, Open Access Series of Imaging Studies 
(OASIS), PhysioNet, and recent large-scale 
databases, such as MedTrinity-25M and CLIMB 
(Clinical Large-scale Integrative Multimodal 
Benchmark). These databases cover various 
data modalities—electronic health records 
(EHR), medical images, physiological signals 
(electrocardiogram, electroencephalogram), 
genomic data, pathological sections, radiology 
reports, and clinical records—providing research-
ers with rich multimodal information. They play 
an important role in clinical research, disease 
prediction, imaging genomics, and the develop-
ment of AI-based diagnostic tools.

MIMIC-IV (https://physionet.org/content/mim-
iciv) primarily includes patient hospitalization 
data, diagnoses, EHR, vital signs, lab test 
results, and medical images, making it a cru-
cial resource for clinical prediction and deci-
sion support systems [19]. Open-i (https://
openi.nlm.nih.gov) is a platform for medical 
imaging and text integration, offering X-rays, 
CT, MRI images, and radiology reports, making 
it valuable for image-text joint learning [20].

TCGA (https://portal.gdc.cancer.gov) contains 
CT, MRI images, and genomic data for cancer 
patients, widely used in imaging genomics 
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data technologies, have significantly promoted 
the cross-modal integration of medical data. 
This has supported AI innovation in the medi-
cal field and fostered research in medical image 
analysis, intelligent diagnosis, and personalized 
treatment, etc. Figure 1 shows the approximate 
citation counts of the first six databases men-
tioned above in PubMed, restricted to the past 
five years. This was achieved by searching for 
the keyword, such as “MIMIC-IV” in the PubMed 
database, within a five-year period. Figure 2 
shows several brain images from the OASIS 
database [27]. 

MMIF procedure

Multimodal medical image fusion usually 
involves several key steps. First, medical imag-
es from different modality sources undergo pre-
processing, including denoising and normaliza-
tion, to enhance the effect of subsequent pro-
cessing. Next, image registration is conducted. 
The source image is aligned with the reference 
image, and this process is completed based on 
matched features to provide support for the 
subsequent fusion step [28]. Then, features are 
extracted from the image to capture the struc-
tural, textural, and functional features in images 
of different modalities. Finally, fusion rules are 
employed to highlight key information and fea-
tures from sub-images, which support later 
stages of image reconstruction. Image fusion 
technique is applied by overlapping two input 
source images to produce a resultant image 
with excessive and complementary information 
[29]. Performance metrics are necessary to 
evaluate and validate the effectiveness of the 
selected fusion algorithm [30]. The overall 
MMIF procedure is shown in Figure 3 [31].

Two prerequisites need attention in the image 
fusion step. First, all reasonably required medi-
cal information present in the input image must 
appear in the fused image. Second, the fused 
image should not contain information that is 
not present in the original input image. Fusion 
methods are applicable across multi-sensor 
images from diverse modalities, multi-focus 
images from the same modality, and are widely 
employed in multimodal medical images.

MMIF techniques

In MMIF, methods are generally divided into 
three categories: traditional methods, model-
based methods, and learning-based meth-

Figure 1. Citations of six databases in PubMed in the 
past five years.

research [21]. The Cancer Imaging Archive, 
(https://www.cancerimagingarchive.net) focus-
es on cancer-related medical imaging, providing 
high-quality pathology slides, CT, and MRI data 
to support tumor imaging analysis and radia-
tion oncology research [22]. OASIS (https://
www.oasis-brains.org) is dedicated to neuroim-
aging, containing MRI images and cognitive 
data from individuals with Alzheimer’s disease 
and normal aging, offering significant value for 
brain structure research and cognitive disorder 
prediction [23]. PhysioNet Database (https://
physionet.org) includes various physiological 
signals such as electrocardiogram, electroen-
cephalogram, and cardiac ultrasound, com-
bined with patient medical records, supporting 
cardiovascular disease research and the devel-
opment of intelligent diagnostic systems [24].

MedTrinity-25M (https://huggingface.co/datas-
ets/UCSC-VLAA/MedTrinity-25M) provides 25 
million images across 10 imaging modalities 
(CT, MRI, ultrasound, gastroscopy, etc.), with 
fine-grained annotations for 65 types of 
lesions, ideal for cross-modal classification, 
segmentation, and report generation tasks 
[25].

CLIMB (https://github.com/DDVD233/climb) 
Integrates 2D images, 3D sequences, monitor-
ing time series, physiological signals, EHR text, 
and brain network diagrams from 4.51 million 
patients (19TB of data), covering 96 clinical 
conditions and 13 fields, with a multi-task eval-
uation pipeline [26].

The establishment and sharing of these data-
bases, along with advancements in AI and big 
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Figure 2. MRI images from OASIS dataset: (A) non-demented aging disease, (B) high-grade mild dementia, (C) 
mild dementia disease, (D) less extreme dementia disease, (E) Alzheimer’s Disease, and (F) healthy control [26].

Figure 3. Overall multimodal medical fusion procedure.

ods. Below is a brief introduction to these 
approaches.

Traditional methods

Traditional methods primarily rely on classic 
image processing and analysis techniques, 
often using simple mathematical operations 
and transformations. Pixel-level fusion is the 
basic category within these methods, includ-
ing techniques such as IHS (Intensity-Hue-
Saturation) transformation, principal compo-
nent analysis (PCA), and multi-resolution analy-
sis techniques like Laplace pyramid, wavelet 
transform, and Contourlet transform [32]. Among 

these, IHS transformation, wavelet transform, 
and Laplacian pyramid fusion methods are par-
ticularly valuable in practice.

Pixel-level fusion methods combine images at 
the individual pixel level to make fusion deci-
sions [33, 34]. Since this is applied directly to 
the initial images, the resulting images exhibit 
less spatial distortion and a lower signal-to-
noise ratio (SNR). In the frequency domain 
method, images are first converted into the fre-
quency domain using Fourier transform. The 
fusion process is then performed on the fre-
quency components, followed by an inverse 
transformation to obtain the final fused image.
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Figure 4 further shows the RGB-IHS transfor-
mation and its inverse transformation process 
in matrix form.

For instance, Sajid Ullah Khan et al. proposed a 
novel structural and spectral feature enhance-
ment method in the NSST (Non-Subsampled 
Shearlet Transform) domain for MMIF [36]. In 
this domain, the image is decomposed into 
sub-bands of multiple scales and directions, 
enabling image processing operations at differ-
ent scales and directions, such as image fusion, 
denoising, and feature extraction. First, two 
pairs of images are generated using the IHS 
method. The input image is then decomposed 
using the NSST to obtain low-frequency and 
high-frequency subbands. The proposed struc-
tural information (SI) fusion strategy is applied 
to the low-frequency subband (LFS), enhancing 
structural information such as texture and 
background. Next, PCA is used as the fusion 
rule for the high-frequency subband (HFS) to 
extract pixel-level information. Finally, the fused 
image is obtained through inverse NSST and 
IHS.

In medical imaging, PET displays metabolic 
changes in pseudo-color, while MRI provides 
anatomical structures in grayscale. The fusion 
of PET and MRI brain images creates a compos-
ite image that integrates anatomical structures 
with metabolic changes, helping doctors effec-
tively diagnose potential diseases. Chen et al. 
proposed a new fusion method based on IHS 
and log-Gabor wavelet transform [37]. First, the 
intensity components of MR and PET images 
are decomposed using the log-Gabor wavelet 
transform at an appropriate decomposition 
scale. Then, a “maximum selection” fusion rule 
is applied to high-frequency subbands, while a 
two-stage fusion rule based on a weighted 
average scheme and visibility measure is used 
for low-frequency subbands. Finally, an inverse 
log-Gabor wavelet transform is applied to the 
fused high- and low-frequency subbands to 

The IHS method has garnered significant atten-
tion among traditional methods of MMIF due to 
its ability to control image details, simplicity in 
computation, suitability for real-time applica-
tions, and status as a classic technique in 
image fusion [35]. Below is a brief overview of 
this method.

IHS transformation is a color space conver-
sion method primarily used to convert the RGB 
(Red-Green-Blue) color space into the IHS 
(Intensity-Hue-Saturation) color space. The core 
idea is to separate the image’s color informa-
tion (hue H, saturation S) from the brightness 
information (intensity I), allowing for indepen-
dent processing of each component during 
image processing, ultimately enhancing the 
visual effect and information fidelity after 
fusion.

I represents the brightness or grayscale value 
of the image (the overall brightness of the 
color). H represents the type of color, such as 
red, green, or blue. S represents the purity of 
the color (the depth of the color). The mathe-
matical equations for IHS transformation are 
as follows:

3I R G B= + +
                                                    (1)

arctan
2
3

H
R G B
G B

=
- -
-^c h m                                 (2)

1
min ( , , )

S I
R G B= -                                           (3)

Inverse transformation (from IHS back to RGB):

Scos ( )R I H= +                                                  (4)

Scos ( 120 )G I H= + - c                                      (5)

Scos ( 120 )B I H= + + c                                      (6)

Figure 4. Transformation formula: (A) RGB to IHS (B) corresponding inverse transformation.
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obtain new intensity components, along with 
the original hue and saturation components 
of the PET image, which are then transformed 
into a fused color image. This method effec-
tively presents both anatomical structures and 
color changes, while significantly reducing color 
distortion.

Additionally, Mozhdeh Haddadpour et al. pro-
posed another PET/MRI fusion technology 
based on the two-dimensional Hilbert trans-
form (2-D HT) and the IHS method [38]. This 
approach aims to fuse the anatomical details 
of MRI images with high spatial resolution and 
the metabolic characteristics of PET images to 
facilitate more accurate and convenient clinical 
diagnosis and treatment. Both methods seek to 
maximize the preservation and enhancement of 
the spatial and spectral (functional) information 
from the input images, ultimately providing reli-
able support for clinical applications.

The IHS method, however, has several limita-
tions: (i) Spectral Distortion: It may lose spec-
tral information, especially in high-dimensional 
multispectral images. (ii) Non-linear Instability: 
It lacks stability for images with strong non-
linear characteristics. (iii) Color Distortion: 
Large color discrepancies between input imag-
es can cause color shifts after IHS fusion. To 
address these issues, researchers often inte-
grate IHS with wavelet transforms, PCA, deep 
learning, and other techniques to improve 
fusion performance.

Model-based methods

Model-based methods use mathematical and 
statistical models to capture the characteris-
tics of images, leading to more accurate 
fusion. Sparse representation fusion methods 
are widely used within this category. These 
methods assume that images can be repre-
sented by a small number of non-zero coeffi-
cients under a redundant dictionary. During the 
fusion process, a common dictionary is first 
learned, followed by sparse encoding of the 
source image. The sparse coefficients are then 
fused, and the fused image is reconstructed 
using the dictionary.

For example, PET and MRI images fused using 
the nonparametric Bayesian-based sparse rep-
resentation (SR-NPB) technique outperformed 

three other sparse representation techniques—
Traditional Sparse Representation (SR), Adaptive 
Sparse Representation (ASR), and Joint Sparse 
Representation (JSR)—in both visual and quan-
titative comparisons [39]. The new approach 
was also faster in execution, with experiments 
using 20 sets of PET and MRI scans. Bhardwaj 
et al. applied a fractional-order BSA (Bird Swarm 
Algorithm)-based Bayesian fusion strategy using 
the BRATS brain MRI dataset [40]. This method 
simplifies the fusion process by using wavelets 
generated from the original images using the 
HWT (Haar Wavelet Transform).

In Nayak’s study, a bird swarm optimization 
(BSO) technique was used to develop a novel 
Bayesian fusion algorithm on the BRATS datas-
et [41]. The BSO, inspired by the flocking behav-
ior of birds, optimizes the fusion process by 
simulating the cooperation and information 
sharing of birds during foraging and migration. 
This new medical image fusion scheme, BSO, 
demonstrated superior performance. Discrete 
wavelet transform was applied to images of dif-
ferent modalities, extracting decomposition 
coefficients from the four frequency bands: LL 
(low–low, capturing overall structure), LH (low–
high, representing horizontal details), HL (high–
low, representing vertical details), and HH 
(high–high, capturing diagonal details). Bayesian 
fusion theory, optimized by the BSO algorithm, 
effectively fused the feature information of dif-
ferent modalities, enhancing image directional 
sensitivity and reducing redundant coefficients. 
This method significantly improved the informa-
tion richness and diagnostic value of the fused 
image.

In the study of multimodal medical image 
fusion, various algorithms and methods are 
constantly being proposed to improve fusion 
quality. For example, in the study by Das and 
Bhattacharya, researchers found that multi-
resolution wavelet decomposition provides 
more image information than single-resolution 
methods, particularly in image fusion and 
denoising [42]. Meanwhile, Li et al. proposed a 
medical image fusion approach based on joint 
low-rank and sparse decomposition with dic-
tionary learning for image denoising and 
enhancement [43]. This method’s dictionary 
learning model includes low-rank and sparse 
regularization terms, constructing the fused 
image by combining the low-rank and sparse 



Perioperative Precision Medicine 2025; 3 (4): 152-167. PPM25040461

Perioperative Precision Medicine	 160

Table 2. Comparison of learning methods in multimodal medical image fusion

Method Category Representative Models Key Advantages Typical Applications
Traditional ML 
Methods

SVM, RF, KNN, PCA Interpretable, easy to implement, 
effective for small datasets

Early-stage studies, simple 
or low-noise image fusion

CNN-based Methods U-Net, FusionNet Preserves spatial and texture 
features, supports hierarchical 
learning

Fusion of structurally aligned 
images (e.g., CT+MRI)

GAN-based Methods FusionGAN, CycleGAN High-quality outputs, handles 
nonlinear relationships

High-detail, cross-modality 
image fusion (e.g., PET+MRI)

Autoencoder-based 
Methods

Fusion AE, VAE Good for unsupervised learning, 
extracts latent representations

Fusion tasks with limited or 
no annotations

Hybrid Deep Models Wavelet-CNN,  
SwinFusion

Multi-scale extraction, blends 
transform and deep features

Structural reconstruction, 
diagnosis-oriented fusion

Emerging Methods Transformer-based Strong global context modeling, 
adaptable across modalities

Large-scale fusion, complex 
multimodal integration

Note: Support vector machines (SVM), random forests (RF), K-nearest neighbors (KNN) and principal component 
analysis (PCA). Variational Autoencoder (VAE).

components of the source image, thereby 
improving image quality.

Learning-based methods

Learning-based MMIF methods use machine 
learning and deep learning techniques to learn 
features and patterns from large datasets for 
efficient image fusion. These methods can 
automatically extract complex features, offer 
strong generalization performance, and adapt 
flexibly to the fusion needs of different types 
of images. Prior to the widespread use of deep 
learning, traditional machine learning methods 
such as support vector machines, random for-
ests, K-nearest neighbors and PCA were com-
monly used. These methods achieved effective 
information integration through statistical anal-
ysis, feature optimization, and pixel-level fusion 
strategies. However, as the complexity and 
dimensionality of medical imaging data grew 
significantly, traditional methods began to show 
limitations in feature representation and com-
putational efficiency. This has driven the 
advancement of deep learning technology.

In recent years, deep learning has gained sig-
nificant traction in fields like text processing, 
computer vision, and natural language pro-
cessing, making MMIF more efficient and intel-
ligent [44]. Deep learning techniques, such as 
convolutional neural networks (CNNs), genera-
tive adversarial networks (GANs), and autoen-
coders, have proven particularly effective. 
CNNs, such as FusionNet and U-Net, extract 
local features from medical images via multi-
layer convolution operations, making them 

highly suitable for fusion tasks like CT-MRI and 
PET-MRI [45-49]. GANs, such as FusionGAN 
and CycleGAN, generate realistic, detailed 
images through adversarial training, effective-
ly addressing complex, nonlinear fusion chal-
lenges. Autoencoder frameworks, like Fusion 
Autoencoder and Variational Autoencoder, 
excel at latent feature extraction, compres-
sion, and high-quality reconstruction, particu-
larly in unsupervised learning scenarios. 
Additionally, hybrid models like Wavelet-CNN 
combine traditional transform-domain tech-
niques with deep learning for improved multi-
scale feature extraction and enhanced fusion 
efficiency. Their characteristics and applicabil-
ity are summarized in Table 2.

Li et al. introduced a novel deep learning archi-
tecture designed specifically for infrared and 
visible image fusion [50]. Unlike traditional con-
volutional networks, their encoding network 
consists of convolutional layers, fusion layers, 
and dense blocks, where the output of each 
layer connects to all other layers. This architec-
ture aims to extract more useful features from 
source images during encoding and uses two 
fusion layers (fusion strategies) to merge these 
features. Finally, the decoder reconstructs the 
fused image, optimizing information integration 
before reconstruction and improving feature 
extraction during encoding.

To further enhance the detail quality and real-
ism of the fused image, the Generative 
Adversarial Network (GAN) is used to achieve 
high-quality medical image fusion through 
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adversarial training between the generator and 
discriminator [45-48, 50-53].

Despite the impressive results achieved by cur-
rent fusion methods, there are still areas for 
improvement. For example, GAN-based fusion 
of infrared and visible light images is time-con-
suming and lacks ground truth, making it diffi-
cult to design a comprehensive input for the 
discriminator to perform high-level tasks. Two 
existing solutions to this problem involve using 
visible images as references or learning a 
generative model through a dual-discriminator 
approach, where both infrared and visible imag-
es serve as input [54, 55]. To address these 
challenges, Hou et al. proposed a semantic 
segmentation-based infrared and visible light 
image fusion GAN (SSGAN) [56]. This method is 
a deep learning-based, end-to-end fusion net-
work that does not require manual rule design. 
It uses semantic masks to separate images 
into foreground (salient semantic features) 
and background (fine texture details). The fore-
ground represents salient semantic objects, 
while the background contains finer texture 
details. Distinct generator pathways extract the 
semantic features, while the discriminator com-
bines the infrared foreground and visible back-
ground to generate images that preserve both 
semantic clarity and textural detail.

The instability of GANs has prompted the 
exploration of Transformer architectures. The 
Transformer’s attention mechanism excels at 
capturing global multimodal relationships and 
has demonstrated great potential in accurately 
integrating cross-modal features. With its suc-
cess in natural language processing and com-
puter vision, researchers have started to explore 
its application in the field of medical image 
fusion.

Current fusion rules employed by convolution-
based networks for multimodal medical image 
fusion are often not fine-grained enough. Deep 
learning-based methods generally concatenate 
source images or depth features from different 
modalities and input them into neural networks, 
which may lead to insufficient utilization of the 
source image information and limit the compre-
hensive use of available modalities. To address 
this, Zhang et al. proposed Transfusion, a trans-
former-based end-to-end medical image fusion 
framework [57]. This innovative framework 
incorporates the Transformer as a fusion strat-

egy, utilizing its self-attention mechanism to 
integrate the global contextual information of 
multimodal features and fully fuse them. 
Additionally, the designed branch networks 
interact through multi-scale fusion transform-
ers, enabling better utilization of information 
from different modalities.

Simultaneously, self-supervised learning (SSL) 
has been developing rapidly [58-62]. SSL does 
not require a large amount of manually anno-
tated data but instead leverages the structural 
information within the data to train models and 
enhance cross-modal alignment and feature 
representation.

Fang et al. proposed a multimodal brain tumor 
segmentation framework that utilizes hybrid 
fusion of modality-specific features via a self-
supervised learning strategy, employing fully 
convolutional networks [63]. Their multi-input 
architecture, along with the novel hybrid atten-
tion fusion scheme, learns independent fea-
tures from multimodal data, adapts to varying 
numbers of multimodal inputs, and captures 
the correlation between them through the 
attention mechanism.

Inspired by contrastive learning, Zhang et al. 
developed an SSL framework based on contras-
tive autoencoding and convolutional informa-
tion exchange for multimodal medical fusion 
tasks [64]. Since extracting features from 
source images in pairs often causes informa-
tion redundancy, the researchers combined 
Transformers and CNNs in parallel as autoen-
coders. This combination preserves both global 
and local features based on prior knowledge 
and uses a contribution estimation model to 
assess the optimal fusion contribution of 
paired source images. The Transformer-CNN 
hybrid encoder and contribution estimation 
model treat paired source images as positive 
and negative results of reconstructed images, 
improving fusion quality by mitigating infor-
mation redundancy through refined feature 
exchange.

Currently, self-supervised MMIF methods pre-
train networks using large natural image datas-
ets via the original image reconstruction task, 
then achieve image fusion by integrating fusion 
rules into the trained network. However, they 
often overlook the domain differences between 
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Figure 5. Three fusion approach categories: Traditional methods provide a foundation for model methods, which 
in turn provide a development foundation for learning methods. “Laplacian Pyramid”, “IHS” and “PCA” are pixel-
level fusion technologies; GAN is developed based on CNN.

the training and test data. Additionally, most 
existing MMIF methods are built upon tradition-
al CNN architectures, limiting their ability to 
model long-range contextual relationships in 
the source modalities. To overcome this, Zhang 
et al. proposed a self-supervised transformer 
for MMIF [65]. Under this framework, random 
image super-resolution (RSR) is used to train 
the network. Both RSR and MMIF share similar 
multi-resolution inputs and objectives: image 
restoration and enhancement, which helps 
reduce domain discrepancies between the 
training and test data. Furthermore, a trans-
former-based fusion network is introduced to 
capture both local and global information from 
the source modalities. By leveraging RSR as a 
pretext task aligned with fusion objectives, this 
model reduces domain differences and effec-
tively captures both global and local modality 
information.

In summary, image fusion methods can be 
classified into three categories: traditional 
methods, model-based methods, and learning-
based methods. Each method has distinct 
characteristics and application scenarios, with 
developmental relationships among them. As 
shown in Figure 5, traditional image fusion 
methods (e.g., Laplacian pyramid, IHS trans-
form, PCA) are primarily based on pixel-level 
operations or direct transform-domain process-
ing, laying the theoretical and technical foun-
dation for model-based methods. These mod-
el-based methods continue to evolve, ulti-

mately driving the development of learning-
based fusion technologies, with deep learn-
ing as the core. Table 3 lists some fusion 
techniques.

With the continuous growth of medical imaging 
data and advancements in computing power, 
learning-based methods are moving toward 
smarter and more efficient solutions. Future 
research will likely focus on multimodal feature 
alignment across different domains, improving 
the interpretability of fusion methods, and lever-
aging large-scale pretrained medical imaging 
models. The development of these technolo-
gies will not only enhance diagnostic efficiency 
but also play a key role in areas such as tele-
medicine, disease detection, and personalized 
treatment.

Image fusion quality assessment metrics

The evaluation of MMIF quality is crucial to 
ensure that the fusion results meet clinical 
diagnostic needs. Fusion quality assessment 
methods are typically divided into two catego-
ries: subjective and objective evaluation [66]. 
Subjective evaluation, as the name suggests, 
relies on human judgment, often performed by 
clinical experts. It typically involves comparing 
the fused image with the original images to 
score the fusion result. The advantage of sub-
jective evaluation is that it directly reflects the 
practical utility of the fused image and the 
observer’s intuitive assessment. However, it 
has limitations, including dependence on per-
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Table 3. Comparison of several methods

Method Name Type Advantages Disadvantages Computational 
Complexity

Image 
Quality

IHS Traditional Intuitive, low computational 
cost

Spectral loss, 
unstable for high 
dimensions

Low Medium

PCA Traditional Dimensionality reduction, 
feature extraction

Color distortion, 
sensitive to noise

Medium Medium

Wavelet  
Transform

Traditional Multi-resolution, image detail 
preservation

High complexity, long 
processing time

High High

GAN Learning-based High quality image generation, 
handles complex tasks

Unstable training, 
requires large data

High High

CNN Learning-based Automatic feature extraction, 
strong recognition

High computational 
cost, long training

High High

Transformer Learning-based Integrates multimodal data, 
self-attention mechanism

Long training,  
complex model

High High

Sparse  
Representation

Model-based Effective feature representa-
tion, robust to noise

Needs high-quality 
dictionary, complex 
computation

Medium Medium

sonal experience and subjective judgment, vari-
ability between different observers, and being 
time-consuming, labor-intensive, and difficult to 
quantify. As a result, objective evaluation indi-
cators are commonly introduced for automated 
and repeatable quality assessment. Objective 
evaluation analyzes the quality of the fused 
image from multiple perspectives by examining 
the statistical and structural features of both 
the fused and source/reference images.

Common objective evaluation indicators focus 
on different aspects, including the (SSIM), peak 
signal-to-noise ratio (PSNR), mutual informa-
tion (MI) and cross entropy (CE).

(1) SSIM assesses the similarity of image 
structure, brightness, and contrast. Its value 
range is from 0 to 1, with 1 indicating that the 
structure of the fused image closely matches 
that of the original image. The formula is as 
follows:
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(2) PSNR measures the difference in pixel 
intensity between the fused image and the ref-
erence image. A higher PSNR value indicates 
better image quality, as it signifies a lower level 
of distortion between the fused and reference 
images. The formula is as follows:

10logPSNR MSE
MAX

10

2
I= c m                                      (8)

(3) MI measures the amount of information 
the fused image retains from the two source 
images. A larger MI value indicates that the 
fused image contains more of the original infor-
mation. The formula is as follows:
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( , )

MI X Y p x y p x p y
p x y

,x y
=/                      (9)

(4) CE evaluates the similarity between the 
light intensity distribution of the fused image 
and the source image. A smaller cross-entropy 
value indicates less information loss [67].

In general, the above objective indicators can 
quantify fusion quality to some extent, but each 
focuses on different aspects, making it chal-
lenging to fully capture the subjective quality 
evaluation criteria of the human eye. To improve 
the consistency between objective evaluation 
and human perception, recent research has 
proposed enhanced fusion quality assessment 
methods. For instance, Wang et al. proposed a 
super-pixel-level structural similarity evaluation 
index system [68]. This method first performs 
superpixel segmentation on the image, dividing 
it into smaller areas that are perceptually uni-
form. It then extracts features from the source 
and fused images within the corresponding 
superpixel areas to calculate regional structur-
al similarity. This approach helps reduce errors 
caused by direct pixel comparison of images 
from different modalities, enabling a more 
accurate assessment of how well the fused 
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image retains the source image’s structural 
information. Compared to traditional pixel-by-
pixel SSIM, the superpixel-based evaluation is 
less sensitive to registration errors and offers 
greater accuracy in fusion quality assessment.

In the future, by integrating human visual per-
ception models with artificial intelligence tech-
nologies, fusion quality evaluation methods will 
more accurately and comprehensively reflect 
the strengths and weaknesses of fusion results, 
providing stronger support for the advancement 
of MMIF technology.

Discussion

MMIF effectively integrates complementary 
features from different imaging modalities, 
overcoming the limitations of single-modality 
imaging and enhancing diagnostic accuracy. 
Initially, traditional fusion techniques dominat-
ed, focusing mainly on spatial and frequency 
domain methods. However, these methods 
have limitations in preserving information and 
accurately representing key diagnostic features. 
As a result, model-based methods gradually 
became mainstream, offering greater flexibility 
and robustness in processing complex image 
data and integrating probabilistic information, 
thereby improving diagnostic accuracy.

In recent years, deep learning methods have 
driven further progress in MMIF. Architectures 
based on CNNs, GANs, and Transformers have 
significantly improved MMIF performance with 
their powerful feature extraction and adaptive 
learning capabilities. CNNs excel in capturing 
multi-scale features through their hierarchical 
learning structure. GANs enhance fusion quality 
by synthesizing high-fidelity images, bridging 
modality differences, and improving visual clar-
ity. Transformers, known for their excellent fea-
ture extraction and global context modeling, 
handle long-range dependencies and enhance 
modality alignment.

Despite the ongoing development of MMIF tech-
niques, challenges remain, including address-
ing cross-modality differences, optimizing algo-
rithms for efficiency, and achieving clinical 
applicability. Continued research is crucial for 
improving these technologies, optimizing fusion 
performance, and ultimately enabling clinical 
application.

Looking ahead, MMIF technology holds broad 
application potential. Possible future develop-
ment directions include:

● Improving interpretability is key to enhancing 
user trust and optimizing clinical decision-mak-
ing. With growing demands for transparency in 
AI products, enhancing the interpretability of 
deep learning models is crucial for clinical 
decision support. Future developments should 
focus on explaining model decisions. For 
instance, incorporating attention mechanisms 
could highlight specific regions of medical imag-
es prioritized during fusion, providing visual 
cues for clinicians. Additionally, feature visual-
ization techniques (e.g., Grad-CAM or saliency 
maps) could be used to display internal feature 
representations, clarifying how the model pro-
cesses multimodal data.

● Future research should aim to improve fusion 
accuracy by addressing modality differences, 
enhancing feature alignment, and reducing 
information redundancy. Researchers could 
design custom loss functions (e.g., mutual infor-
mation-based or redundancy-penalizing losses) 
to minimize overlapping or irrelevant informa-
tion during fusion.

● The focus is on developing computationally 
efficient and lightweight models for clinical 
usability. However, bottlenecks such as high 
computational complexity, slow inference 
speed, and resource-intensive models limit 
real-time clinical applications. Researchers 
should consider applying model compression 
techniques, such as pruning (removing redun-
dant neurons) and quantization (reducing 
weight precision), to create lightweight models 
without compromising accuracy. Additionally, 
utilizing advanced hardware or optimizing algo-
rithms with efficient convolution operations and 
approximate complex functions can help, with 
custom implementations tailored to clinical 
hardware limitations.

● To address data scarcity and labeling costs, 
self-supervised learning and synthetic data aug-
mentation methods are increasingly employed, 
enabling robust model training without large 
labeled datasets. For example, self-supervised 
learning can be used to pre-train a model on an 
unlabeled multimodal dataset and then fine-
tune it on a smaller labeled dataset.
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● Research should focus on developing gen-
eral models that can adapt to various medical 
imaging modalities and clinical scenarios. This 
includes applying transfer learning to adapt 
pre-trained models to new modalities and 
developing multi-task learning frameworks to 
enhance the adaptability and versatility of MMIF 
models.

Overall, continuous innovation and interdisci-
plinary collaboration are crucial to advancing 
multimodal medical image fusion technology. 
Combining medical image fusion technology 
with genomics, physiological signal monitoring 
and big data analysis will further promote the 
implementation of personalized diagnosis and 
treatment strategies, achieve early diagnosis 
and precise treatment of diseases, and signifi-
cantly improve the accuracy of clinical diagnosis 
and the efficiency of medical decision-making.

Conclusion

The rapid advancement of multimodal image 
fusion technology has greatly benefited the 
medical field and human well-being. This 
paper summarizes the evolution of MMIF tech-
nology, beginning with an introduction to main-
stream imaging technologies, followed by an 
analysis of the advantages and limitations of 
single-modality technologies. It then introduc-
es multimodal image fusion technology, fol-
lowed by an overview of three MMIF methods: 
traditional methods, model-based methods, 
and learning-based methods, with a particular 
focus on the application of deep learning in 
recent years. Finally, performance evaluation 
indicators for multimodal fusion are analyzed, 
and suggestions for future research direc-
tions are provided.
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Highlights

Introduction

Acute liver failure (ALF) is a severe hepatic injury 
caused by factors such as drugs, hepatotoxic 
substances, viruses, and alcohol, characterized 
by extensive hepatocyte death and rapid dete-

rioration of liver function. Clinical manifesta-
tions include hepatic encephalopathy, intracra-
nial hypertension, infections, coagulation disor-
ders, and hemorrhage. Without timely intensive 
care or liver transplantation, ALF can lead to 
multiple organ failure and death [1]. Allogeneic 
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● This review focuses on the research of bone marrow mesenchymal stem cells (BM-MSCs) in treating acute liver 
failure (ALF).

● BM-MSCs are a heterogeneous subset of stromal stem cells that can be isolated from various adult tissues.
● BM-MSCs have the ability to migrate toward damaged tissues and differentiate into hepatocytes. They effectively 

suppress pro-inflammatory cytokine release and promote hepatocyte proliferation.
● BM-MSCs are a promising target for clinical treatment of acute liver failure.
● BM-MSCs provide a new therapeutic direction for patients with acute liver failure during the perioperative period.

Abstract

Acute liver failure (ALF) is a severe hepatic injury characterized by rapid progression and multifactorial etiology. 
Clinical manifestations predominantly include severe gastrointestinal symptoms, altered consciousness, coagu-
lopathy, jaundice, and hepatic encephalopathy. Currently, no specific pharmacological agents or established thera-
peutic regimens exist for ALF. While liver transplantation remains the primary clinical intervention, its application 
is limited by the shortage of donors. Advances in medical technology and research have led to accumulating ex-
perimental evidence suggesting that mesenchymal stem cells (MSCs) can alleviate liver inflammation, improve he-
patic histology and function, and enhance survival rates in ALF. MSCs have advanced to clinical trials, with ongoing 
exploration into the mechanisms underlying their efficacy, highlighting their substantial potential in regenerative 
medicine. In the future, BM-MSCs may become an important treatment option for patients with acute liver failure 
during the perioperative period. This review provides a comprehensive overview of the therapeutic mechanisms 
and key findings associated with stem cells, particularly BM-MSCs, in the treatment of ALF.

Keywords: Acute liver failure, mesenchymal stem cells, therapeutics
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liver transplantation remains the only effective 
treatment for liver failure; however, alternative 
therapies are urgently needed due to the 
severe shortage of donors [2]. Numerous stud-
ies have shown that transplantation of hepatic 
stem cells or pluripotent stem cell-derived 
hepatocyte-like cells in experimental liver dis-
ease models can lead to liver repopulation by 
donor cells and improved survival rates [3].

Mesenchymal stem cells (MSCs) are a hetero-
geneous subset of stromal stem cells that can 
be isolated from various adult tissues. MSCs 
interact with both the innate and adaptive 
immune systems, modulating effector func-
tions [4]. A growing body of animal studies sug-
gests that MSCs significantly mitigate acute 
liver injury in ALF through their migratory 
capacity, hepatogenic differentiation poten-
tial, immunomodulatory effects, and paracrine 
actions [5]. Due to their ability to migrate to 
injured tissues, differentiate into hepatocytes, 
suppress inflammatory cytokine release, and 
promote hepatocyte proliferation, MSCs have 
emerged as a key focus of research in ALF 
treatment [6]. The specific characteristics of 
mesenchymal stem cells from different sourc-
es are shown in Table 1.

Clinical challenges in allogeneic liver trans-
plantation for ALF

Determining the suitability of allogeneic liver 
transplantation for ALF presents significant 
clinical challenges, primarily in the timely iden-
tification of transplant indications and contra-
indications. A critical challenge is precise indi-
cation assessment, requiring clinical evalua-
tion to confirm irreversible hepatic injury and 
distinguish reversible from irreversible etiolo-
gies. The latter, characterized by extensive hepa-
tocyte necrosis without regenerative potential, 
typically necessitates urgent transplantation 
[7]. While established prognostic scoring sys-
tems such as the Model for End-Stage Liver 
Disease (MELD) help identify patients at high-
est mortality risk, their predictive accuracy 
remains limited [2]. Furthermore, the dynamic 
assessment of contraindications is challeng-
ing: absolute contraindications must be rigor-
ously excluded, while managing relative con-
traindications (e.g., advanced age) requires 
highly individualized evaluation [3, 8]. The clini-
cal complexity is compounded by the potential 
for rapid deterioration within hours, necessi-
tating continuous monitoring and dynamic reas-
sessment of transplant eligibility. Additionally, 

Table 1. MSCs from different sources

Feature BMSCs UCMSCs ADSCs hPMSCs
Full Name Bone Marrow Mesen-

chymal Stem Cells
Umbilical Cord  
Mesenchymal Stem 
Cells

Adipose-Derived 
Mesenchymal Stem 
Cells

Human Placental 
Mesenchymal 
Stem Cells

Source Bone Marrow Umbilical Cord Adipose Tissue Placenta
Immunogenicity Low (potential for mild 

rejection in allogeneic 
transplantation)

Very low No rejection in autolo-
gous transplantation

Low

Immunomodulation Suppresses inflam-
mation via HO-1 and 
inhibits pyroptosis via 
IL-10

Significantly mitigates 
inflammatory respons-
es and modulates mac-
rophage polarization

Suppresses excessive 
immune responses 
and ameliorates the 
inflammatory micro-
environment

Not reported

Paracrine Factors HO-1 activates au-
tophagy

Highly secretes HGF 
to promote hepatic 
regeneration

Secretes growth 
factors promoting 
angiogenesis

Improves liver 
function indicators

Differentiation 
Potential

Multipotent differen-
tiation

Multipotent differen-
tiation (notably strong 
hepatic differentiation 
potential)

Multipotent differ-
entiation (moderate 
hepatic differentia-
tion capacity)

Exhibits prominent 
anti-fibrotic differ-
entiation potential

Clinical Accessibility Invasive harvesting, 
slow expansion kinet-
ics, high cost

Non-invasive source, 
high yield, rapid expan-
sion

Minimally invasive 
harvesting, high yield

Non-invasive 
source

Note: HO-1, heme oxygenase 1; IL-10, Interleukin-10; HGF, hepatocyte growth factor.
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establishing transplant criteria in special pop-
ulations is significantly influenced by distinct 
etiological profiles. Post-transplant outcomes 
exhibit substantial heterogeneity among these 
subgroups, even after successful transplanta-
tion. A particularly salient challenge is pediatric 
ALF, especially cases triggered by specific met-
abolic disorders (e.g., mitochondrial hepatopa-
thies) [6, 9]. Evidence from large registries like 
the European Liver Transplant Registry (ELTR) 
indicates significantly reduced long-term sur-
vival in these children compared to adult ALF 
recipients or pediatric patients transplanted 
for more common metabolic indications [10]. 
This underscores the unique clinical challenges 
and heightened post-transplant management 
requirements associated with metabolic etiol-
ogies in pediatric ALF.

Advances in the mechanisms underlying 
bone marrow-derived mesenchymal stem cell 
(BMSC) therapy for ALF

BMSCs were first identified in adult mouse 
bone marrow by Friedenstein AJ et al. during in 
vitro colony assays in 1976. Recent studies 
have demonstrated their self-renewal, multipo-
tent differentiation, low immunogenicity, and 
immunomodulatory functions. BMSCs have 
recently been applied in clinical trials, while the 
underlying mechanisms of their efficacy are 
being extensively investigated [11].

BMSCs ameliorate ALF via modulation of au-
tophagy through the HO-1/PI3K/AKT signaling 
pathway

Heme oxygenase-1 (HO-1) is an inducible 
enzyme with anti-apoptotic and immunomodu-
latory properties [12]. Autophagy, a conserved 
intracellular catabolic process, may be a criti-
cal pathway in MSC-mediated therapy for ALF. 
Zhang et al. isolated and cultured BMSCs 
from Sprague-Dawley rats [13]. ALF-induced 
rats were treated with BMSCs, an HO-1 induc-
er, or an HO-1 activity inhibitor, followed by 
assessment of hepatic injury markers and 
HO-1 activity. The results demonstrated that 
MSC treatment significantly upregulated HO-1 
expression while reducing serum levels of ala-
nine aminotransferase (ALT), aspartate ami-
notransferase (AST), and total bilirubin (TBIL). 
In contrast, pharmacological inhibition of 
HO-1 attenuated the therapeutic efficacy of 

MSCs and suppressed hepatocellular autopha-
gy. These findings suggest that BMSCs ame-
liorate ALF through HO-1 upregulation-depen-
dent mechanisms [14]. Wang et al. trans-
planted BMSCs into D-galactosamine-induced 
ALF rats. Pharmacological inhibition studies 
revealed that BMSCs alleviated ALF through 
HO-1 upregulation, wherein HO-1 activated 
autophagy via the PI3K/AKT signaling pathway 
[15]. Amiri F et al. intravenously administered 
autophagy-impaired BMSCs to mice with ALF 
[16]. The autophagy-modulated MSC transplan-
tation group exhibited significantly reduced 
hepatic enzyme activity and lower necrotic 
scores compared to sham-operated controls 
(receiving no cell therapy). At 72 hours post-
transplantation, mice receiving autophagy-
inhibited MSCs demonstrated restoration of 
hepatic enzyme levels to baseline values. These 
data indicate that autophagy inhibition in 
BMSCs enhances their paracrine-mediated 
hepatic regenerative potential, suggesting a 
novel strategy to optimize cell-based therapy 
for ALF [16]. MSCs possess remarkable meta-
bolic and functional supportive capacities in 
inflammatory diseases [17].

BMSCs mitigate inflammatory responses in 
ALF through modulation of underlying im-
mune mechanisms

NOD-like receptor protein 3 (NLRP3) plays a piv-
otal role in inflammatory and immune respons-
es. Wang et al. administered exogenous recom-
binant rat interleukin (IL)-10, small interfering 
RNA (siRNA), and the NLRP3 inhibitor MCC950 
to mice, demonstrating that either IL-10 injec-
tion or BMSC transplantation ameliorated ele-
vated total bilirubin, NH3, inflammatory cyto-
kines, and related enzymes in ALF, suggesting 
that IL-10 secreted by BMSCs alleviates ALF 
through inflammasome suppression [18]. Wang 
JL et al. assessed hepatocyte proliferation 
using immunohistochemical (IHC) staining, 
examined key Wnt signaling proteins and cell 
surface factor expression, and employed IL-4 
silencing to explore IL-4’s role in BMSC bioac-
tivity [18]. Results indicated that BMSCs ame-
liorate ALF through IL-4-dependent macro-
phage polarization toward the M2 anti-inflam-
matory phenotype [19]. Jiang et al. inhibited 
the PI3K/AKT/mTOR signaling pathway in vitro 
with the specific inhibitor LY294002, followed 
by intravenous BMSC administration into rats 
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to observe transdifferentiation dynamics [20]. 
BMSCs migrated to intestinal injury sites and 
transdifferentiated into intestinal epithelial 
cells. Compared to the ALF control group, this 
treatment significantly reduced intrahepatic 
pro-inflammatory cytokine levels. Additionally, 
intestinal permeability, mortality rates, and his-
topathological lesions in the gut were markedly 
reduced. These findings suggest that BMSC 
transplantation may serve as a potential thera-
peutic candidate for endotoxemia in ALF [20]. 
High mobility group box chromosomal protein 
1is a crucial proinflammatory molecule in vari-
ous inflammatory diseases. Wang et al. demon-
strated that soluble receptor for advanced gly-
cation end-products (sRAGE) administration 
significantly prolonged survival time, improved 
liver function, reduced inflammatory cytokine 
levels, and mitigated hepatocyte necrosis in 
ALF rats [21]. Xiu et al. revealed that CXCR4 
overexpression in BMSCs enhanced their migra-
tion capacity through PI3K/Akt signaling path-
way activation downstream of CXCR4, elucidat-
ing the molecular mechanisms and providing 
novel insights for the clinical application of 
BMSCs in ALF treatment [22].

Interaction between HO-1 and NLRP3

In ALF, HO-1 (heme oxygenase-1) and the 
NLRP3 inflammasome are closely interconnect-
ed through oxidative stress, endotoxemia, and 
inflammatory cascades, jointly participating in 
the pathological process of ALF. HO-1 inhibits 
NLRP3 activation [23]. The HO-1 metabolic prod-
uct, carbon monoxide, inhibits NLRP3 inflamma-
some assembly, while bilirubin inhibits NLRP3 
ubiquitination, reducing its binding efficiency 
with the adaptor protein. In experiments using 
BMSCs to treat ALF, high HO-1 expression sig-
nificantly reduced NLRP3 activity [24]. The inte-
grative role of autophagy: HO-1-induced autoph-
agy can selectively degrade NLRP3 inflamma-
some components, forming a negative feed-
back loop. When autophagy is inhibited, the 
protective effect of BMSCs against ALF dimin-
ishes, and levels of inflammatory factors in liver 
tissue increase. HO-1 and NLRP3, acting as 
central regulators for antioxidant stress and 
pro-inflammatory responses, form an interac-
tive regulatory network through the “oxidative 
stress-endotoxin-inflammation” axis in ALF. 
Therapeutic strategies targeting both may offer 
new approaches to ALF treatment [25, 26].

Advances in the therapeutic mechanisms 
of umbilical cord mesenchymal stem cells 
(UCMSCs) for ALF

Human UCMSCs are derived from the umbilical 
cord and exhibit broad tissue sources, multilin-
eage differentiation potential, low immunoge-
nicity, and strong self-renewal capacity, show-
ing significant promise in regenerative medicine 
[27]. In vitro cultured UCMSCs have been shown 
to attenuate hepatic inflammation in a co-cul-
ture model of liver inflammation following pre-
conditioning [28]. Jia et al. conducted a clinical 
investigation involving patients diagnosed with 
liver failure and cirrhosis who received stem 
cell infusions. Peripheral infusion of UCMSCs 
demonstrated significant therapeutic efficacy in 
hepatitis B virus-related liver failure, significant-
ly reducing serum levels of ALT, AST, and TBIL. 
Extended treatment courses were associated 
with improved therapeutic outcomes [29]. Tao 
et al. transplanted UCMSCs into ALF mice, 
observing reduced serum ALT and AST levels 
along with attenuated inflammatory respons-
es, suggesting UCMSCs alleviate ALF by modu-
lating hepatocyte apoptosis and macrophage 
polarization, making UCMSC-based therapy a 
viable alternative for ALF patients [30]. Yu et al. 
administered HNF4α-overexpressing UCMSCs 
via tail vein injection into ALF model mice [31]. 
The HNF4α-UCMSCs group exhibited signifi-
cantly improved inflammatory responses com-
pared to the CON-UCMSCs group, with reduced 
inflammatory cell infiltration, diminished apop-
tosis, and markedly improved survival rates. 
HNF4α-UCMSCs secreted higher levels of IL-10 
than CON-UCMSCs, thereby attenuating macro-
phage death and promoting M2 macrophage 
polarization. These findings highlight the supe-
rior therapeutic efficacy of HNF4α-UCMSCs 
over CON-UCMSCs in ALF treatment, providing 
a novel therapeutic approach for ALF [31]. Yun 
et al. evaluated UCMSCs in CCl4-induced ALF, 
assessing toxicity, tumorigenicity, and biodis-
tribution, and found hepatoprotective effects 
through reduced hepatocyte necrosis and lob-
ular neutrophil infiltration, suggesting that 
UCMSC therapy could serve as an alternative to 
liver transplantation [32]. Zhang et al. investi-
gated the therapeutic effects of transplanting 
passage 5 (P5) and passage 10 (P10) human 
UCMSCs into rats with ALF [33]. Control group 
rats died within 48 to 96 hours after saline 
injection, while the P5-UCMSCs group exhibited 
a 7-day survival rate of 62.5%, with only 3 mor-
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talities. The P10-UCMSCs group showed a 
37.5% survival rate, with 3 rats surviving 
beyond one week. UCMSC transplantation 
effectively repaired damaged liver tissue, stim-
ulating endogenous liver regeneration and sup-
pressing hepatocyte apoptosis, thereby repop-
ulating the liver and compensating for hepatic 
function [33]. Guo J et al. administered UMSCs 
via peripheral infusion to rhesus monkeys 
(Macaca mulatta) with toxin-induced intraperi-
toneal injury [34]. Comparative analysis revealed 
that, relative to the control group, the UMSCs 
group exhibited significantly decreased levels of 
proinflammatory cytokines (e.g., TNF-α, IL-1α, 
IL-1RA, and IL-15) and chemokines (e.g., MCP-1, 
MIP-1α, and MIP-1β). This suggests that UMSCs 
effectively suppress the aggregation and matu-
ration of circulating monocytes, concurrently 
inhibiting their IL-6 secretion. Histological exam-
ination demonstrated substantial improvement 
in liver architecture, restoration of systemic 
homeostasis, and enhanced survival rates [35].

Advances in adipose-derived mesenchymal 
stem cell (ADSC) therapy for ALF

ADSCs are typically isolated from a patient’s 
subcutaneous adipose tissue, yielding high cell 
numbers. ADSCs accumulate at disease sites 
to suppress excessive immune responses and 
secrete various growth factors and cytokines. 
They promote angiogenesis, exert anti-apoptot-
ic effects, and regulate immune cells through 
cell-cell interactions. ADSCs possess advantag-
es, including high proliferation, clonogenicity, 
multipotent differentiation, and immunomodu-
lation, making them ideal candidates for ALF 
therapy [36]. ADSCs have been widely applied 
in ALF treatment due to their abundant sources, 
low cost, and simple isolation procedures [37]. 
Liau et al. established indirect co-culture sys-
tems between primary ADSCs and damaged 
HepG2 cells, observing that ADSCs exhibited 
early hepatic differentiation markers under the 
influence of factors released by injured HepG2 
cells [37]. Zhang et al. transplanted ADSC-
differentiated hepatocytes into mice with liver 
injury. Histological analysis revealed marked 
improvement, evidenced by reduced hepatic 
necrotic areas and significantly decreased 
serum TBIL levels [37]. Immunofluorescence 
staining, serological parameters, and biochemi-
cal indices showed varying degrees of improve-
ment. These findings indicate that ADSC-
derived hepatocytes hold significant promise 

for therapeutic interventions in liver disease 
animal models and clinical translation [37]. 
Chae et al. implanted Foxa2-modified ADSC 
scaffolds into the dorsal subcutaneous tissue 
of nude mice. Histopathological damage was 
significantly alleviated in the treated group. 
Paracrine cytokines (e.g., IL-10, IL-4, IL-6, and 
IL-13) were markedly upregulated through para-
crine mechanisms, substantially enhancing 
hepatic regeneration processes. These findings 
demonstrate the substantial clinical value of 
ADSCs in treating ALF [38]. Subsequently, Shi 
et al. isolated porcine ADSCs and transplant-
ed them into rabbits with ACLF, evaluating 
biochemical parameters, histomorphological 
scores, ADSC distribution characteristics, and 
hepatic pathology. Results showed that ADSC 
transplantation improved survival rates and 
liver function, demonstrating their therapeutic 
effects against ALF [39]. Jin et al. engrafted 
ADSC-differentiated hepatocyte-like cells into 
ALF model mice. The PBS control group exhibit-
ed 100% mortality within 48 hours, whereas 
the treatment group achieved a 26.7% survival 
rate, resulting in a significant survival advan-
tage along with effective attenuation of inflam-
matory responses [40]. Liu et al. transplanted 
third-passage ADSCs derived from ALF porcine 
models and healthy donor-derived ADSCs into 
ALF mice [41]. Both groups exhibited improved 
hepatic histopathology, liver function, and sur-
vival rates, as evidenced by significant reduc-
tions in ALT, AST, direct bilirubin, and TBIL, along 
with attenuated inflammatory cell infiltration 
and enhanced hepatic lobule regeneration. 
Notably, the ALF-ADSCs group exhibited elevat-
ed expression of porcine hepatocyte-specific 
genes in recipient livers, suggesting enhanced 
hepatic differentiation potential in ADSCs iso-
lated from liver-injured porcine donors [41]. 
Hwang et al. demonstrated that lipid-conjugat-
ed heparin-coated ADSCs reduced serum AST 
and ALT levels more rapidly and alleviated 
inflammation compared to untreated ADSCs, 
indicating that this modification significantly 
enhances therapeutic efficacy against liver inju-
ry [42].

Exploratory studies on human placental mes-
enchymal stem cell (PMSCs) therapy for ALF

In addition to the three common types of MSCs, 
PMSCs have shown promising potential in treat-
ing ALF. Cao et al. established an ALF model in 
Chinese experimental miniature pigs and trans-



Perioperative Precision Medicine 2025; 3 (4): 168-175. PPM25040463

Perioperative Precision Medicine	 173

planted PMSCs, observing improved liver func-
tion with normalized concentrations of ALT, AST, 
ALP, CHE, TBIL, and TBA in recipient pigs. 
Hepatic inflammation and degenerative necro-
sis were alleviated, while liver regeneration was 
promoted. The survival time of ALF pigs was sig-
nificantly prolonged [43]. Yu et al. generated 
GFP(+) PMSCs through lentiviral GFP (Green 
Fluorescent Protein) gene transduction, demon-
strating that GFP(+) PMSCs expressed multiple 
liver-promoting factors, and their derived hepa-
tocyte-like cells exhibited typical hepatic pheno-
types [44]. Yu et al. administered GFP-labeled 
PMSCs via tail vein injection to CCl4-induced 
fibrotic rats, showing improved liver function. 
This approach also provided insights for the 
application of adipose-derived stem cell thera-
py in ALF [45].

Development and prospects

Currently, MSCs exhibit several key capabilities, 
including homing to injured tissues, targeting 
damaged sites via inflammatory signals, sup-
pressing cytokine storms, undergoing hepato-
genic differentiation, promoting hepatocyte 
proliferation, and exerting paracrine effects. 
However, significant challenges remain in the 
therapeutic application of MSCs for ALF 
treatment.

stress injury in ALF hepatocytes. Prostaglandin 
E2 (PGE2) activates G protein-coupled signal-
ing by binding to EP4 receptors on the surface 
of ALF hepatocytes. This process recruits and 
phosphorylates Janus kinases (Jaks). Jak1 sub-
sequently phosphorylates phosphatidylinositol 
3-kinase (PI3K), which catalyzes the synthesis 
of phosphatidylinositol (3,4,5)-trisphosphate 
(PIP3) from phosphatidylinositol (4,5)-bisphos-
phate (PIP2). PIP3 facilitates phosphoinositide-
dependent kinase-1 (PDK1)-mediated phos-
phorylation of protein kinase B (AKT), generat-
ing phosphorylated AKT (p-AKT). Activated AKT 
suppresses pro-apoptotic factors and upregu-
lates the expression of the X-linked inhibitor of 
apoptosis protein (XIAP). Collectively, this sig-
naling cascade inhibits apoptotic cell death in 
ALF hepatocytes. The signaling pathway dia-
gram is shown in Figure 1.

Conclusion

This review focuses on elucidating the thera-
peutic effects of MSCs in ALF. MSCs can be 
derived from multiple sources, including bone 
marrow, umbilical cord, adipose tissue, and pla-
centa. They possess the capabilities of self-
renewal and multilineage differentiation, cou-
pled with low immunogenicity and immunomod-
ulatory functions. BMSCs can ameliorate ALF by 

Figure 1. Mechanism of action of BMSCs. HO-1 promotes BMSCs to 
release PGE2, which binds to EG4 GS on hepatocytes, triggering an 
enzymatic cascade that activates PIP3, PDK1, and AKT, and subse-
quently activates XIAP, thereby inhibiting cell apoptosis caused by 
acute lung injury.

Limited research exists on MSC 
combination therapies, and further 
investigation is needed to determine 
whether different delivery vehicles 
or co-encapsulation strategies could 
enhance therapeutic efficacy.

Determining the optimal dosage for 
MSC therapy in ALF remains a criti-
cal area for further exploration. The 
establishment of patient stratifica-
tion criteria for different transplan-
tation routes (e.g., intravenous vs. 
intrahepatic injection) in MSC thera-
py is crucial. Besides, defining the 
optimal temporal parameters for 
MSC intervention in ALF is essential 
for improving clinical outcomes.

Signal path

BMSCs secrete heme oxygenase-1 
(HO-1), which exerts anti-inflamma-
tory, antioxidant, and anti-apoptotic 
effects, thereby ameliorating oxidative 



Perioperative Precision Medicine 2025; 3 (4): 168-175. PPM25040463

Perioperative Precision Medicine	 174

dysfunction in murine deoxyguanosine kinase 
deficiency. Mol Ther Methods Clin Dev 2024; 
33(1):101397.

[12]	 Junge N, Karam V, Hartog H, et al. Update  
on pediatric liver transplantation in Europe 
2022: An ELITA-ESPGHAN report. J Pediatr 
Gastroenterol Nutr 2025;81(1):82-90.

[13]	 Owen M, Friedenstein AJ. Stromal stem cells: 
marrow-derived osteogenic precursors. Ciba 
Found Symp 1988;136:42-60.

[14]	 Chen HC, Awale S, Wu CP, et al. Co-cultured 
bone marrow mesenchymal stem cells repair 
thioacetamide-induced hepatocyte damage. 
Cell Biol Int 2020;44(12):2459-2472.

[15]	 Wang Y, Wang JL, Ma HC, et al. Mesenchymal 
stem cells increase heme oxygenase 1-activat-
ed autophagy in treatment of acute liver fail-
ure. Biochem Biophys Res Commun 2019; 
508(3):682-689.

[16]	 Amiri F, Molaei S, Bahadori M, et al. Autophagy-
Modulated Human Bone Marrow-Derived 
Mesenchymal Stem Cells Accelerate Liver 
Restoration in Mouse Models of Acute Liver 
Failure. Iran Biomed J 2016;20(3):135-144.

[17]	 Nie H, An F, Mei J, et al. IL-1β Pretreatment 
Improves the Efficacy of Mesenchymal Stem 
Cells on Acute Liver Failure by Enhancing 
CXCR4 Expression. Stem Cells Int 2020; 
2020:1498315.

[18]	 Wang J, Ren H, Yuan X, et al. Interleukin-10 se-
creted by mesenchymal stem cells attenuates 
acute liver failure through inhibiting pyroptosis. 
Hepatol Res 2018;48(3):E194-E202.

[19]	 Wang J, Ding H, Zhou J, et al. Transplantation of 
Mesenchymal Stem Cells Attenuates Acute 
Liver Failure in Mice via an Interleukin-4-
dependent Switch to the M2 Macrophage Anti-
inflammatory Phenotype. J Clin Transl Hepatol 
2022;10(4):669-679.

[20]	 Jiang T, Xia G, Yang B, et al. Application of Bone 
Marrow Mesenchymal Stem Cells Effectively 
Eliminates Endotoxemia to Protect Rat from 
Acute Liver Failure Induced by Thioacetamide. 
Tissue Eng Regen Med 2022;19(2):403-415.

[21]	 Wang J, Wang H, Shi J, et al. Effects of bone 
marrow MSCs transfected with sRAGE on the 
intervention of HMGB1 induced immuno-in-
flammatory reaction. Int J Clin Exp Pathol 
2015;8(10):12028-12040.

[22]	 Xiu G, Li X, Yin Y, et al. SDF-1/CXCR4  
Augments the Therapeutic Effect of Bone 
Marrow Mesenchymal Stem Cells in the 
Treatment of Lipopolysaccharide-Induced Liver 
Injury by Promoting Their Migration Through 
PI3K/Akt Signaling Pathway. Cell Transplant 
2020;29:963689720929992.

activating autophagy through the PI3K/AKT 
signaling pathway via induction of HO-1 expres-
sion. In the future, MSCs may potentially 
become a significant therapeutic alternative to 
liver transplantation for ALF.
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● A comprehensive review of the role of ferroptosis in sepsis-induced myocardial injury is presented.
● The mechanisms of ferroptosis and recent advancements in its involvement in sepsis-induced myocardial injury 

are discussed.
● Perioperative whole-process risks may induce sepsis, activate ferroptosis and raise myocardial injury risk, while 

integrating ferroptosis into management can reduce this risk.

Abstract

Sepsis is triggered by the body’s dysregulated response to infection, often accompanied by acute organ dysfunc-
tion and a high risk of mortality. The incidence of myocardial injury in sepsis patients ranges from 40% to 70%, 
with complex pathophysiological mechanisms. In recent years, ferroptosis, a novel form of programmed cell death, 
has attracted widespread attention. Studies suggest that it may play a key role in sepsis-related myocardial injury; 
however, research in this field is still in the preliminary stage, with some controversial findings and unclear underly-
ing mechanisms. Notably, risks throughout the perioperative period (preoperative stage, intraoperative trauma/in-
fection, and postoperative recovery) can induce sepsis, which further activates the ferroptosis pathway and leads 
to myocardial injury. Based on this, integrating ferroptosis into the perioperative management system—optimizing 
risk stratification through marker screening and implementing targeted interventions—holds great significance for 
reducing the risk of perioperative sepsis-related myocardial injury. This article systematically summarizes the lat-
est research progress on ferroptosis in sepsis-related myocardial injury, explores its potential mechanisms, and 
screens for potential therapeutic targets by combining the characteristics of perioperative risks, thereby providing 
references for subsequent clinical research and practice.

Keywords: Sepsis, myocardial injury, ferroptosis, perioperative period, research progress
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Introduction

Sepsis is a severe clinical syndrome, which can 
also be induced by perioperative infections, 
trauma, and other factors. Typically caused by 
infection, it leads to an uncontrolled immune 
response in the body, thereby triggering a sys-
temic inflammatory response and multi-organ 
damage [1]. In recent years, ferroptosis, as a 
form of iron-dependent programmed cell death, 
has attracted increasing attention. Studies have 
shown that ferroptosis is closely related to oxi-
dative stress and plays an important role in the 
pathological process of sepsis [2]. However, the 
specific role of ferroptosis in sepsis-induced 
myocardial injury and its molecular mechanism 
remain to be further explored.

The mechanism of ferroptosis mainly involves 
the dysregulation of intracellular iron metabo-
lism and the accumulation of lipid peroxides. 
Studies have found that ferroptosis plays an 
important role in multiple-organ damage caused 
by sepsis, including injury to the heart, liver, 
lung and kidney [3]. Specifically, ferroptosis 
aggravates myocardial injury in sepsis by pro-
moting the accumulation of intracellular lipid 
peroxides, leading to cardiomyocyte death [4]. 
Several studies have shown that inhibiting fer-
roptosis can improve the survival rates in septic 
mice and reduce heart damage, providing novel 
therapeutic avenues for clinical treatment [5].

Multiple signaling pathways regulate ferroptosis 
in sepsis-induced myocardial injury. For exam-
ple, p53 is an important regulator of ferroptosis, 
which helps cells resist external stimuli by mod-
ulating the expression of downstream genes 
[6]. In addition, the Nrf2/GPX4 axis and NCOA4-
FTh1-mediated ferritin autophagy are also 
important mechanisms in the regulation of fer-
roptosis [7]. These mechanisms not only deep-
en our understanding of the role of ferroptosis 
in sepsis-induced myocardial injury, but also 
provide potential targets for developing target-
ed therapeutic strategies. 

In terms of treatment, the application of iron 
chelators and ferroptosis inhibitors has shown 
promising results. For example, Fer-1, a ferrop-
tosis inhibitor, not only significantly improves 
cardiac function and reduces the cardiac 
inflammatory response in septic mice, but also 
can reduce the risk of perioperative septic 
myocardial injury when used for preoperative 

pretreatment [8]. Studies have also shown that 
inhibition of ferroptosis can reduce myocardial 
injury caused by sepsis and enhance both the 
structure and function of the heart, providing 
a new direction for the treatment of sepsis-
induced myocardial injury [9].

This article summarizes the research progress 
of ferroptosis in sepsis-induced myocardial inju-
ry, focuses on the regulatory characteristics 
and mechanisms of ferroptosis during the peri-
operative period, identifies therapeutic targets, 
and provides insights for the precise prevention 
and treatment of perioperative sepsis-induced 
myocardial injury.

Pathophysiological mechanisms of sepsis

Infection and systemic inflammatory response

Sepsis is a systemic inflammatory response 
syndrome caused by infection, often accompa-
nied by multiple organ dysfunction. Pathogens 
(such as bacteria, viruses, or fungi) activate 
the host immune system by releasing endotox-
ins or other pathogenic substances, leading to 
a series of complex physiological reactions. 
These reactions include the release of cyto-
kines, activation of white blood cells, and 
increased vascular permeability, all of which 
trigger a systemic inflammatory response. 
Although this response serves as the body’s 
defense mechanism against infection, exces-
sive inflammatory response can lead to tissue 
damage and organ dysfunction, and further 
aggravate the condition of sepsis [10, 11]. 
Studies have shown that inflammatory media-
tors such as tumor necrosis factor (TNF-α) and 
interleukins (IL-1, IL-6) play a key role in the 
occurrence and development of sepsis, espe-
cially in the process of myocardial injury, 
which promotes the apoptosis and dysfunction 
of myocardial cells [12].

Mechanisms of myocardial injury in sepsis

Sepsis-induced myocardial injury is multifacto-
rial. First, the release of inflammatory media-
tors directly affects cardiomyocyte function, 
leading to a decreases myocardial contractility. 
Second, oxidative stress in sepsis aggravates 
cardiomyocyte damage and increases the gen-
eration of reactive oxygen species (ROS), which 
in turn triggers intracellular lipid peroxidation 
and leads to the death of cardiomyocytes [14]. 
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In addition, disturbances in iron metabolism 
play an important role in sepsis-induced myo-
cardial injury. Excessive iron accumulation pro-
motes iron-dependent cell death (ferroptosis), a 
form of cell death closely related to cardiomyo-
cyte dysfunction [13]. Additionally, specific sig-
naling pathways, such as activation of the 
NLRP3 inflammasome, are closely related to 
myocardial injury in sepsis, and inhibiting these 
pathways may offer protective effects [15, 16].

Effects of iron metabolism disorders on myo-
cardium

Proper functioning of iron metabolism is essen-
tial for heart muscle health. Patients with sep-
sis often experience excessive iron accumula-
tion, which not only triggers oxidative stress but 
also leads to ferroptosis in cardiomyocytes [17]. 
Ferroptosis is a novel form of programmed cell 
death primarily mediated by lipid peroxidation. 
Studies have shown that during sepsis, the con-
tent of iron in myocardial tissue increases sig-
nificantly, leading to cardiomyocyte dysfunction 
and death [18]. In addition, iron metabolism dis-
orders may aggravate myocardial injury by dis-
rupting mitochondrial function in myocardial 
cells [19, 20]. Regulating iron uptake, storage 
and excretion offers potential new ideas and 
strategies for the treatment of septic myocardi-
al injury.

The basic mechanism of ferroptosis

Intracellular iron homeostasis

Iron, an essential trace element for cellular pro-
liferation and one of the most abundant metal 
elements in the human body, is tightly regulated 
under physiological conditions through uptake, 
metabolism, and storage processes to maintain 
homeostasis. Ferritin, the primary iron storage 
protein, effectively sequesters iron ions, pre-
venting their participation in harmful free radi-
cal reactions [21]. Dysregulation of iron homeo-
stasis, particularly iron overload, is a critical 
trigger for ferroptosis, a regulated form of cell 
death characterized by lethal lipid peroxidation. 
Iron overload promotes lipid peroxide accumu-
lation and exacerbates oxidative stress, result-
ing in cellular injury [4]. During ferroptosis, 
depletion of intracellular glutathione (GSH) and 
reduced activity of glutathione peroxidase 4 
(GPX4) impair the detoxification of lipid perox-

ides, allowing ferrous iron (Fe2+) to catalyze 
Fenton-like reactions that generate excessive 
ROS, ultimately inducing cell death [22]. 
Morphologically, ferroptotic cells exhibit dis-
tinct mitochondrial abnormalities, including mito-
chondrial shrinkage, decreased or absent cris-
tae, and increased membrane density [23]. Iron 
accumulation and lipid peroxidation are key ini-
tiating events in membrane oxidative damage 
during ferroptosis, underscoring the impor-
tance of maintaining intracellular iron homeo-
stasis for cell survival.

Ferroptosis and amino acid metabolism

Ferroptosis is an iron-dependent, lipid peroxi-
dation-driven form of programmed cell death, 
primarily mediated by excessive intracellular 
iron accumulation, GSH depletion, and impaired 
GPX4 function [24]. Its sensitivity is closely 
linked to the dynamic balance of amino acid 
metabolism [25]. Among these, the cystine/cys-
teine metabolic axis plays a central role. The 
system Xc- antiporter, composed of SLC7A11 
and SLC3A2, exports glutamate in exchange for 
cystine, which is subsequently reduced to cyste-
ine—an essential precursor for intracellular 
GSH synthesis [26, 27]. GSH serves as a cofac-
tor for GPX4, facilitating the reduction of lipid 
hydroperoxides. GSH depletion leads to GPX4 
inactivation and triggers ferroptosis [28]. 
Moreover, glutamate accumulation may exac-
erbate oxidative stress through excitotoxicity, 
forming a positive feedback loop between 
metabolism and cell death. 

Additional amino acid pathways are also play a 
role in regulating ferroptosis. Arginine metabo-
lism, through nitric oxide synthase (NOS) or 
polyamine biosynthesis pathways, modulates 
the cellular redox state; branched-chain amino 
acids, such as leucine, can activate the mTOR 
pathway, thereby suppressing ATF4-mediated 
antioxidant responses [28-30]. Furthermore, 
NCOA4-FTH1 phase separation-mediated ferri-
tinophagy regulates iron metabolism and fer-
roptosis sensitivity, representing a promising 
therapeutic target [31]. Recent studies have 
also highlighted the aberrant expression of 
amino acid transporters, such as LAT1 (SLC7A5), 
in promoting ferroptosis resistance in tumor 
cells, suggesting that reprogrammed amino 
acid metabolism may be a critical mechanism 
by which cells evade ferroptosis in disease con-
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texts [32]. A deeper understanding of the cross-
talk between ferroptosis and amino acid metab-
olism may shed light on the metabolic founda-
tions of various diseases and offer novel 
therapeutic strategies for ferroptosis-associat-
ed conditions, including cancer and neurode-
generative disorders.

The link between ferroptosis and lipid peroxi-
dation

Ferroptosis, an important regulatory cell death 
outcome, is essentially triggered by the dys-
regulation of lipid peroxidation products. 
Inflammatory responses induced by bacterial 
infections lead to the production of large 
amounts of reactive oxygen species (ROS) [5]. 
Studies have shown that in the intrinsic associ-
ation between ferroptosis and lipid peroxida-
tion, ROS act as a core signaling molecule, per-
meating the entire “oxidative damage-death 
execution” cascade and forming a triangular 
regulatory network of iron-ROS-lipid peroxida-
tion [8]. This network can be intuitively under-
stood by combining the Figure 1: In the initia-
tion phase, extracellular Fe3+ enters the endo-

some via the transferrin receptor and is 
reduced to free ferrous ions (Fe2+), which then 
participate in the Fenton reaction. Fe2+ syner-
gizes with ROS to attack the double bonds of 
polyunsaturated fatty acids (PUFAs) in the cell 
membrane: ROS (such as ●OH) directly partici-
pate in hydrogen atom abstraction reactions to 
generate lipid radicals (L●), while Fe2+ acceler-
ates the decomposition of hydrogen peroxide 
(H2O2), amplifying ROS generation efficiency 
[33]. In the propagation phase, lipid radicals 
(L●) combine with oxygen to form lipid peroxyl 
radicals (LOO●), which further drives the vicious 
cycle of oxidative damage. This process not only 
consumes PUFAs within the membrane but also 
continuously generates new ROS (such as sin-
glet oxygen 1O2), forming a “ROS-lipid peroxida-
tion” positive feedback loop that amplifies oxi-
dative damage exponentially.

Under normal physiological conditions, cells 
eliminate lipid hydroperoxides (LOOH) through 
the glutathione (GSH)-glutathione peroxidase 4 
(GPX4) axis [34]. As shown in Figure 1, System 
Xc- mediates the entry of cystine into the cell 
and its conversion to cysteine, which provides 

Figure 1. Schematic diagram of the ferroptosis-lipid peroxidation signaling pathway.
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the raw material for GSH synthesis. GSH, as a 
cofactor of GPX4, helps it scavenge lipid perox-
ides. Meanwhile, antioxidant enzyme systems 
such as superoxide dismutase (SOD) and cat-
alase (CAT) can neutralize ROS and maintain 
redox balance. However, when ferroptosis 
occurs, it is often accompanied by the deple-
tion of GSH and inhibition of GPX4 activity, 
which can be caused by inhibitors like Erastin 
blocking System Xc- and RSL3 inhibiting 
GPX4, leading to the dysregulation of lipid 
peroxidation.

As the “core messenger” in the ferroptosis and 
lipid peroxidation network, the dynamic regu-
lation of ROS not only determines cell fate but 
also provides multi-dimensional targets for 
intervening in oxidative damage-related dis-
eases [35].

Other regulatory mechanisms of ferroptosis

In addition to the aforementioned pathways, 
ferroptosis is finely regulated by various sig-
naling molecules. For instance, studies have 
shown that downregulation of nuclear receptor 
coactivator 4 (NCOA4) inhibits ferritinophagy, 
thereby reducing intracellular iron accumulation 
and lipid peroxidation, and ultimately suppress-
ing ferroptosis [36]. Moreover, ferroptosis sup-
pressor protein 1 (FSP1) has been found to 
reduce Coenzyme Q10 (CoQ10) and inhibit lipid 
peroxidation, exerting an anti-ferroptotic effect 
independently of the GPX4 pathway [37]. Jiang 
et al. demonstrated that nuclear p53 regulates 
ferroptosis through both transcriptional and 
post-translational mechanisms, while also exert-
ing antioxidant effects [38]. Conversely, overac-
tivation of heme oxygenase-1 (HO-1) can lead to 
excessive intracellular ferrous iron accumula-
tion and increased ROS production, thereby pro-
moting ferroptosis [39]. The mevalonate path-
way also plays an essential role in ferroptosis 
regulation: its metabolites, including CoQ10 
and isopentenyl pyrophosphate, are involved in 
modulating ferroptotic sensitivity. Isopentenyl 
pyrophosphate, derived from decarboxylated 
mevalonate, affects the maturation of seleno-
cysteine tRNA, thus regulating the synthesis of 
GPX4 [40]. These signaling molecules act on 
diverse nodes within the networks of iron 
metabolism, oxidative stress, and lipid peroxi-
dation, highlighting the multifactorial complexi-
ty and versatility of ferroptosis regulation [6].

Mechanisms and research progress of ferrop-
tosis in sepsis-induced myocardial injury

Oxidative stress and inflammatory response

Sepsis is a life-threatening condition resulting 
from a dysregulated host response to infection 
[41]. It induces systemic inflammatory respons-
es and oxidative stress, increasing intracellular 
ROS levels in cardiomyocytes, which disrupt cel-
lular structures and impair cardiac function. 
Evidence suggests that oxidative stress and 
inflammation are key inducers of ferroptosis 
[45]. The mechanism involves three core fac-
tors: elevated oxidative stress, iron metabolism 
dysregulation, and impaired antioxidant defens-
es [43]. In septic myocardial injury, systemic 
inflammatory cascades elevate ROS levels, 
damaging biological membranes and initiating 
lipid peroxidation, which promotes ferroptosis. 
Iron overload, frequently observed in sepsis, 
provides excess free Fe2+ that fuels ROS gen-
eration via Fenton chemistry, exacerbating 
myocardial damage [44]. Inflammatory media-
tors can also modulate iron-related proteins, 
such as transferrin receptor 1 (TfR1), promot-
ing iron uptake and facilitating ferroptosis [45]. 
Ferroptosis leads to lipid peroxide accumulation 
and loss of membrane integrity in cardiomyo-
cytes, further intensifying myocardial injury in 
sepsis [21, 44]. Dysfunction of the antioxidant 
system, particularly the system Xc-–GSH–GPX4 
axis, impairs lipid hydroperoxide clearance, 
accelerating ROS accumulation. Regulatory 
molecules like acyl-CoA synthetase long-chain 
family member 4 (ACSL4) and GPX4 exhibit 
aberrant expression in myocardial injury and 
are closely associated with cardiac dysfunction 
severity [46]. Inhibiting ferroptosis has been 
shown to mitigate septic myocardial injury and 
improve cardiac function, offering a promising 
therapeutic strategy [42, 47].

Mitochondrial dysfunction

Sepsis-induced mitochondrial dysfunction sig-
nificantly contributes to myocardial injury. Most 
cellular ROS originate from mitochondrial oxida-
tive phosphorylation. Ferroptosis and mitochon-
drial dysfunction are mutually reinforcing: lipid 
peroxides generated during ferroptosis attack 
mitochondrial membranes, causing swelling, 
cristae disappearance, and outer membrane 
rupture, impairing mitochondrial function [48]. 
Ferroptosis disrupts intracellular iron homeo-
stasis, and excess Fe2+ catalyzes ROS produc-
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tion, damaging mitochondrial respiratory chain 
complexes, decreasing ATP synthesis, and 
impairing cardiomyocyte energy metabolism. 
Moreover, ferroptosis leads to GSH depletion 
and GPX4 inactivation, preventing the effective 
clearance of lipid peroxides and ROS, resulting 
in persistent mitochondrial oxidative stress. 
Conversely, mitochondrial dysfunction pro-
motes ferroptosis by destabilizing ferritin, facili-
tating ferritinophagy, and increasing intracellu-
lar free iron. As mitochondria are the primary 
site of ROS generation, their dysfunction ampli-
fies ROS production, creating a vicious cycle of 
lipid peroxidation and ferroptosis. This bidirec-
tional interaction exacerbates septic myocar-
dial injury and may contribute to organ failure 
and mortality.

Amino acid metabolism

Ferroptosis alters amino acid metabolism in 
septic myocardial injury and induces autopha-
gic responses. GPX4 regulates ferroptosis and 
oxidative stress by converting reduced GSH 
into oxidized glutathione (GSSG), thereby pre-
venting ferroptosis [49]. In sepsis, oxidative 
stress decreases GPX4 activity, increasing sus-
ceptibility to ferroptosis and worsening myocar-
dial injury [50]. ACSL4, a key enzyme in lipid 
peroxidation, is upregulated during ferroptosis 
and correlates with myocardial damage [51]. 
NCOA4, the selective receptor for ferritin, medi-
ates ferritin degradation and elevates intra-
cellular Fe2+ levels during ferroptosis [52]. 
Inflammatory factors in sepsis upregulate 
NCOA4 expression, promoting ferritinophagy 
and iron release, thereby enhancing ferropto-
sis. Lipocalin-2 (Lcn2) binds iron-loaded sider-
ophores, restricting iron uptake and inhibiting 
ferroptosis. Lcn2 deficiency increases iron 
uptake and ferroptosis risk, while Lcn2 upregu-
lation may protect the myocardium by mitigat-
ing ferroptosis-induced injury [53]. Elevated 
myocardial iron levels have been observed in 
sepsis patients and are positively correlated 
with myocardial damage severity, highlighting 
iron dysregulation as a therapeutic target in 
septic cardiomyopathy [42, 47].

Research progress on ferroptosis in sepsis-
induced myocardial injury

Findings from animal model studies

In recent years, animal models have played a 
pivotal role in elucidating the relationship 
between ferroptosis and sepsis-induced myo-

cardial injury. Studies have demonstrated that 
sepsis can induce ferroptosis in cardiomyo-
cytes, a process closely linked to iron metabo-
lism dysregulation and lipid peroxide accumu-
lation [54]. By establishing the cecal ligation 
and puncture (CLP) model in mice, researchers 
found that administration of ferroptosis inhibi-
tors significantly reduced myocardial injury and 
improved cardiac function in septic animals 
[55]. Additionally, iron chelators such as defer-
oxamine have been shown to mitigate cardiac 
damage in septic mice, suggesting that ferrop-
tosis may be a critical mechanism in sepsis-
induced cardiomyopathy [5]. These findings 
deepen our understanding of the pathophysio-
logical mechanisms underlying sepsis-related 
cardiac injury and provide potential therapeutic 
targets for intervention.

Preliminary results from clinical studies

In clinical research, the role of ferroptosis in 
sepsis patients has garnered increasing atten-
tion. One study revealed a positive correlation 
between dysregulated iron metabolism and the 
severity of myocardial injury in sepsis patients, 
indicating that ferroptosis may play a key role in 
this context [9]. Among the regulatory factors, 
the p53 transcription factor family has been 
implicated in ferroptosis [56]. Specifically, tetra-
cycline-induced p53 promoter activation and 
ROS-induced cellular stress responses were 
shown to promote ferroptosis by suppressing 
the expression of SLC7A11 [59]. Furthermore, 
Li et al. reported that ferritinophagy-mediated 
ferroptosis constitutes a critical mechanism in 
sepsis-induced cardiac damage. In a lipopoly-
saccharide (LPS)-induced sepsis model, LPS 
was shown to upregulate the expression of 
nuclear receptor coactivator 4 (NCOA4), which 
promotes ferritin degradation and the release 
of free iron [60]. This, in turn, activates mito-
chondrial membrane-associated iron-binding 
proteins, exacerbating oxidative injury. Clinical 
data have suggested that ferroptosis inhibitors 
may be beneficial in improving cardiac function 
and reducing inflammatory responses in sepsis 
patients [8]. However, current clinical trials tar-
geting ferroptosis are still limited, and further 
research is needed to verify the efficacy and 
safety of such therapies in sepsis-induced myo-
cardial injury.

Therapeutic prospects of targeting ferroptosis

Recent research indicates that ferroptosis plays 
a significant role in sepsis-related organ dam-
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associated with cardiomyocyte damage and 
may play a pivotal role in the pathophysiological 
processes of sepsis. Although current research 
has uncovered potential mechanisms and impli-
cations of ferroptosis in septic cardiomyopathy, 
many questions remain unresolved and warrant 
further investigation.

Discrepancies among studies—stemming from 
variations in experimental design, model selec-
tion, and evaluation criteria—highlight the need 
for standardized protocols in future research. 
Establishing uniform methodological frame-
works and fostering multicenter collaborations 
and interdisciplinary communication will be 
essential for a more comprehensive under-
standing of ferroptosis in sepsis-induced myo-
cardial injury.

Looking forward, therapeutic interventions tar-
geting ferroptosis hold great promise for 
improving cardiac function and overall out-
comes in sepsis patients. The development of 
novel drugs or treatment strategies that modu-
late ferroptosis-related pathways could offer 
new clinical options. However, the efficacy and 
safety of these interventions must be rigor-
ously validated through clinical trials to ensure 
tangible benefits for patients.

In summary, an in-depth exploration of ferropto-
sis not only broadens our understanding of the 
mechanisms underlying sepsis-induced myo-
cardial injury but also opens new avenues for 
clinical intervention. Continued research in this 
area may ultimately lead to the development of 
more effective therapeutic strategies, thereby 
reducing the incidence of cardiac complications 
in sepsis and improving patient quality of life.
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Highlights

Introduction

The brachial plexus is a complex network of 
nerves originating from the anterior rami of cer-
vical and upper thoracic spinal nerves, respon-

sible for the motor and sensory functions of 
the upper limbs [1]. Injuries to the brachial plex-
us may result in sensory deficits, neuropathic 
pain, or even paralysis, significantly diminishing 
patients’ quality of life [2, 3]. Traditional treat-
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● This study compares deep learning methods for brachial plexus ultrasound segmentation, demonstrating im-
proved segmentation efficiency and reduced learning difficulty, which may enhance perioperative regional anes-
thesia planning and safety.

● U-Net is favored for brachial plexus segmentation due to its enhanced ability to capture contextual features 
through increased channel utilization.

● Available public brachial plexus datasets are summarized, offering valuable resources for future research and 
perioperative ultrasound applications.

Abstract

Ultrasound-guided nerve block is a safe and effective regional anesthesia technique; however, accurate identi-
fication of the brachial plexus remains challenging due to its small size and low contrast in ultrasound images. 
Recent advances in deep learning offer promising solutions to enhance brachial plexus segmentation and improve 
perioperative regional anesthesia precision and safety. This review systematically summarizes current deep learn-
ing approaches applied to ultrasound-based brachial plexus segmentation. We highlight key models, including 
Convolutional Neural Networks, the U-shaped Convolutional Neural Networks and their variants, Mask Region-
Based Convolutional Neural Networks, and Generative Adversarial Network-based architectures, and compare 
their reported performances, with Dice Similarity Coefficients ranging from 0.5865 to 0.882 and Intersection 
over Union values up to 0.6957. Among them, U-Net remains the most frequently employed due to its balance of 
accuracy and computational efficiency. Moreover, novel models such as multi-objective brachial plexus segmenta-
tion network and BPMSegNet have demonstrated superior segmentation performance by incorporating attention 
mechanisms and spatial contrast features. Notwithstanding these advancements, challenges persist, particularly 
limited dataset availability and insufficient model generalization. This review provides a comprehensive overview 
of recent progress, evaluates comparative performance metrics, and outlines future directions to improve model 
robustness and clinical applicability and clinical applicability in the perioperative setting.

Keywords: Deep learning, brachial plexus, image segmentation
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ment approaches, including pharmacologic 
analgesia, physiotherapy, and surgical nerve 
repair, are limited by challenges such as impre-
cise localization, slow recovery, and significant 
side effects [3, 4].

Ultrasound-guided brachial plexus block has 
gained popularity due to its safety, real-time 
imaging capabilities, and radiation-free opera-
tion [5, 6]. Compared with CT or MRI, ultrasound 
is particularly suitable for bedside procedures 
and repeated interventions, making it a pre-
ferred choice in perioperative regional anesthe-
sia and pain management [7]. However, clinical 
success relies heavily on operator expertise 
and precise identification of the low-contrast, 
small-diameter brachial plexus structures with-
in noisy ultrasound images [8, 9].

In recent years, deep learning, a subfield of 
artificial intelligence, has revolutionized medi-
cal image analysis. Unlike traditional machine 
learning methods based on hand-crafted fea-
tures, deep learning leverages multilayer neu-
ral networks to automatically learns hierarchi-
cal representations from raw data [10]. Notably, 
Convolutional Neural Networks (CNNs) have 
demonstrated superior performance in extract-
ing spatial features and patterns in medical 
images. Architectures such as U-shaped 
Convolutional Neural Networks (U-Net) and 
Residual Networks (ResNet) have been widely 
used for tasks such as organ segmentation, 
tumor detection, and nerve identification [10, 
11]. In ultrasound brachial plexus imaging, 
improved deep learning models have achieved 
encouraging outcomes; for instance, U-Net vari-
ants have reported Dice coefficients up to 
0.658, while modified SegNet models have 
achieved 96% segmentation accuracy [11, 12].

Despite these advances, challenges persist, 
including ultrasound image artifacts, anatomi-
cal variability, and the scarcity of publicly avail-
able datasets. Therefore, a systematic review 
of current deep learning approaches is essen-
tial to guide future developments.

This paper provides a comprehensive review 
of deep learning applications in brachial plex-
us segmentation from ultrasound images. We 
summarize commonly used public datasets, 
evaluate representative deep learning architec-
tures, and compare model performance using 
metrics such as Dice coefficient and Intersection 

over Union (IoU). In addition, current challenges 
and future directions are discussed. This work 
aims to provide researchers and clinicians with 
an informed perspective on the potential and 
constraints of AI-assisted nerve segmentation. 
In particular, accurate and automated brachial 
plexus segmentation can enhance periopera-
tive ultrasound-guided nerve block precision, 
reduce block failure rates, minimize complica-
tions, shorten procedural times, and ultimately 
improve patient safety and outcomes in upper 
limb surgeries.

Data and preprocessing

Dataset

High-quality datasets are fundamental for 
training deep learning models, as they directly 
determine model accuracy and generalizability. 
When selecting datasets, not only the size and 
volume of data but also its diversity and qual-
ity should be considered. However, in medical 
image processing, many datasets remain inac-
cessible due to patient privacy concerns, which 
limits the availability of high-quality training 
data. Fortunately, some researchers and aca-
demic competitions have released publicly avail-
able datasets. For example, the Ultrasound 
Nerve Segmentation competition held in mid-
2016 focused on identifying brachial plexus 
nerve structures [13]. Table 1 summarizes the 
currently available public ultrasound datasets 
containing brachial plexus images. 

Dataset preprocessing

Although large-scale image datasets can yield 
satisfactory results in model training, such ideal 
conditions are rarely achievable in practice. 
This limitation can be improved through image 
preprocessing, which effectively enhances the 
accuracy and performance of deep learning 
models [16]. Common preprocessing steps 
include denoising, normalization, and image 
registration, all of which reduce noise and 
ensure data consistency [17]. For example, Ly 
et al. applied image rotation to increase sample 
size and enhance model generalization, while 
Wang et al. employed random cropping and 
scaling, which were shown to be critical for suc-
cessful model training [18, 19]. Table 2 sum-
marizes the preprocessing methods reported 
in the literature.
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Overview of deep learning

The typical workflow for deep learning–based 
brachial plexus segmentation comprises five 
stages: (1) dataset preparation, involving the 
collection and annotation of brachial plexus 
ultrasound images; (2) image preprocessing, 
including denoising, normalization, augmenta-
tion, and cropping; (3) model selection and 
training, in which architectures such as CNN 
and U-Net are applied to extract and learn 
image features; (4) segmentation inference, in 
which the trained model is used to segment 
new images; and (5) performance evaluation, 
assessing model effectiveness using estab-
lished metrics. This workflow is illustrated in 
Figure 1, which outlines the end-to-end process 
from data acquisition to model evaluation. It 
enables automated and accurate identification 
of brachial plexus structures, supporting clini-
cal applications such as ultrasound-guided 
nerve blocks.

CNNs

CNNs are deep learning models particularly 
effective for image analysis and have been 
widely applied across various fields. Their core 
principle lies in hierarchical feature abstraction, 
progressively extracting feature from low-level 
texture to high-level semantics representations 
[21]. The workflow is shown in Figure 2.

First, the convolution layer applies filters to the 
input image to generate feature maps through 
convolution operations, with different convolu-

the pooling layer down-samples the feature 
maps to reduce data dimensionality and calcu-
lational cost. Finally, the fully connected layer 
integrates all the features from previous layers 
and produces the final output through linear 
transformation and activation. 

The advantage of CNN is that it can automati-
cally learn image features, offering greater effi-
ciency than traditional manual feature extrac-
tion. Parameter sharing of convolution kernel 
at different positions reduces the number of 
model parameters and improves training effi-
ciency. In addition, through convolution and 
pooling operations, CNN confers certain trans-
lation, rotation, and scale invariance, contribut-
ing to their robustness. These characteristics 
have led to remarkable success in tasks such 
as image classification, target detection, and 
medical image segmentation.

Classic architectures such as LeNet and 
GoogLeNet are foundational CNN models, and 
many modern networks build upon these 
designs [23, 24]. CNN can also be integrated 
with other models to enhance accuracy. For 
instance, Boxtel JV et al. employed CNN as a 
classifier to identify brachial plexus regions in 
neck ultrasound images, followed by U-Net for 
segmentation, achieving superior performance 
compared with the original segmentation model 
[25].

Mask region-based CNN (R-CNN)

Mask R-CNN is a deep learning model for 
instance segmentation, achieving pixel-level 

Table 1. Medical image dataset

Datasets Image 
types Position Sample 

size Data collection methods Annotation quality

Ultrasound nerve 
segmentation

Ultrasonic Brachial plexus 16780 Details not provided Expert-trained  
annotators 

Brachial-plexus- 
segmentation

Ultrasonic Supraclavicular 
region

500 Two hospitals not  
mentioned

Expert-labeled,  
double-checked

UBPD [14] Ultrasonic Brachial plexus 1052 SIEMENS ACUSON NX3 
Elite and Philips EPIQ5

Professional  
anesthesiologists

FLUID-sensitive  
dataset [15]

MRI Brachial plexus 274 Standard MRI protocols Radiologist

Table 2. Preprocessing methods

Reference Datasets Preprocessing methods
Wang et al. [19] Kaggle Random rotation/scaling/shear
Wang et al. [20] Kaggle Median filtering
Ding et al. [14] UBPD Bilinear interpolation

tion layers capturing different feature 
levels. The resulting outputs are pro-
cessed by an activation function, 
most commonly the Rectified Linear 
Unit, which introduces nonlinearity 
and enables the network to learn 
more complex patterns [22]. Then, 



Perioperative Precision Medicine 2025; 3 (4): 186-199. PPM25040457

Perioperative Precision Medicine	 189

Figure 1. General workflow of deep learning.

Figure 2. Schematic diagram of convolutional neural network.

accuracy by simultaneously identifying and seg-
menting individual objects in an image [26]. It 
extends Faster R-CNN by introducing an addi-
tional branch for object mask prediction, there-
by enabling instance segmentation alongside 
target detection. Figure 3 shows the network 
structure of Mask R-CNN.

The Mask R-CNN workflow starts with an input 
image, from which a CNN backbone extracts 
multi-level feature maps. Then, the Feature 
Pyramid Network processes these feature 
maps to construct a multi-scale feature pyra-
mid, allowing the model to detect objects at 
different scales [27]. Next, a Region Proposal 
Network generates candidate Regions of 

Interest that are likely to contain objects [28]. 
To improve localization accuracy, Mask R-CNN 
incorporates feature alignment techniques for 
these Regions of Interest. 

For segmentation, Mask R-CNN employs an 
additional mask branch to predict a binary 
mask for each Regions of Interest after classifi-
cation and regression. This mask delineates the 
exact pixels corresponding to the target object. 
Model training is guided by a multi-task loss 
function that integrates classification loss, 
bounding box regression loss, and mask loss, 
thereby enabling joint optimization of detection 
and segmentation. Due to its excellent perfor-
mance, Mask R-CNN has been widely used in 
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autonomous driving, medical image analysis, 
video surveillance and other fields, providing 
accurate and efficient solutions for object rec-
ognition and segmentation.

Ding et al. developed a multi-objective brachial 
plexus segmentation network (MallesNet), 
derived from the Mask R-CNN framework, which 
achieved higher segmentation accuracy than 
U-Net and its variants [14]. MallesNet extends 
Mask R-CNN by enabling simultaneous recog-
nition and segmentation of multiple targets. 
Notably, it introduces two novel modules: the 
Spatial Local Contrast Feature extraction mod-
ule, which calculates multi-scale contrast fea-
tures to effectively improve small-target recog-
nition, and the Self-Attention Gate, which cap-
tures spatial relationships across channels and 
re-weights feature maps by integrating non-
local operations with channel attention. In addi-
tion, the up-sampling mechanism of the original 
Feature Pyramid Network is improved by fine-
tuning the feature map using transposed convo-
lution and skip cascade.

U-Net

U-Net, proposed by Ronneberger et al. at the 
International Biomedical Imaging Challenge in 
2015, has become one of the most widely used 
architectures for medical image segmentation 
[29]. Its name derives from the characteristic 
U-shaped structure of the network. Compared 
with traditional convolutional neural network, 
U-Net is particularly effective in delineating 
image boundaries and preserving fine details, 
thereby improving segmentation accuracy [30]. 
The two most important components of U-Net 
include the U-shaped encoder–decoder struc-
ture and the skip connection layers.

As shown in Figure 4, the encoder uses two 
consecutive convolutions to extract features 
and uses a 2×2 max-pooling layer to reduce 
the image resolution while retaining contex-
tual information. The decoder symmetrically 
restores the image resolution through trans-
posed convolution (3×3 kernels) and upsam-
pling layers, while integrating encoder features 
to preserve spatial details.

The skip connection layers directly transfer fea-
ture maps from each encoder level to the cor-
responding decoder level. This design fuses 
multi-scale encoder features with correspond-
ing decoder features, facilitating the recovery of 
fine-grained information during reconstruction.

Several improvements to U-Net have been pro-
posed. For instance, Wang et al. enhanced the 
standard U-Net by incorporating a Recurrent 
Neural Network (RNN) module into the skip con-
nections to strengthen contextual relevance 
[19]. Additionally, they introduced an auxiliary 
loss to improve the accuracy of the model. 
Their modified model achieved a DICE coeffi-
cient improvement of 0.08 compared with the 
original U-Net model.

ResNet

ResNet is a deep neural network architecture 
proposed by He et al. in 2015, mainly designed 
for image recognition and computer vision 
tasks [31]. In traditional deep neural networks, 
increasing the number of convolutional and 
pooling layers was assumed to improve model 
learning performance. However, this often leads 
to gradient vanishing or gradient exploding, 
where gradients become too small or too large, 
thereby hindering effective training [32]. The 

Figure 3. The fundamental architecture of R-CNNs.
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median filtering to reduce speckle noise and 
then incorporated Dense Convolution and 
Residual Multi-kernel Pooling modules into the 
ResU-Net architecture. These modifications 
reduced spatial information loss and improved 
the robustness of segmentation at different 
scales, thereby improving segmentation accu-
racy. The improved model achieved a Dice coef-
ficient of 0.649, representing an increase of 
0.083 compared with the baseline ResU-Net.

Scoring criteria

In image segmentation tasks, model evaluation 
is essential for assessing how accurately the 
predicted region matches the ground truth. 
Since a single metric may not comprehensively 
capture model performance, multiple evalua-
tion criteria are often applied in combination. 
Commonly used indicators include IoU or Dice 
coefficient.

Accuracy

Accuracy is defined as the ratio of true positives 
(TP) and true negatives (TN) to the total number 
of samples, as shown in Table 3 [34].

Accuracy
TP FN FP TN

TP TN=
+ + +

+

Figure 4. The fundamental architecture of U-Net. This figure was cited from [29].

Figure 5. The fundamental architecture of ResNet. 
ResNet, Residual Neural Network.

core innovation of ResNet is the concept of 
residual learning, which solves these issues. 
Instead of directly mapping input to output, 
each layer learns the residual—the difference 
between the input and output. As shown in 
Figure 5, this design facilitates more efficient 
training and enables construction of much 
deeper networks capable of capturing complex 
features.

Wang et al. applied a ResU-Net variant for bra-
chial plexus segmentation [20]. They first used 
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noise, low contrast, and complex background of 
ultrasound images, simple models often limit 
the accuracy of simple models.

To improve the accuracy of recognition and 
segmentation, researchers have tried to inte-
grate specially designed modules or sub-net-
works into standard architectures. These mod-
ules enhance the capture of global and local 
context information, enabling the models to 
better interpret pixel-level relationships and 
thereby improve segmentation performance in 
complex imaging scenarios.

In addition, although these modifications 
increase the computational cost, they enhance 
the model’s ability to manage uncertainty and 
fuzzy boundaries in ultrasound images. In gen-
eral, inserting modules or subnetworks repre-
sents a key strategy for improving segmenta-
tion accuracy in brachial plexus ultrasound and 
has broad application prospects.

Existing architectures for brachial plexus seg-
mentation

This section classifies and analyzes represen-
tative deep learning architectures for brachial 
plexus segmentation, as summarized in Table 
4.

Pisda et al. evaluated several architectures, 
including fully convolutional networks, ResNet- 
34, and LinkNet [37-39]. Among these, LinkNet 
demonstrated the fastest training speed and 
most effective transfer learning performance 
on ultrasound images, with an accuracy of up to 
0.8966.

Hafiane et al. briefly compared deep learning 
and machine learning in medical image recog-
nition in 2017 [40]. They designed a 3-layer 
CNN (3×3 convolutions, Rectified Linear Unit 
activation, and max-pooling) that integrated 
spatial and temporal information. Their results 
showed that CNNs outperformed support vec-
tor machines, with an accuracy of 0.89 [41]. 
The researchers emphasized that richer data 

This measure is simple and intuitive. However, 
it can be misleading when the sample catego-
ries are unbalanced, as it may overestimate 
performance when one class dominates the 
dataset.

IoU

IoU evaluates the overlap between the predict-
ed segmentation and the ground truth by calcu-
lating the ratio of their intersection to their 
union [35].

IoU
FP FN TP

TP=
+ +

IoU values range from 0 to 1, with values clos-
er to 1 indicating higher similarity between pre-
diction and ground truth. It provides an overall 
evaluation of segmentation accuracy across 
category. 

Dice coefficient

The Dice coefficient serves as a pivotal metric 
for evaluating segmentation performance [36]. 
The goal of image segmentation is to divide an 
image into regions with similar features, which 
is usually used to identify and extract specific 
objects or regions in an image.

2
DICE

A B
A B

=
+
k

Among them, A is the predicted value, and B is 
the true value. It compares the degree of over-
lap between the predicted area and the true 
labeled area. The Dice coefficient ranges from 0 
to 1, with higher values indicating better seg-
mentation accuracy. A Dice score of 1 denotes 
complete overlap, while 0 indicates no overlap 
at all.

Chapter summary

In recent years, a variety of deep learning mod-
els have been applied to the recognition and 
segmentation of brachial plexus structures in 

Table 3. Confusion matrix [33]

Actual category
Predicted category
Positive Negative 

Positive True Positive (TP) False Negative (FN)
Negative False Positive (FP) True Negative (TN)

ultrasound images. Beyond conven-
tional CNNs, models such as U-Net, 
ResNet, and more advanced archi-
tectures have demonstrated the abil-
ity to automatically extract image 
features and achieve accurate nerve 
segmentation. However, the inherent 
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further enhance the applicability of CNNs in 
medical imaging.

Xi et al. trained a U-Net-based segmentation 
model using patient ultrasound images from 
Beijing Jishuitan Hospital to identify brachial 
plexus structures [42]. Manual annotations 
from experienced anesthesiologists served as 
the clinical gold standard for comparison. The 
model achieved a Dice coefficient of 0.748 and 
an IoU of 0.630, indicating strong overlap with 
expert-labeled regions. These results demon-
strate the clinical potential of deep learning 
models in accurately and automatically identi-
fying brachial plexus nerves.

Ding et al. enhanced Mask R-CNN by introduc-
ing a Spatial Local Contrast Feature module 
and a Self-Attention Gate to capture multi-
channel spatial relationships, and named the 
improved model MallesNet [14]. This model 
was applied not only to brachial plexus segmen-

tation but also to the segmentation of surround-
ing peripheral structures such as veins, arter-
ies, and muscles. Studies have found that lever-
aging these uncovered structures around the 
brachial plexus can facilitate the identification 
of brachial plexus nerves [43]. MallesNet 
achieved good segmentation performance on 
the UBPD dataset.

Tian et al. conducted a comparative study on 
various models for brachial plexus trunk seg-
mentation in ultrasound images [44]. Using a 
dataset of 340 brachial plexus ultrasound 
images annotated by three experienced clini-
cians as the gold standard for model compari-
son, they evaluated 12 deep learning models 
and found that U-Net achieved the best seg-
mentation accuracy with an IoU of 0.6850. 
Although U-Net contained only 7.76 million 
parameters, its processing speed was limited 
to 15 images per second. By contrast, LinkNet 
ranked second with an IoU of 0.6627 but 

Table 4. Performance evaluations of models for brachial plexus segmentation

Model Reference (Year) Database (Size) Hardware/Software Accuracy Dice IoU
FCN Pisda et al. (2022) Kaggle (9970) NVIDIA GPU + Keras 0.8284 / 0.4800
LinkNet Kuldeep et al. 

(2022)
Kaggle (9970) NVIDIA GPU + Keras 0.8966 / 0.5200

CNN + spatial 
information

Hafiane et al. 
(2017)

Medipole Garonne 
Hospital (5000)

Not specified 0.8900 / /

CNN + U-Net Xi et al. (2024) Beijing Jishuitan 
Hospital (502)

Not specified / 0.7480 0.6300

MallesNet Ding et al. (2022) UBPD (1052) NVIDIA GTX 1080Ti + 
TensorFlow

/ 0.8460 /

U-Net Kaggle (2016) Kaggle (16780) Not specified / 0.5865 /
U-Net Tian et al. (2022) Ningbo Sixth Hos-

pital (340)
NVIDIA GTX 1050ti/NVIDIA 
RTX 3090 + PyTorch

/ 0.6850 /

QU-Net Long et al. (2018) Collected by them-
selves (11144)

NVIDIA GTX 1070 + 
PyTorch

0.6500 / /

U-Net +  
EfficientNet

Kong et al. (2021) Kaggle (5635) NVIDIA GTX 1080 + 
PyTorch

/ 0.7347 0.6957

U-Net + RNN Wang et al. (2021) Kaggle (5635) Not specified / 0.6490 /
M-Net Abraaham et al. 

(2019)
Kaggle (5635) NVIDIA GTX 1070 + Keras / 0.8820 /

ResU-Net Wang et al. (2019) Kaggle (5633) NVIDIA GTX 1080 + Keras / 0.7093 /
YOLOv4 Sugino et al. 

(2024)
Collected by them-
selves (1612)

NVIDIA A100 + PyTorch 0.8150 / /

BPMSegNet Ding et al. (2020) UBPD (1055) NVIDIA GTX 1080Ti + 
TensorFlow

/ / /

CNN+GAN Liu et al. (2018) Collected by them-
selves (5800)

Not specified / / 0.7320

Note: IoU, Intersection over Union; FCN, Fully Convolutional Network; CNN, Convolutional Neural Network; U-Net, 
U-shaped Network; RNN, Recurrent Neural Network; ResU-Net, Residual U-Net; GAN, Generative Adversarial 
Network; BPMSegNet, Brachial Plexus Multi-task Segmentation Network.
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offered higher processing efficiency, suggest-
ing greater potential for real-time brachial plex-
us segmentation in the future.

Long et al. believed that the standard U-Net 
focuses primarily on pixel-level classification, 
which is insufficient to handle the high noise 
inherent in brachial plexus ultrasound images 
[45]. To address this limitation, they proposed 
QU-Net, incorporating a new loss function that 
compares pixel-level similarity between predict-
ed and target crops. However, due to the rela-
tively small training dataset, the accuracy rate 
was only 0.65.

Similarly, Kong et al. addressed the problem of 
blurred edges in brachial plexus images, which 
often leads to reduced segmentation accuracy 
[46]. They modified the U-Net model by incorpo-
rating dilated convolutions into the skip connec-
tions, thereby reducing noise and mitigating the 
imbalance between positive and negative sam-
ples. This approach achieved a Dice coefficient 
of 0.7347 and an IoU of 0.6957.

Wang et al. used U-Net as the basic architecture 
and enhanced it with a RNN module, effectively 
improving contextual feature extraction [19]. An 
auxiliary loss function was added to determine 
the presence or absence of brachial plexus 
nerves in the image, further improving model 
accuracy. Their findings indicated that U-Net 
model is efficient for capturing both global 
and local information, supporting its clinical 
applicability.

Abraham et al. tested their approach using 
Kaggle ultrasound dataset [47]. Differs from 
U-Net, their M-Net architecture has 5 convolu-
tional layers in the encoder and utilizes aver-
age pooling rather than maximum pooling to 
reduce feature map resolution. Furthermore, 
they incorporated multi-scale decomposition, 
which separates signals into different frequen-
cy components: noise is primarily concentrated 
in small-scale (high-frequency) components, 
while meaningful information is distributed in 
large-scale (low-frequency) components. By 
applying thresholding and filtering, M-Net effec-
tively suppressed high-frequency noise while 
preserving useful signals. Building on this prin-
ciple, M-Net leverages multi-scale inputs to 
supervise feature maps, thereby mitigating the 
impact of image noise on accuracy to some 
extent. However, the authors noted that M-Net 

may suffer from overfitting and emphasized the 
need for larger datasets for validation.

Wang et al. observed that U-Net alone was not 
accurate enough in low-contrast ultrasound 
images [20]. To address this limitation, they 
integrated ResNet with U-Net and introduced 
Dense Convolution kernels and a Residual 
Multi-kernel Pooling module, realizing the ResU-
Net architecture. This model achieved a Dice 
coefficient of 0.7093, demonstrating superior 
performance compared with conventional U-Net.

YOLO (You Only Look Once) is an object detec-
tion algorithm designed to achieve fast and 
efficient object recognition by reframing object 
detection as a single regression problem [48]. 
The model divides the image into grids, with 
each grid simultaneously predicting multiple 
bounding boxes and categories, which not 
only accelerates prediction efficiency but also 
enables detection of multiple objects within a 
single forward pass. The core advantage of 
YOLO lies in its excellent balance of speed and 
accuracy: compared with traditional two-stage 
detectors such as Faster R-CNN, YOLO greatly 
improves inference speed by converting the 
detection problem into a regression problem, 
while maintaining a high detection accuracy 
through network optimization and loss function 
design.

Sugino et al. applied YOLOv4 to brachial plexus 
ultrasound images, exploring suitable network 
structures and input image scales for nerve 
detection [49]. Using two datasets comprising 
1,612 labeled brachial plexus ultrasound imag-
es, they evaluated the influence of model scal-
ing and input size on performance. Their find-
ings confirmed that YOLOv4’s scalable architec-
ture offers an effective trade-off between com-
putational efficiency and segmentation accura-
cy, while reducing network complexity.

Against gold-standard manual annotations, the 
optimal model (YOLOv4-P7, 384×384 input) 
achieved a Dice coefficient of 0.846. Visual 
comparisons showed close alignment with man-
ual labels, and real-time inference at 192.4 fps 
ensured practical utility.

SegNet, based on the network architecture of 
VGG-13, applies an unpooling structure in the 
decoder to enhance boundary recognition in 
segmentation task [50]. Ding et al. proposed a 
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novel brachial plexus segmentation network - 
BPMSegNet, incorporating three key innova-
tions: Spatial Local Contrast Features, self-
attention gates, and skip connections with 
transposed convolutions [51]. BPMSegNet was 
trained and evaluated on the UBPD dataset, 
which they also developed, consisting of 1,055 
brachial plexus ultrasound images, including 
nerves and surrounding tissues. For detection, 
BPMSegNet achieved the best results on mul-
tiple metrics, with AP@50, AP@60, AP@70 and 
AP reaching 62.97, 56.46, 42.01 and 37.62, 
respectively. In segmentation tasks, it also 
outperformed competing models, with the high-
est AP@50, AP@60 and AP scores of 58.02, 
48.92 and 37.18, respectively. As shown in 
Table 5, compared with Mask R-CNN and 
YOLAT, BPMSegNet demonstrated segmenta-
tion results more consistent with manual anno-
tations, with smoother edge delineation, while 
other models exhibited category misjudgment 
and missed detections [52].

Liu et al. proposed an innovative deep learning 
model that combines a Generative Adversarial 
Network (GAN) to achieve accurate segmenta-
tion of brachial plexus structure in ultrasound 
images [53, 54]. A GAN consists of two compet-
ing components: a generator and a discrimina-
tor. Through adversarial training, the two net-
works iteratively improve each other’s perfor-
mance, leading to more robust feature learning. 
The researchers pointed out two major limita-
tions of conventional convolutional CNN-based 
approaches for nerve segmentation. First, CNNs 
may overlook subtle anatomical defects, caus-
ing suboptimal performance for pixel-level label 
prediction. In complex ultrasound background, 
this limitation reduces segmentation accuracy. 
Second, patient movement or inability to fully 
cooperate during scanning can cause the 
nerve region to be mistakenly identified as 
background, compromising the accuracy of the 
segmentation. 

To solve the first limitation, the researchers 
designed a deep learning framework integrat-
ing a GAN, which consists of two main parts: a 
segmentation network and a discriminator net-
work. The segmentation network aims to gener-
ate segmentation results that closely approxi-
mate the true neural structures, while the dis-
criminator acts as a “supervisor”, distinguishing 
between predicted outputs and ground-truth 
labels. Through adversarial training, the seg-
mentation network progressively improves its 
performance by attempting to “fool” the dis-
criminator into accepting its predictions as 
real. To address the second problem, the 
researchers used dilated convolution to increase 
the receptive field of the model. This technique 
allows the model to obtain more contextual 
information without losing resolution, thereby 
capturing the characteristics of neural struc-
tures over a wider range.

Experimental results demonstrated a signifi-
cant improvement in segmentation accuracy. 
Compared with conventional FCN, the GAN-
based approach increased the IoU coefficient 
by 27.8%, providing a more accurate and reli-
able solution for neural image segmentation in 
clinical applications. Although adversarial train-
ing did not uniformly enhance all performance 
metrics, it notably improved segmentation accu-
racy from an anatomical perspective, achieving 
closer consistency with manual delineation.

Discussion and challenges

Discussion

In this review, we analyzed 15 deep learning 
models for brachial plexus segmentation, high-
lighting substantial progress in this field. Early 
studies primarily applied simple CNNs, and sub-
sequent research introduced more sophisticat-
ed architectures. Among them, FCN and U-Net 
have been intensively used due to their excel-
lent performance. Later, numerous U-Net vari-

Table 5. Performance comparison to different models on the UBPD dataset

Model
AP@mask/AP@B-box 
AP@50 AP@60 AP@70 AP@50

Mask R-CNN 43.96/58.00 39.45/48.71 30.41/38.40 27.89/33.11
YOLACT 57.15/62.01 45.95/51.58 42.81/41.28 34.02/30.39
BPMSegNet 58.02/62.97 48.92/56.46 42.06/42.01 37.18/37.62
Note: AP, average precision; AP@50, AP@60, AP@70, precision at intersection-over-union thresholds of 0.50, 
0.60, and 0.70, respectively; B-box, bounding box.
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ants have since been proposed, often incor-
porating modules such as residual blocks to 
enhance feature learning, or adopting multi-
task architectures to improve recognition capa-
bility. Overall, U-Net–based networks remain 
the most widely preferred for brachial plexus 
segmentation. The LinkNet model achieved the 
highest accuracy (0.8966) on the Kaggle data-
set, demonstrating its strong suitability for this 
benchmark. M-net, proposed by Abraham et al. 
ranked second. Its deeper encoder with addi-
tional convolutional layers likely contributed to 
improved accuracy; however, the added com-
plexity also raises concerns about potential 
overfitting, underscoring the need for larger 
datasets for validation.

In addition, several studies emphasized the crit-
ical role of data preprocessing [20, 55, 56]. For 
example, Wang et al. demonstrated that prepro-
cessing the Kaggle dataset increased the Dice 
coefficient from 0.7063 to 0.7093, highlighting 
how appropriate preprocessing strategies can 
yield measurable improvements in segmenta-
tion accuracy [20].

Challenges

Despite notable progress, deep learning seg-
mentation of brachial plexus in ultrasound 
imaging still faces many challenges. First, data 
scarcity remains the foremost issue. Publicly 
available datasets are limited due to patient 
privacy concerns, institutional data protection 
policies, lack of standardized annotation proto-
cols, and the high cost of expert annotation. 
Consequently, many studies rely heavily on the 
Kaggle dataset or on restricted, unpublished 
data. This limitation constrains model training 
and hinders generalizability. Although data aug-
mentation and image preprocessing can par-
tially solve this problem, they cannot fundamen-
tally overcome the upper bound imposed by 
insufficient data.

Furthermore, clinical translation to low-resource 
clinical settings is another major barrier. 
Characterized by—introduces additional hur-
dles. Real-world deployment, particularly in 
point-of-care scenarios (e.g., portable ultra-
sound machines), is constrained by limited 
computational power, memory capacity, and 
real-time inference requirements. Complex 
neural architectures that demand substantial 
GPU acceleration, high-capacity Random Access 

Memory (RAM), and extensive floating-point 
operations are often impractical for embedded 
systems. This challenge is compounded by the 
need for energy-efficient designs to prevent 
overheating in portable devices, further restrict-
ing model complexity. These challenges not only 
affect the practicality of the model but also 
raise important questions about future research 
directions and technological development. 

Looking forward, future research must focus on 
enhancing model generalization under limited 
data conditions and identify the best optimiza-
tion strategy to advance the clinical applicability 
of deep learning for brachial plexus ultrasound 
imaging.

Future research directions

As highlighted in the preceding discussion, 
there is a significant shortage of publicly avail-
able brachial plexus datasets, particularly in 
ultrasound imaging. Therefore, establishing a 
comprehensive, standardized, and expert-anno-
tated public dataset is of critical importance. As 
the volume and quality of training data increase, 
the performance and generalizability of deep 
learning models are expected to improve sub-
stantially, thereby accelerating progress in this 
research area.

To address this challenge, efforts should be 
directed at both policy and technical fronts. 
From a policy perspective, data-sharing agree-
ments and multi-institutional collaborations 
should be encouraged, supported by ethical 
frameworks and regulatory guidelines. From a 
technical perspective, privacy-preserving strat-
egies such as data encryption, federated learn-
ing, and differential privacy offer secure solu-
tions for cross-institutional data utilization 
without compromising patient confidentiality. 
Collectively, these strategies will enable the 
development of high-quality datasets and 
robust models, ultimately enhancing the clinical 
applicability of deep learning in brachial plexus 
ultrasound segmentation.

Another important research direction involves 
improving the practical deployability of deep 
learning models in real-world clinical environ-
ments. While many models demonstrate excel-
lent segmentation accuracy under controlled 
settings, their high computational requirements 
often hinder application in low-resource or 
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point-of-care scenarios. Future studies should 
focus on optimizing existing algorithms or 
developing lightweight, efficient architectures 
capable of supporting real-time segmentation 
on embedded or portable ultrasound devices. 
Techniques such as model pruning, quantiza-
tion, and knowledge distillation can reduce 
model size and computational cost while pre-
serving accuracy. Moreover, integrating opti-
mized models with ultrasound systems through 
interoperable software interfaces or plug-in 
modules will be essential for seamless clinical 
adoption. Exploring on-device inference, edge 
computing, and low-latency processing pipe-
lines will further facilitate the development of 
lightweight, hardware-friendly AI tools that sup-
port real-time decision-making, reduce clinician 
workload, and enhance diagnostic efficiency.

In this context, combining high-quality datasets 
with optimized algorithms will not only improve 
segmentation accuracy in brachial plexus ultra-
sound imaging but also advance the broader 
field of medical imaging. Such innovations have 
the potential to streamline clinical workflows 
and improve patient care outcomes.

Meanwhile, most current studies on brachial 
plexus segmentation emphasize performance 
metrics such as Dice and IoU, while few address 
the interpretability of deep learning models. In 
clinical scenarios, however, explainability is cru-
cial for building trust among healthcare provid-
ers. Future work should consider incorporating 
interpretability techniques such as Gradient-
weighted Class Activation Mapping, which gen-
erates visual heatmaps to highlight the most 
influential regions in the input image, thereby 
clarifying the model’s decision-making process. 
Similarly, the application of attention mecha-
nisms can provide insight into feature impor-
tance during segmentation. These approaches 
can significantly enhance the clinical acceptance 
of AI tools in ultrasound-guided procedures.

Conclusion

This review summarizes recent progress in 
applying deep learning to brachial plexus ultra-
sound image segmentation, including the avail-
ability of public datasets, commonly used seg-
mentation models, and their evaluation metrics. 
The main contribution of this review is to ana-
lyze existing models, highlight emerging trends, 
and outline future research directions in this 
field. These insights may assist researchers in 

developing accurate, robust, and clinically appli-
cable models for ultrasound-guided brachial 
plexus segmentation.
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● Explored the delivery analgesia mode for the special population of first-time mothers with severe pain.
● Explored the effectiveness and safety of high-concentration ropivacaine in epidural labor analgesia.
● Focused on providing humanistic care for the emotional well-being of postpartum women, extending beyond 

mere pain relief.

Abstract

Objective: To compare the efficacy and adverse reactions between 0.15% ropivacaine combined with sufent-
anil and 0.1% ropivacaine combined with sufentanil for labor analgesia in primiparous women with severe pain. 
Method: 195 full-term singleton primiparous women with severe pain (visual pain assessment [VAS] ≥6) were 
randomly allocated to two epidural analgesia groups using different drug formulations. One group received 0.1% 
ropivacaine + 0.3 μg/mL sufentanil (control group, n=98). The other group was treated with 0.15% ropivacaine 
and 0.3 μg/mL sufentanil (experiment group, n=97). The following parameters were recorded: analgesia onset 
time; maximum VAS scores before analgesia, at 20 min after epidural administration, and during labor; number of 
analgesic pump presses; number of rescue analgesia events; total analgesic drug consumption; modified Brom-
age score; maternal satisfaction; duration of labor stages; mode of delivery; neonatal Apgar scores at 1 min and 5 
min; and incidence of adverse reactions during labor analgesia, such as skin itching, nausea and vomiting, urinary 
retention, and fever. Result: The onset time of analgesia in the experimental group was significantly shorter than 
that in the control group (P<0.05). While the maximum VAS scores in both groups were significantly lower at 20 
minutes post-epidural administration and during labor than before delivery analgesia (P<0.05), no statistically 
significant inter-group differences were observed in VAS scores or in the number of pump compressions, rescue 
analgesia events, dosage of anesthetic drugs, modified Bromage score, or satisfaction ratings. Similarly, no signifi-
cant differences were found between the two groups in the duration of labor, mode of delivery, and Apgar scores 
of newborns at 1 and 5 minutes, or the incidence of pruritus, nausea/vomiting, urinary retention, or intrapartum 
fever. Conclusion: For primiparous women with severe labor pain, initial use of 0.15% ropivacaine combined with 
sufentanil significantly shortens the onset time, provides more comprehensive analgesic effects, achieves higher 
satisfaction, and does not increase short-term adverse reactions (including motor block) compared to the conven-
tional 0.1% concentration regimen.

Keywords: Labor analgesia, ropivacaine, severe labor pain, primipara
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Introduction

During the long process of childbirth, the moth-
ers will inevitably experience severe pain, trig-
gering extensive physiological stress reactions 
that affect respiration, circulation, metabolism, 
uterine contractions, and placental perfusion, 
potentially endangering the condition of the 
fetus [1, 2]. Timely and effective labor analgesia 
is crucial for ensuring the safety of both mother 
and baby. At present, epidural analgesia is the 
“gold standard” for labor analgesia, and ropiva-
caine has become the preferred drug due to 
its lower cardiac and central neurotoxicity [3, 
4]. However, the recommended concentration 
range of ropivacaine in international guidelines 
(0.0625%-0.15%) is relatively broad, and evi-
dence regarding its dose-response relation-
ship—particularly among individuals with severe 
labor pain—remains insufficient [5]. Therefore, 
optimizing the concentration of ropivacaine is of 
great clinical necessity, especially for mothers 
with severe pain and higher analgesic needs. 
The author found in previous research that 
appropriately increasing the concentration of 
ropivacaine can shorten the onset time of anal-
gesia without increasing drug consumption or 
adverse reactions, while also receiving posi-
tive feedback from mothers. Through literature 
review, the author found that similar clinical 
studies are not abundant, and the optimal con-
centration of ropivacaine has not been con-
firmed. This study aims to evaluate the clinical 
value of ropivacaine at a concentration of 0.15% 
in this population by comparing two different 
concentration regimens.

Materials and methods

Subjects and ethics

After the institutional review board approval, 
primiparous women carrying a single, live, term 
fetus and requesting epidural labor analgesia 
were asked to participate in the study imme-
diately after entering the delivery room. All of 
the eligible parturients signed an individual 
informed consent. Prior to analgesia, each par-
turient was given a detailed explanation of the 
epidural puncture and catheterization, analge-
sics used for epidural analgesia, possible acci-
dents such as failed epidural catheterization 
and inadvertent epidural puncture, and alterna-
tive rescues available.

Research object

This study enrolled postpartum women who 
gave birth in Suzhou BenQ Medical Center from 
January 2024 to December 2024. Inclusion 
criteria: full-term (gestational age ≥37 weeks) 
singleton primiparous women, aged 20-35 
years, with a body mass index of 21-29 kg/m2, 
American Society of Anesthesiologists physical 
status I or II, and assessed by an anesthesi-
ologist using a visual pain assessment (VAS) as 
having severe pain (score ≥6) before labor anal-
gesia. Exclusion criteria: pre-eclampsia, contra-
indications to neuraxial anesthesia, allergy to 
opioids or ropivacaine. failure to achieve a 
sensory block level of T10 within 30 min after 
epidural administration, accidental dural punc-
ture during the procedure, local anesthetic sys-
temic toxicity, pump malfunction during labor 
analgesia, and epidural catheter blockage or 
dislodgement [6].

Randomization assignment

After initial screening, eligible subjects were 
assigned to either the sole local anesthetic 
group or the combination group through a ran-
domization sequence generated via the online 
software QuickCalcs# (Graphad, San Diego, 
CA). The allocation list was sealed and kept by 
an independent staff member not involved in 
the study. Immediately after epidural labor anal-
gesia requested by the parturient, the corre-
sponding allocation number was disclosed to 
determine the analgesic medication to be give 
[7]. Except for the parturients and caregivers, 
the data-collecting and data-analyzing mem-
bers were blinded to the group assignment.

Grouping and handling

The parturients were divided into Group C (con-
trol group) and Group E (experimental group) 
using a random number table. Study solutions 
were specially prepared by a researcher who did 
not participate in subsequent anesthesia pro-
cedures or follow-up. The analgesic drugs for 
Group C and Group E were 0.1% ropivacaine 
plus 0.3 μg/mL sufentanil and 0.15% ropiva-
caine plus 0.3 μg/mL sufentanil, respectively 
[7, 8]. All operations and follow-up were per-
formed by anesthesiologists who were unaware 
of the grouping situation.
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Anesthesia plan

Upon entering the delivery room, all parturients 
received intravenous access and continuous 
monitoring of heart rate, blood pressure, periph-
eral capillary oxygen saturation, fetal heart rate 
and uterine contraction intensity. When uterine 
contractions remained inadequate, it was up to 
the midwife to determine whether to use oxyto-
cin for infusion [8, 9]. With the parturient in the 
left lateral position, epidural puncture was per-
formed at the L2-3 interspace. After confirm-
ing absence of cerebrospinal fluid or blood 
return, a catheter was inserted and secured. A 
5 mL test dose of 1% lidocaine was adminis-
tered; following a 5-minute observation period 
with no signs of local anesthetic systemic toxic-
ity or lower-limb motor block, the catheter was 
fixed. The parturient was then turned to a 
left‑tilt position and given a 10 mL initial bolus 
of the study analgesic solution. Sensory block 
level was assessed 15 minutes later. If the 
block reached T10 or above, a patient-con-
trolled epidural analgesia pump was connect-
ed, set to a background infusion of 8 mL/h, a 
bolus dose of 8 mL, and a lockout interval of 
15 minutes. If there was sudden pain during 
labor (VAS>4), the anesthesiologist would check 
the position of the epidural catheter and admin-
ister 10 mL of 0.2% ropivacaine as remedial 
analgesia. If the pain did not improve satisfac-
torily after 15 minutes, it was considered a fail-
ure of analgesia. In such cases, the anesthesi-
ologist examined the anesthesia plane and re-
punctured the catheter, and the case was with-
drawn from this study [10, 11].

Observation indicators

① The onset time of analgesia was recorded 
as the interval from the first epidural injection 
to the occurrence of effective analgesia (VAS 
score <4 points during uterine contractions).

② The maximum VAS score was recorded 
before delivery analgesia, at 20 minutes after 
epidural administration, and during labor. Pain 
scores were assessed immediately after each 
uterine contraction, and the expectant mother 
recalled the contraction to report the most 
severe pain experienced during that period.

③ Analgesic efficacy during childbirth was 
assessed by recording: the number of analge-
sic pump demands, the dosage of analgesic 

drugs used, frequency of rescue analgesia, 
modified Bromage score after analgesia onset 
(0 points, no motion block, full flexion of hip, 
knee, and ankle possible; 1 point, unable to 
flex hip or raise straight leg, but full knee and 
ankle flexion possible; 2 points, unable to flex 
knee joint, only ankle flexion possible; 3 points, 
unable to flex ankle joint or move lower limbs), 
and the satisfaction rate of analgesia [8, 13]. 
The modified Bromage score was tested every 
hour from analgesia initiation until the end of 
delivery, and the maximum value would be 
recorded.

④ The duration of labor and the delivery meth-
od were documented.

⑤ The Apgar scores of newborns at 1, 5, and 
10 minutes after birth were recorded, along 
with the number of cases in which the Apgar 
score was ≤7.

⑥ Adverse reactions in parturients were record-
ed, such as skin itching, nausea and vomiting, 
urinary retention, lethargy, and intrapartum 
fever (body temperature ≥37.5 °C during labor).

⑦ The number of cases using oxytocin was 
recorded.

Sample size calculation

In this study, the sample size was determined 
based on the onset time of analgesia during 
labor. According to preliminary research, the 
time to achieve a pain score below <3 was 
12±1.8 minutes with 0.1% ropivacaine and 
10±1.1 minutes with 0.15% ropivacaine. 
Assuming α=0.05 and β=0.1, a total of 164 
parturients were needed. To account for poten-
tial dropouts and data loss, an increase of 
about 20% in the number of cases was 
required, resulting in a total of 200 cases 
being collected.

Statistical analysis

SPSS 19.0 statistical software was used for 
analysis. Normal distribution measurement 
data are expressed as mean±standard devia-
tion (

_
X±s), and one-way analysis of variance 

was used for inter-group comparison; Non-
normal distribution metric data are represent-
ed by median and interquartile range, and 
between-group comparisons were conducted 
using the Mann Whitney U test. Count data  
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are presented as an number (percentage), and 
comparisons between groups were performed 
using the chi-square test or Fisher’s exact 
test. P<0.05 indicates a statistically significant 
difference.

Result

During the study period, 200 pregnant women 
met the inclusion criteria. One patient in group 
E withdrew from the study due to analgesic 
pump malfunction, and two patients in each 
group were excluded following accidental rup-
ture of the dura mater. In the end, a total of 195 
patients completed the study. There were no 
statistically significant differences between the 
two groups in age, height, weight, gestational 
age, or size of the cervix during analgesia (Table 
1).

The onset time of analgesia in group E was sig-
nificantly shorter than that in group C, and the 
difference was statistically significant (P<0.001; 
Table 2).

Before analgesia, there was no statistically sig-
nificant difference in VAS scores between the 
two groups. After 20 minutes of epidural admin-

Group C (P<0.001; Table 4), and the dosage of 
ropivacaine used in Group C was significantly 
higher than that in Group E (P<0.001; Table 4).

There was no statistically significant difference 
in the delivery methods between the two groups 
(Table 5). Neonatal Apgar scores of both groups 
were above 9 points, and the difference was not 
statistically significant.

One case (1%) of skin itching occurred in Group 
C, and the parturient complained of mild itching 
that could be tolerated and was not treated. 
However, Group E did not experience any skin 
itching, and the difference between the two 
groups was not statistically significant. The inci-
dence of nausea/vomiting, urinary retention, 
and intrapartum fever did not differ significantly 
between the two groups (Table 6). Both groups 
did not experience drowsiness.

Discussion

Some parturients experience severe pain in the 
early stages of labor, for which conventional 
concentrations of ropivacaine often provide 
inadequate analgesia. Increasing the concen-
tration of local anesthetics is an effective and 

Table 1. Comparison of baseline characteristics

Group Cases Age (year) Height (cm) Weight (kg) Pregnancy (w) Cervical opening 
size (cm)

CG 98 27.9±3.8 158.3±4.2 68.5±7.8 39.8±1.1 1.5±0.6
EG 97 27.5±4.2 159.1±3.9 67.2±6.9 39.6±1.0 1.6±0.6
Note: CG, control group; EG, experiment group.

Table 2. Comparison of analgesia onset time

Group Onset (min)
CG (n=98) 17.8±2.0
EG (n=97) 10.9±1.2
P <0.001
Note: P<0.05, the onset time of analgesia in the EG group was 
significantly shorter than that in the CG group.

Table 3. Comparison of VAS scores at different time points

Group Before 
analgesia

20 minutes after 
administration

During labor 
process P

CG (n=98) 8 (7-8) 1 (1-2)a 2 (2-3)a <0.001
EG (n=97) 8 (6-9) 1 (1-2)a 2 (1-2)a <0.001
P 0.74 0.97 0.82
Note: aP<0.05, compared with before analgesia, the VAS scores 
of 20 minutes after administration and during labor process has 
significantly decreased.

istration, the VAS scores of both 
groups were significantly lower than 
the pre-analgesia values (P<0.001). 
Similarly, the maximum VAS scores 
during labor were significantly reduced 
compared with pre-analgesia levels 
(P<0.001), but the difference between 
the two groups was not statistically 
significant (Table 3).

There were no statistically significant 
differences in the number of analge-
sic pump demands, modified Bromage 
score, or the need for rescue analge-
sia between the two groups of partu-
rients. No analgesia failure occurred 
in either group during the study. 
Satisfaction with pain relief was sig-
nificantly higher in Group E than in 
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easy-to-use strategy in such cases [9, 12]. 
Since the diffusion rate of local anesthetics is 
logarithmically related to concentration, dou-
bling the concentration of ropivacaine, for 
example, can shorten the onset time by about 
one-third [5, 13, 14]. Therefore, initiating anal-
gesia with a higher concentration (0.15%) can 
significantly shorten the onset of action and 
improve maternal satisfaction. This clinical prac-
tice has confirmed that the use of 0.15% ropi-
vacaine solution throughout the entire process 
not only has a good analgesic effect, but also 
does not increase related adverse reactions.

Epidural analgesia is the gold standard for 
labor pain relief, and ropivacaine has become 
the preferred choice due to its low cardiac and 
central nervous system toxicity [15, 16]. The 

entanil. This concentration was selected based 
on the finding by Xing et al. that the lowest 
effective concentration of ropivacaine for labor 
analgesia is 0.154% [18]. Therefore, selecting 
a concentration close to the minimum effec-
tive concentration is aimed at providing more 
sufficient baseline analgesia for severely pain-
ful mothers, which is theoretically reasonable 
and clinically targeted.

Both groups in this study showed good analge-
sic effects during the late stage of labor, with 
little need for remedial measures. For those in 
need of remedial analgesia, a single dose of 
0.2% ropivacaine was administered. Sng et al. 
have demonstrated that this concentration 
acts rapidly and effectively without increasing 
adverse reactions [19]. In this study, rescue 

Table 4. Comparison of analgesic efficacy during childbirth

CG (n=98) EG (n=97) P X2

PCA time (n) 3 (2-3) 3 (2-4) 0.75
Dosage of analgesic drugs (ml) 76.43 (58.62-96.87) 72.35 (52.43-92.58) 0.64
Dosage of Ropivacaine (mg) 76.43 (58.62-96.87) 108.53 (78.65-138.87)a <0.001
Dosage of Sufentanil (μg) 22.93 (17.59-29.06) 21.71 (15.73-27.77) 0.82
Bromage score [n (%)] 0 97 (99) 95 (98) 0.92

1 1 (1) 2 (2) 0.86
Remedy [n (%)] 0 time 24 (24.5) 32 (33.0) 0.09 2.16

1 time 42 (42.9) 38 (39.2) 0.62 0.86
2 time 18 (18.4) 16 (16.5) 0.32 0.25
3 time 14 (14.2) 11 (11.3) 0.58 0.98

Satisfaction with pain relief [n (%)] 74 (76) 92 (95)a <0.001
Note: aP<0.05, the dosage of ropivacaine used in the EG group was significantly lower than that in the CG group, 
and the satisfaction with pain relief of the EG group was significantly higher than that of the CG group.

Table 5. Comparison of delivery outcomes

CG (n=98) EG (n=97) P F
Delivery method [n (%)] Natural birth 91 (93) 90 (93) 0.92

Caesarean section 7 (7) 7 (7) 0.98
Total volume of blood (ml) 268.4±32.5 263.5±42.3 0.86
Apgar scores 1 min 9.7±0.4 9.8±0.3 0.65 1.01

5 min 9.5±0.4 9.3±0.5 0.68 1.25
10 min 9.8±0.3 9.9±0.2 0.71 1.03

Usage of oxytocin (n) 75 68 0.78

Table 6. Comparison of adverse reactions [n (%)]

CG (n=98) EG (n=97) P
Pruritus 1 (1) 0 (0) 0.43
Nausea and vomiting 4 (4) 4 (4) 0.93
Urinary retention 5 (5) 4 (4) 0.86
Fever during childbirth 14 (14) 12 (12) 0.45

recommended conventional dose is 
0.08%-0.15%, so the control group 
(Group C) used the hospital’s stan-
dard formula (0.1% ropivacaine + 
0.3 μg/mL sufentanil) [17]. The 
experimental group (Group E) was 
administered 0.15% ropivacaine 
combined with a small dose of suf-
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analgesia was significant (the vast majority only 
required one attempt without failed withdraw-
al). Most importantly, even when the concentra-
tion was increased to 0.2%, no significant motor 
block or other related adverse reactions were 
observed, fully verifying the safety of this reme-
dial plan.

Both groups of mothers achieved good analge-
sic effects, but the control group gained higher 
satisfaction scores, which seems to be related 
to its shorter onset time of analgesia. When 
pregnant women experience frequent uterine 
contractions for the first time, they often feel 
anxious and tense, which may lead to irritability 
toward surrounding people and situations [20]. 
When the pain is suppressed, the anxious emo-
tions are often relieved, making the mother 
more optimistic about the entire delivery pro-
cess, which can be easily seen from the com-
parison of the mothers’ expressions. Deng et al. 
evaluated the relationship between intraspinal 
delivery analgesia and postpartum depression, 
and the results showed that the incidence of 
postpartum depression in women who received 
intraspinal delivery analgesia was significantly 
lower than that in women who did not [21]. This 
also indicates that sufficient analgesia can 
reduce the incidence of depression in women.

Although increasing the concentration of ropi-
vacaine can shorten the onset time of analge-
sia and improve satisfaction with postpartum 
analgesia, higher drug concentrations will also 
be accompanied with more adverse reactions, 
such as uterine atony, weakened lower limb 
strength, and severe liver and kidney load [22, 
23]. Therefore, the use of higher-concentration 
ropivacaine has certain limitations. It is primar-
ily suitable for postpartum women who experi-
ence severe pain immediately at the beginning 
of delivery, those who have already experienced 
severe pain and cannot undergo single-shot 
spinal anesthesia, or those who have more 
stringent requirements regarding the onset 
time of analgesia. The safety and effectiveness 
of high-concentration ropivacaine in labor anal-
gesia need further verification.

This study is a single-center study that only 
includes term singleton primiparous women, 
and the extrapolation of results is limited, espe-
cially with respect to other common popula-
tions experiencing severe labor pain (such as 
multiparous women). In the future, multi-center, 

large-sample studies are needed to verify the 
effectiveness and safety of the 0.15% con-
centration in this population. In addition, the 
observation period is relatively short, record-
ing only short-term adverse reactions (such as 
motor block and hypotension), without system-
atic evaluation of potential long‑term outcomes 
(such as postpartum depression and chronic 
low back pain). Further follow-up is needed, 
and a more comprehensive study should be 
designed to clarify the long-term safety of differ-
ent concentrations of ropivacaine.

Conclusion

In summary, for primiparous women with severe 
labor pain, the initial use of 0.15% ropivacaine 
combined with sufentanil for epidural analgesia 
significantly shortens the onset time, provides 
more effective analgesia, and does not increase 
short-term adverse reactions (including motor 
block), compared to the conventional 0.1% con-
centration regimen. This clinical protocol effec-
tively meets the pain relief needs of mothers 
with severe pain, improves satisfaction with the 
delivery experience, and has favorable clinical 
applicability.
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Abstract

Cycloastragenol, a key bioactive compound extracted from Astragalus membranaceus, has attracted increasing at-
tention for its therapeutic potential in anti-aging, cancer treatment, and fibrosis prevention. This review summariz-
es the pharmacological activities of Cycloastragenol at molecular, cellular, and systemic levels, and discusses its 
efficacy across various disease models and potential perioperative applications. Current evidence demonstrates 
that Cycloastragenol exerts dose-dependent therapeutic efficacy through specific molecular targets. However, its 
clinical translation remains limited, particularly in surgical recovery contexts, underscoring the need for further 
validation through well-designed clinical trials focused on perioperative outcomes.

Keywords: Cycloastragenol, pharmacological effect, mechanisms of action, research progress

Highlights
● Cycloastragenol exhibits anti-aging, anti-cancer, and anti-fibrosis effects.
● Although cycloastragenol shows innovative therapeutic potential, further clinical trials are essential to confirm its 
   clinical applicability. 
● Cycloastragenol offers innovative therapeutic avenues for enhancing surgical recovery.

Introduction

Cycloastragenol (CAG), a bioactive triterpenoid 
derived from Astragalus membranaceus, is pri-
marily obtained through enzymatic hydrolysis of 
its glycosylated precursor astragaloside IV [1, 
2]. This structural modification enhances CAG’s 
pharmacokinetic properties by increasing its 
lipophilicity, thereby facilitating transmembrane 

permeability and systemic absorption [3].

CAG’s robust organoprotection, anti-inflamma-
tory efficacy, and promotion of cellular stress 
resistance position it as a candidate for improv-
ing perioperative outcomes. Emerging evidence 
have demonstrated CAG’s broad pharmacolog-
ical activities, including telomerase activation, 
anti-senescence effects, cardioprotection, 
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neuropsychiatric modulation, and immune reg-
ulation [4-8]. These findings have positioned 
CAG as a promising candidate for therapeutic 
applications in various disease contexts. 

This review systematically examines the mo-
lecular mechanisms and therapeutic poten-
tial of CAG, with a particular emphasis on its 
multi-target regulatory effects on key signaling 
pathways. By integrating recent pharmacody-
namic insights and preclinical studies, we aim 
to elucidate CAG’s translational relevance in 
precision medicine, particularly in the context 
of managing age-related and chronic diseases, 
as well as its emerging potential for improving 
perioperative outcomes. We further propose 
novel strategies leveraging CAG’s multi-target 
actions for managing age-related decline and 
chronic conditions, with implications for opti-
mizing perioperative care and enhancing recov-
ery.

Pharmacological effects of cycloastragenol

Anti-aging effects and cognitive protection

Aging is an inevitable biological process, and 
telomere shortening is a recognized contrib-
utor to cell senescence. CAG is currently the 
only known telomerase activator with potent 
anti-aging effects [5, 9, 10]. It delays cellular 
senescence by upregulating telomerase re-
verse transcriptase (TERT) mRNA expression 
and elongating telomeres [11]. In 2012, Cao 
et al. investigated the anti-aging mechanism of 
CAG using a D-galactose-induced aging mouse 
model, and demonstrated that CAG adminis-
tration significantly enhanced total superoxide 
dismutase (SOD) activity and total antioxidant 
capacity, reduced malondialdehyde (MDA) lev-
els, and increased hydroxyproline content [10]. 
Neuroprotective studies revealed that CAG ac-
tivated the phosphatidylinositol 3-kinase/pro-
tein kinase B/mechanistic target of rapamycin 
(PI3K/Akt/mTOR) and cAMP response element 
binding pathways, promoted the expression of 
synaptic plasticity-related proteins, and allevi-
ated cognitive impairment in Alzheimer’s dis-
ease models [5, 12]. Hong et al. reported that 
both CAG and astragalusoside IV reduced the 
expression levels of p16, cleaved-caspase 3, 
and Bcl-2 Associated X Protein (BAX), while in-
creasing the expression level of Bcl-2 and TERT, 
thereby protecting nucleus pulposus cells from 
high-glucose-induced senescence and apopto-
sis [13]. Similarly, Ikram et al. showed that CAG 
downregulated the expression of phosphorylat-
ed c-jun n-terminal kinase, phosphorylated p38 
mitogen-activated protein kinase, and phos-
phorylated extracellular signal-regulated kinase 

(p-JNK, p-P38, and p-Erk), while upregulating 
the expression of nuclear factor erythroid 2-re-
lated factor 2, heme oxygenase-1, phosphory-
lated tropomyosin receptor kinase B, brain-de-
rived neurotrophic factor, and neuronal nuclear 
protein (Nrf2, HO-1, p-TrKB, BDNF and NeuN). 
These changes significantly reduced microglial 
activation and inflammatory cytokine produc-
tion, improving oxidative stress, metabolic dis-
turbances, neuroinflammation, apoptosis, and 
memory impairment in AD mouse models [7]. 
In D-galactose-induced aging mice, CAG treat-
ment (10 mg/kg for 8 weeks) reduced β-amyloid 
deposition in the hippocampus by 50%, and 
Morris water maze testing demonstrated a 35% 
improvement in spatial memory [4]. Additional-
ly, CAG has been shown to significantly improve 
behavioral performance and hippocampal 
structure in AD rat models, thereby enhancing 
cognitive function, memory, and learning ability 
[14]. A clinical study also demonstrated that 
oral administration of a CAG-containing formu-
lation in 20 healthy individuals over 6 months 
led to a 12% increase in telomere length and 
marked improvement in skin elasticity [15].

Anti-cancer effect

With rapid economic development and im-
proved living standards, the prevalence of 
cancer in China has increased markedly. In 
2022, approximately 4.82 million new cancer 
cases and 2.57 million cancer-related deaths 
were reported [16, 17]. Recent studies suggest 
that CAG demonstrates notable anti-cancer 
effects [18]. Mechanistically, CAG binds to tar-
get tissue protease B and inhibits lysosomal 
degradation of major histocompatibility com-
plex class I (MHC-I), thereby promoting MHC-I 
accumulation on the cell membrane (Figure 1). 
This enhances tumor antigen presentation and 
augments the cytotoxic activity of CD8⁺ T cells 
[19]. Deng et al. reported that combining CAG 
with a programmed death-1 antibody signifi-
cantly improved survival in tumor-bearing mice 
[19]. In colorectal cancer organoid models, CAG 
in combination with anti-programmed death-1 
upregulated MHC-I expression and enhanced 
the cytotoxicity of CD8⁺ T cells against tumor 
cells. Furthermore, CAG also has been shown 
to inhibit matrix metalloproteinase (MMP)-2 
activity and its associated calcification effects, 
contributing to the amelioration of abdominal 
aortic aneurysm [20].

Anti-fibrotic effect

Fibrosis is a progressive pathological condition 
characterized by excessive deposition of extra-
cellular matrix, resulting in tissue distortion and 
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gradual loss of organ function [21]. Fibrosis can 
affect any solid organ, particularly the lungs, 
liver, heart, and kidneys, and is closely asso-
ciated with chronic diseases such as diabetes 
and hypertension. Statistics suggest that about 
45% of deaths in Western countries are related 
to fibrosis-associated diseases [22]. CAG has 
demonstrated significant anti-fibrotic activity 
across various organs. In a liver fibrosis mouse 
model, CAG reduced serum levels of alanine 
aminotransferase and aspartate aminotrans-
ferase, decreased the expression of collagen I 
and α-smooth muscle actin (α-SMA) in hepatic 
tissues, and lowered the level of key enzymes 
and metabolites [1]. In CCl₄-induced hepatic fi-
brosis in mice, CAG upregulated MMP8, MMP9, 
MMP12, and interleukin- 6 (IL-6) expression, 
contributing to fibrosis resolution [23]. In 
cardiac fibrosis, Dong et al. showed that CAG 
alleviated isoproterenol-induced myocardial 
fibrosis and cardiac dysfunction by inhibiting 
the expression of oxidative stress-related factor 
NADPH oxidase 4, suppressing phosphoryla-
tion of key proteins in the nuclear factor ĸappa 
B (NF-κB) signaling pathway (p-IκBα, NF-κB, 
p-p65), and transforming growth factor-β (TGF-β) 
expression and inducible nitric oxide synthase 
transcription [24]. In addition, preliminary stud-
ies combining network pharmacology, molec-
ular docking, and animal experiments suggest 
that CAG may attenuate renal fibrosis in mice by 
targeting MMP3 and MMP2, reducing collagen 
fiber deposition, and lowering the expression 
of TGF-β1, α-SMA, MMP3, and MMP2 in renal 
tissues [25]. Although clinical data in humans 
are lacking, preclinical studies in murine mod-
els support the therapeutic potential of CAG in 
hepatic fibrosis [23].

Anti-inflammatory and anti-oxidative stress ef-

fects

Oxidative stress arises from an imbalance be-
tween oxidative and antioxidant processes, of-
ten accompanied by excessive accumulation of 
reactive oxygen species (ROS). This imbalance 
can induce tissue inflammation, which in turn 
exacerbates oxidative stress, forming a vicious 
cycle that ultimately leads to tissue damage 
[26].

At the molecular level, CAG exerts bidirectional 
regulatory effects on key signaling pathways 
(Figure 2). It suppresses nuclear translocation 
of NF-κB p65 and reduces p-NF-κB p65 expres-
sion, leading to significant downregulation of 
pro-inflammatory cytokines (e.g., TNF-α, IL-1β, 
and IL-6), while upregulating anti-inflammatory 
cytokines (e.g., IL-4 and IL-10) [27-33]. Simul-
taneously, CAG facilitates dissociation of Nrf2 
from Kelch-like ECH-associated protein 1 (Keap 
1), promotes its nuclear translocation, and en-
hances the transcription of antioxidant genes 
such as HO-1 and Aquaporin 9 (AQP9). It also 
decreases ROS and MDA levels, elevates SOD 
activity, and modulates apoptosis by reducing 
the Bax/Bcl-2 ratio, inhibiting caspase-3 activi-
ty, and suppressing cytochrome C release [28, 
30-36].

At the cellular level, CAG inhibits CD69/CD25 
activation marker expression on CD3+ T cells, 
blocks lymphocyte progression from G0/G1 to 
S/G2/M phase, and promotes microglial polar-
ization from the M1 to M2 phenotype, demon-
strating anti-inflammatory effects [31, 37]. It 
also mitigates cisplatin-induced inflammation 
in HK-2 cells by reducing IL-6 and IL-18 levels, 
suppresses ROS production and mitochondrial 
cytochrome C release in HT22 cells, and upreg-
ulates cleaved caspase-3 and Bcl-2 expression 
to attenuate oxidative stress damage [29, 35]. 
Additionally, Liu et al. found that CAG reduced 
ROS and MDA levels, enhanced SOD activity, 
and improved viability in C2C12 cells [34]. Net-
work pharmacology studies further revealed its 
ability to ameliorate primary hepatocyte injury 
in mice, decrease alanine aminotransferase 
and aspartate aminotransferase levels in cul-
ture supernatants, inhibits p-NF-κB p65 expres-
sion, and upregulates adenosine 5’-monophos-
phate-activated protein kinase, Nrf2, and HO-1 
at both gene and protein levels to alleviate 
alcoholic liver injury [33].

At the tissue and organ level, CAG provides 
protection against acute myocardial infarction 
by inhibiting inflammation and cardiomyocyte 
apoptosis [27]. It also alleviates intestinal 
inflammation in ulcerative colitis models, im-

Figure 1. The main anti-cancer pathways of CAG. 
CD8 T cell, cytotoxic tlymphocyte; TCR, T cell recep-
tor; MHC-I, major histocompatibility complex I; CAG, 
cycloastragenol; CTSB, Cathepsin B.



210

Perioperative Precision Medicine 2025; 3 (4): 207-215. PPM25010427

Perioperative Precision Medicine

proves hepatic function in alcoholic liver injury, 
mitigates cisplatin- and gentamicin-induced 
renal injury, and prevents airway hyperres-
ponsiveness and mucus hypersecretion in 
asthmatic mice [28, 29, 32, 33, 38]. Li et al. 
have demonstrated that CAG reduces neuronal 
damage in ischemic stroke models by regu-
lating p53 acetylation and the Bax/Bcl-2 ratio 
[30]. Furthermore, a study confirmed that CAG 
promoted hepatic regeneration via upregulat-
ing AQP9 expression in hepatocytes, which en-
hances gluconeogenesis and reduces oxidative 
stress [36].

Notably, clinical studies have shown that CAG 
modulates the Th1/Th17/Th2 cytokine balance 
in peripheral blood mononuclear cells (PBMCs) 
of acute myocardial infarction patients, high-
lighting its clinical translational potential [27].

Other Effects

Maintenance of skin health

CAG demonstrates multifaceted therapeutic 
potential in skin diseases through molecular 
pathway modulation and cellular homeosta-
sis regulation. As the body’s primary defense 
system, skin integrity is crucial. In diabetes-in-
duced ulcerative models, CAG promoted wound 
healing by increasing SOD activity by 40% and 
upregulating endothelial eNOS expression by 
2.1-fold [39]. In melanocytes, CAG regulates 
pigmentation via coordinated upregulation of 
MITF/TYRP1/2 by 1.8-2.3 fold, alongside mod-
ulation of p38 MAPK phosphorylation. These 
effects reduce pro-apoptotic Bax expression by 

65%, lower MDA levels by 48%, and elevate cat-
alase (CAT) activity by 35%, thereby attenuating 
oxidative stress and delaying vitiligo progres-
sion [40].

CAG also preserves dermal architecture through 
extracellular matrix remodeling via fibroblast 
activation. It upregulates MMP1/9/13 by 2.1-
2.7 fold and enhances collagen and hyaluronic 
acid synthesis by 58% [41]. In keratinocytes, 
CAG exerts dual regulatory effects by inhibiting 
proliferation by 45% while inducing autophagy 
(LC3-II increased by 2.3 fold) and upregulating 
laminin and palmitoyltransferase (1.6 fold), 
thereby contributing to the maintenance of the 
physicochemical skin barrier [42]. These find-
ings collectively position CAG as a promising 
candidate for managing diverse dermatological 
disorders through multi-targeted mechanisms.

Regulation of bone metabolism

Bone homeostasis is essential for maintaining 
skeletal integrity. It not only supports locomo-
tion, but also regulates systemic calcium and 
mineral metabolism. Disruption of this balance 
can lead to osteoporosis, fractures, and other 
bone-related disorders [43]. Current research 
focuses on two major pathological mecha-
nisms: excessive bone resorption caused by 
overactive osteoclasts and impaired bone 
formation due to reduced osteoblast activity 
[44]. Studies have shown that CAG not only 
alleviates the inhibition of osteogenic differen-
tiation induced by glucocorticoids by activating 
telomerase but also inhibits the formation and 
function of osteoclasts by targeting the intracel-

Figure 2. Bidirectional regulatory mechanisms of CAG in anti-inflammatory and antioxidant responses. CAG, cy-
cloastragenol; Nrf2, nuclear factor erythroid 2-related factor 2; Keap1, Kelch-like ECH-associated protein 1; ARE, 
Antioxidant Response Element; HO-1, heme oxygenase 1; AQP9, Aquaporin 9; SOD, superoxide dismutase; MDA, 
malondialdehyde; ROS, reactive oxygen species; NF-ĸB, nuclear factor ĸappa B; IKKβ, inhibitor of kappa B kinase; 
IKKα, IĸB kinase α; NEMO, nuclear factor-ĸappa B essential modulator; IL-4, Interleukin 4; IL-10, Interleukin 10; 
IL-6, Interleukin 6; IL-1β, Interleukin-1 beta; TNF-α, tumor necrosis factor-α.
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lular signaling pathway induced by RANKL [45, 
46]. In glucocorticoid-induced avascular necro-
sis of the femoral head, CAG inhibits osteoclast 
activity and prevents bone loss [47]. In addi-
tion, CAG serves as an exogenous enhancer of 
chondrogenesis from human adipose-derived 
mesenchymal stem cells, facilitating the forma-
tion of cartilage and maintaining the phenotyp-
ic stability of active chondrocytes [48]. These 
findings indicate that CAG holds therapeutic 
potential in improving bone loss and enhancing 
cartilage regeneration, contributing to overall 
skeletal health.

Others

Beyond these established effects, CAG also 
demonstrates anti-obesity potential. It reduces 
lipid accumulation by downregulating key ad-
ipogenic transcription factors such as PPARγ 
and C/EBPα, while upregulating Gli1, a pivotal 
Hedgehog signaling mediator [49]. CAG also 
protects against doxorubicin-induced podocyte 
injury through modulation of metabolic path-
ways including glycerophospholipid, amino acid, 
glutathione, and purine metabolism. In cerebral 
ischemia-reperfusion models, CAG significantly 
improves neurological function scores while re-
ducing cerebral infarct volumes, demonstrating 
neuroprotective efficacy against focal cerebral 
ischemia-reperfusion injury [50, 51].

Pharmacokinetics of CAG

CAG, the principal bioactive component of As-
tragalus membranaceus, predominantly exists 
in its natural form as saponin derivatives such 
as astragaloside IV. Pharmacokinetic profiling 
indicates that CAG exhibits limited oral bio-
availability due to its dependence on gut micro-
biota-mediated hydrolysis for activation [52]. 
Following both intraperitoneal and oral admin-
istration, active metabolites are detectable in 
systemic circulation, with peak plasma concen-
trations observed within 0.5-0.75 hours [52].

The compound is eliminated via dual routes, 
including renal (urinary) and hepatobiliary (fe-
cal) routes [53]. Notably, enterohepatic recircu-
lation contributes to characteristic biphasic or 
multiphasic plasma concentration-time profiles, 
owing to reabsorption of biliary-excreted metab-
olites [54]. Pharmacokinetic analyses in rodent 
models demonstrate moderate metabolic turn-
over, evidenced by an elimination half-life of 3-5 
hours. At an oral dose of 10 mg/kg in rats, CAG 
exhibits dose-proportional pharmacokinetics, 
with a peak plasma concentration of 1,152 ng/
mL and increasing AUC values [8].

Mechanistically, biotransformation primarily 
involves CYP450-mediated phase I oxidation 
and phase II glucuronidation [54]. However, the 
specific CYP450 isoforms and detailed meta-
bolic pathways remain to be fully elucidated.

Discussion

Innovativeness

CAG emerges as a novel therapeutic agent, 
offering distinct advantages over convention-
al pharmacological interventions due to its 
multi-modal mechanisms of action. Unlike tra-
ditional antioxidants like vitamin C and E, which 
primarily mitigate oxidative stress with limited 
efficacy, or targeted therapies like rapamycin, 
which carry immunosuppressive risks, CAG 
activates telomerase to elongate telomeres, 
thereby delaying aging-associated pathologies, 
including osteoporosis, Alzheimer’s disease, 
and cardiovascular dysfunction. This is comple-
mented by its ability to extend cellular replica-
tive lifespan and slow senescence progression 
[6].

In oncology, CAG circumvents severe myelo-
suppression, hepatorenal toxicity, and immu-
nosuppression commonly associated with 
conventional DNA synthesis inhibitors (e.g., cy-
clophosphamide). Instead, it exerts synergistic 
antioxidant, anti-inflammatory, and tissue-re-
generative effects, achieving tumor suppres-
sion with minimal off-target cytotoxicity.

For fibrotic disorders, where glucocorticoid 
therapies pose metabolic risks and integrative 
approaches often lack mechanistic clarity, CAG 
uniquely modulates fibrotic progression via dual 
suppression of profibrotic factor secretion and 
telomerase-mediated senescence delay. This 
mechanism concurrently addresses metabolic 
dysregulation, demonstrating enhanced safety 
profiles in hepatic fibrosis and chronic kidney 
disease compared to established therapies.

CAG also demonstrates therapeutic innovation 
in the management of chronic renal failure, of-
fering cost-effective functional preservation and 
metabolic regulation superior to resource-inten-
sive hemodialysis or transplantation. In respi-
ratory diseases, CAG overcomes the limitations 
of glucocorticoid resistance and systemic side 
effects through dual anti-inflammatory and tis-
sue-repair mechanisms, effectively mitigating 
disease progression in both stable and acute 
phases of chronic obstructive pulmonary dis-
ease and bronchitis.

Distinct from single-target drugs, CAG’s poly-
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pharmacological nature enables synergistic 
therapeutic outcomes for complex comorbidi-
ties, positioning it as a cornerstone for devel-
oping low-toxicity combination therapies. Its 
natural origin and cost-effectiveness further 
enhance its clinical translation potential across 
diverse medical disciplines.

Safety profile

CAG demonstrates a favorable safety profile 
at low therapeutic doses (25-100 μM), with 
no significant cytotoxicity observed in cellular 
or animal models. However, cytostatic effects 
emerge at higher concentrations, necessitating 
dose optimization for clinical applications [6]. 
Preclinical studies in abdominal aortic aneu-
rysm models reveal that daily administration 
of 125 mg/kg effectively attenuates disease 
progression while maintaining an acceptable 
safety margin, with no severe adverse events 
documented during treatment [55]. These find-
ings collectively confirm its controllable toxicity 
window when administered within established 
dosage parameters.

Comparative analysis

CAG exerts its anti-fibrotic effects through stra-
tegic inhibition of TGF-β/Smad signaling, there-
by suppressing fibroblast activation, collagen 
biosynthesis, and pathological extracellular 
matrix remodeling. Concurrently, it enhances 
hepatic sinusoidal endothelial cell functional-
ity to ameliorate microcirculatory dysfunction. 
In contrast, its anticancer activity is driven by 
cathepsin B (CTSB)-mediated lysosomal reg-
ulation, where CAG preserves MHC-I integrity 
and amplifies tumor antigen presentation. This 
mechanism potentiates CD8⁺ T cell immunity 
and synergistically enhances the efficacy of 
programmed death-1 antibodies through co-
ordinated upregulation of antigen-processing 
machinery and immune transcription factors.

While both therapeutic actions involve modula-
tion of the PI3K/Akt pathway, their downstream 
cascades exhibit mechanistic divergence: an-
ticancer effects activate immune surveillance 

and tumor cell cycle arrest, whereas antifibrotic 
responses counteract NF-κB-driven inflamma-
tion and epithelial-mesenchymal transition to 
facilitate tissue regeneration.

Conclusion

CAG demonstrates polypharmacological effica-
cy through coordinated modulation of ROS and 
inflammatory cytokines (e.g., TGF-β1, TNF-α), 
orchestrating multi-pathway regulation across 
the Keap1/Nrf2/HO-1, NF-κB, Wnt, MAPK, and 
apoptotic cascades (Table 1). Its therapeutic 
actions extend to telomerase activation and dy-
namic control of inflammatory-oxidative-apop-
totic axes, collectively enabling multi-organ 
protective effects in pulmonary, cardiovascular, 
hepatic, and renal systems through spatially 
resolved mechanism networks.

While CAG appears to exhibit an enhanced 
safety profile compared to conventional ther-
apeutics, clinical translation requires rigorous 
validation via large-scale trials. Current investi-
gations have primarily focused on telomerase 
activation and antioxidant capacity, leaving 
other molecular targets insufficiently character-
ized. Despite evidence suggesting pleiotropic 
signaling modulation, comprehensive sys-
tem-level analyses of its cross-pathway regu-
latory networks are still lacking. Furthermore, 
fundamental questions remain regarding its gut 
microbiota crosstalk and tissue-specific mech-
anism prioritization, necessitating integrated 
multi-omics approaches to fully elucidate its 
therapeutic architecture.
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Abstract

Ketamine and dexmedetomidine are widely used non-opioid agents for perioperative analgesia and sedation, 
each with distinct mechanisms and side effect profiles. Dexmedetomidine, an α2-adrenergic agonist, is preferred 
in patients with hepatic dysfunction due to its stable sedation and lower risk of delirium, though it may cause side 
effects such as bradycardia and hypotension. Ketamine, a non-competitive N-methyl-D-aspartate receptor antago-
nist, increases heart rate and blood pressure via catecholamine release and provides additional benefits such as 
anti-inflammatory, neuroprotective, and antidepressant properties. Although both agents have overlapping clinical 
roles, selection should be guided by patient comorbidities, including cardiac, hepatic, and neurological conditions. 
This review summarizes current evidence to support individualized decision-making in postoperative pain manage-
ment. 

Keywords: Ketamine, dexmedetomidine, pain management

Highlights
● Ketamine and dexmedetomidine offer effective non-opioid perioperative analgesia, each with distinct cardiovas-
   cular, hepatic, and neurological profiles.
● Dexmedetomidine provides stable sedation and potential neuroprotection, making it particularly suitable for pa-
   tients with hepatic dysfunction and those undergoing neurosurgery.
● Ketamine helps maintain hemodynamic stability and possesses anti-inflammatory and anti-depressant proper-
   ties, making it beneficial for high-risk or unstable patients.
● Agent selection should be tailored to individual comorbidities, with combination therapy offering potential syner-
   gistic advantages.

Introduction

Dexmedetomidine is a selective, non-opioid 
α2-adrenergic receptor agonist widely used for 
short-term sedation and pain management [1]. 
In the central nervous system, it binds to α2-ad-
renergic receptors in the locus coeruleus, inhib-
iting pain transmission. Peripherally, it hyperpo-
larizes presynaptic membranes in the posterior 
horn and postsynaptic membranes of interneu-

rons, thereby impeding nociceptive signaling to 
the brain [2]. Although primarily recognized as 
a sedative–anxiolytic due to its high α2-adren-
ergic receptor affinity, dexmedetomidine is also 
employed for analgesia and has been used in 
the treatment of hypertension [3]. It is typically 
administered via intravenous titration due to 
its short half-life, requiring careful monitoring 
for dose-dependent adverse effects, despite its 
favorable sympatholytic and sedative profile [3].
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Ketamine, introduced as an anesthetic in 
1964, is another non-opioid analgesic that pri-
marily acts by antagonizing the N-methyl-D-as-
partate (NMDA) receptor [4, 5]. In addition to 
NMDA antagonism, ketamine may exert partial 
agonist effects at μ and κ opioid receptors, 
although this remains under debate [6]. It also 
interacts with other targets, such as muscarinic 
acetylcholine receptors, and may inhibit gam-
ma-aminobutyric acid activity, contributing to 
its distinct psychoactive side effect profile [7]. 
Ketamine exists as two enantiomers, (S)-ket-
amine and (R)-ketamine, with the S-enantiomer 
demonstrating greater potency at the NMDA re-
ceptor [5]. Beyond its anesthetic use, ketamine 
has been applied in treating depression and in 
experimental models of psychosis [5].
 
Despite differing mechanisms and chemical 
structures, dexmedetomidine and ketamine 
share overlapping roles in clinical practice. Both 
agents are widely used by anesthesiologists 
and critical care providers. However, a com-
prehensive comparison of their use in patients 
with comorbidities such as hepatic, cardiac, or 
neurological diseases is still lacking. This review 
aims to address this gap by highlighting how or-
gan-specific conditions influence pharmacody-
namics and clinical outcomes. Additionally, we 
propose a practical decision-making framework 
and explore the potential of combination ther-
apy to maximize benefits while minimizing side 
effects.

Mechanistic insights supporting clinical appli-
cations

Analgesia and sedation of dexmedetomidine 

Dexmedetomidine offers several advantages 
that make it an ideal anesthetic and analgesic 
agent in both the operating room and intensive 
care unit. As a non-opioid medication, it avoids 
many of the common side effects associated 
with opioid use, such as nausea, constipation, 
dependency, and respiratory depression [8, 9].

Dexmedetomidine exerts its sedative and an-
algesic effects through selective activation of 
α2-adrenergic receptors, particularly the α2A 
subtype, G protein–coupled receptors, located 
in the locus coeruleus of the brainstem [10-
12]. Activation of G proteins inhibits adenylyl 
cyclase, leading to reduced cyclic adenosine 
monophosphate production [13]. Lower cyclic 
adenosine monophosphate enhances potassi-
um channel conductance, causing potassium 
efflux and hyperpolarization of noradrenergic 
neurons. Simultaneously, calcium channel 
suppression reduces calcium influx, further 

inhibiting neurotransmitter release [13, 14]. 
The synergistic effect of hyperpolarization and 
calcium-channel inhibition results in decreased 
neuronal firing and reduced norepinephrine 
release, thereby jointly suppressing nociceptive 
signal propagation in the ascending pain path-
way (Figure 1a).

Anti-inflammatory effect of dexmedetomidine 

Both clinical and preclinical studies have 
demonstrated the anti-inflammatory properties 
of dexmedetomidine [15]. This effect is believed 
to be mediated, at least in part, through modu-
lation of intracellular signaling pathways such 
as Jun N-terminal kinases and p38 mitogen-ac-
tivated protein kinases [16]. In rat primary as-
trocyte cultures, high concentrations of dexme-
detomidine (0.1, 1, and 10 μM) modulated JNK 
and mitogen-activated protein kinase activity 
and significantly attenuated inflammation [17]. 
However, at lower concentrations (0.01 μM), 
no significant changes were observed in tumor 
necrosis factor-alpha (TNF-α) and interleukin-6 
(IL-6) expression [17]. Given the evolutionary 
conservation of the mitogen-activated protein 
kinase family, it is reasonable to hypothesize 
that similar effects may occur in mammalian, 
including human, astrocytes at higher concen-
trations (Figure 1b).

Further supporting its anti-inflammatory po-
tential Xiang et al. demonstrated that dexme-
detomidine modulates the cholinergic anti-in-
flammatory pathway to downregulate systemic 
cytokine levels [18]. In a lipopolysaccharide 
(LPS)-induced inflammation model, dexme-
detomidine significantly reduced TNF-α, inter-
leukin-1β, and IL-6 levels compared to saline 
controls [18] These preclinical findings were 
mirrored in a clinical trial involving 86 patients 
undergoing intestinal surgery, in which dexme-
detomidine not only suppressed inflammatory 
cytokines but also improved anesthesia recov-
ery time and Mini-Mental State Examination 
scores [19].

Neuroprotection and immunomodulatory ef-
fects of dexmedetomidine 

In a study, Oriby et al. reported that dexmedeto-
midine attenuated neurocognitive impairments 
[20]. This neuroprotective effect is believed to 
stem from the drug’s ability to counteract ne-
crosis, apoptosis, oxidative stress, and immune 
responses. One proposed mechanism involves 
the reduction of catecholamine release during 
neurosurgical procedures, limiting oxidative 
stress and enhancing neuronal protection in 
vulnerable brain regions [19]. Supporting this, 
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Schoeler et al. demonstrated in organotypic 
hippocampal slice cultures that dexmedetomi-
dine promoted neuroprotection in traumatic 
brain injury models through activation of extra-
cellular signal-regulated kinases [21]. Oxidative 
stress, a key contributor to postoperative cog-
nitive dysfunction, is also directly mitigated by 
dexmedetomidine. The drug has been shown 
to lower malondialdehyde levels and promote 
the nuclear translocation of peroxisome prolif-
erator-activated receptor gamma coactivator 
1-alpha, enhancing mitochondrial function and 
cellular resilience against oxidative damage 
[22].

Beyond its neuroprotective actions, dexmedeto-
midine also modulates immune responses im-
plicated in postoperative cognitive dysfunction. 
Excessive cytokine release and lymphocyte ac-
tivation are known contributors to neuroinflam-
mation in the perioperative period. Research 
shows that dexmedetomidine downregulates 
both innate and adaptive immune activity by 
modulating cytokine levels and immunological 
signaling pathways, further supporting its po-
tential to reduce neuroinflammation and cogni-
tive impairment after surgery [23, 24].

Clinical data, though limited, 
suggest potential neuropro-
tective effects of dexmede-
tomidine in humans. For ex-
ample, retrospective studies 
in aneurysmal subarachnoid 
hemorrhage patients showed 
better neurological outcomes 
in those receiving dexmede-
tomidine, potentially due to 
reduced oxidative stress and 
inflammation. While no ran-
domized clinical trials have 
directly measured prolifera-
tor-activated receptor gamma 
coactivator 1-α expression, 
these findings are consistent 
with preclinical data indicating 
mitochondrial preservation via 
the AMPK/proliferator-activat-
ed receptor gamma coactiva-
tor 1-α pathway [25].

Analgesia and sedation of 
ketamine 

Ketamine is a non-competitive 
NMDA receptor antagonist 
used for analgesia and anes-
thesia in perioperative settings   
[26]. It blocks the NMDA re-
ceptor channel in a non-com-

petitive manner. When glutamate dissociates 
and the ion channel closes, ketamine remains 
trapped inside, preventing normal ion flux, im-
pairing receptor function, and attenuating cen-
tral sensitization [27]. Ketamine also interacts 
with μ-opioid receptors and neurons in the pre-
synaptic spinal dorsal horn. It reduces the re-
lease of excitatory neurotransmitters from pre-
synaptic neurons in the spinal dorsal horn and 
inhibits ascending nociceptive signaling (Figure 
1c) [28]. For its sedative effects, ketamine acts 
on multiple brain regions, including the thal-
amocortical and limbic systems. It suppresses 
excitatory activity in the medial thalamus while 
enhancing activity in the limbic system, such 
as the hippocampus and amygdala, leading to 
a dissociative state characterized by profound 
sedation with preserved airway reflexes and 
spontaneous breathing [29].

Due to its engagement with multiple receptors 
in both the central and peripheral nervous 
systems, and its slow dissociation (slow “off-
rate”) from these targets, ketamine is an ef-
fective option for both acute and chronic pain 
management [27, 28]. Ketamine is often com-
bined safely with sedatives like midazolam and 
propofol for enhanced analgesic and sedative 

Figure 1. Pharmacological Mechanism of Dexmedetomidine and Ketamine. 
(a) Analgesia and Sedation of Dexmedetomidine; (b) Anti-Inflammatory 
Effect of Dexmedetomidine; (c) Analgesia and Sedation of Ketamine; (d) An-
ti-Inflammatory Effect of Ketamine. CAMP, cyclic adenosine monophosphate; 
Na+, sodium ion; K+, potassium ion; JNKs, c-Jun N-terminal kinases; MAPKs, 
mitogen-activated protein kinases; TNF-α, tumor necrosis factor-alpha; IL-
6, interleukin-6; IL-1β, interleukin-1 beta; NMDA, N-methyl-D-aspartate; NO, 
nitric oxide; NF-κB, nuclear factor kappa-B; COX-2, cyclooxygenase-2; PGE2, 
prostaglandin E2.
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effects [30]. Additionally, ketamine is favored 
in emergency and intensive care unit settings 
for acute non-cancer pain because it does not 
cause respiratory depression and has minimal 
hemodynamic disruption [31, 32].

It is worth noting that the analgesic and an-
esthetic effects of ketamine are dose-depen-
dent. At concentrations around 200 ng/mL, 
ketamine can produce anesthesia by blocking 
voltage-gated sodium (Na⁺) channels in neu-
rons and lipid bilayers [33]. Additionally, ket-
amine interacts with muscarinic receptors and 
voltage-sensitive calcium channels, which may 
further enhance its analgesic and anesthetic 
properties [33]. At higher plasma concentra-
tions (-2000 ng/mL), ketamine induces hypno-
sis, likely through combined blockade of NMDA 
receptors and hyperpolarization-activated cyclic 
nucleotide-gated potassium channel 1 [27]. Its 
dose-dependent pharmacological profile allows 
clinicians to tailor administration for different 
outcomes, making it a versatile agent [34].

Anti-inflammatory effect of ketamine 

Ketamine also exhibits anti-inflammatory prop-
erties [35]. In a study by Lankveld et al. using 
an equine macrophage cell line, ketamine 
inhibited LPS-induced production of IL-6 and 
TNF-α in a dose-dependent manner [36]. Sim-
ilarly, Yang et al., using a rat model, found that 
high doses (50 mg/kg) of ketamine reduced 
LPS-induced lung injury [37]. TNF-α, IL-6, nucle-
ar factor kappa-light-chain-enhancer of activat-
ed B cells, and neutrophil infiltration were all 
significantly decreased in the ketamine group, 
indicating reductions in oxidative stress and 
inflammatory damage [37].

Ketamine also modulates the catecholami-
nergic system by stimulating catecholamine 
release and inhibiting its reuptake [35]. This 
accumulation overstimulates β2-adrenergic 
receptors, resulting in adenosine release 
[38]. Adenosine then triggers a cascade that 
includes cyclooxygenase-2 and prostaglandin 
E2 synthesis, ultimately enhancing anti-inflam-
matory cytokine production by mononuclear 
cells [35]. Ketamine further reduces nitric 
oxide production in immune-stimulated mac-
rophages, contributing to its dose-dependent 
immunomodulatory effects [39]. Importantly, 
ketamine is capable of reducing exaggerated 
inflammation without inhibiting essential im-
mune responses, which is better characterized 
as an anti-proinflammatory rather than a tradi-
tional anti-inflammatory agent (Figure 1d) [35].

Although most evidence for ketamine’s neu-

roprotective effects comes from preclinical 
models of ischemic stroke and traumatic brain 
injury, emerging clinical data support these 
mechanisms in humans. An electrocorticogra-
phy study in acute stroke patients demonstrat-
ed that ketamine suppressed cortical spread-
ing depolarizations, a phenomenon strongly 
associated with secondary neuronal damage 
and infarct expansion. This suggests that ket-
amine’s NMDA receptor antagonism may atten-
uate excitotoxic cascades in acute neurological 
injury [40].

Anti-cancer and antidepressant of ketamine

Studies have also explored ketamine’s anti-can-
cer effects. Saito et al. compared ketamine and 
MK-801 in neuroglioma and lung cancer cells, 
finding that ketamine significantly inhibited cell 
proliferation, migration, and induced apoptosis 
in a dose-dependent manner [41]. However, 
this was associated with increased reactive ox-
ygen species, leading to cellular apoptosis [41]. 
Malsy et al. tested ketamine, S-ketamine, and 
MK-801 on pancreatic cancer cells and found 
reduced proliferation and migration, though 
apoptosis did not significantly differ from 
controls [42]. In contrast, ketamine induced 
apoptosis in gastric cancer models [43]. These 
findings suggest that ketamine’s anti-cancer 
effects may vary by cancer type and dose.

Beyond its anesthetic applications, ketamine 
has gained attention as a rapid-acting antide-
pressant. Several proposed hypotheses involve 
mechanisms independent of NMDA receptor 
antagonism, including modulation of glutama-
tergic transmission, enhancement of synaptic 
plasticity, and regulation of intracellular signal-
ing pathways [44].

Adverse effects and clinical evidence

Dexmedetomidine 

While dexmedetomidine can enhance hemo-
dynamic stability, it often induces hypotension 
and bradycardia due to its potent α2-adrenergic 
receptor selectivity [45]. These cardiovascular 
effects are dose-dependent: a loading dose of 
1 μg/kg given over less than 10 minutes, or a 
continuous infusion rate exceeding 0.7–1.0 
μg/kg/h, is associated with a higher incidence 
of hypotension and bradycardia. In contrast, a 
maintenance dose of 0.2–0.4 μg/kg/h provides 
effective sedation and analgesia while minimiz-
ing the risk of severe hemodynamic instability 
[46]. These cardiovascular effects may be poor-
ly tolerated in patients with structural heart dis-
ease or other cardiovascular comorbidities [47]. 
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The drug’s suppression of sympathetic nervous 
system activity can complicate intraoperative 
blood pressure and heart rate management. 
Respiratory depression is another potential 
concern with dexmedetomidine. In a clinical tri-
al of 40 patients, Abdollahpour et al. observed 
a lower respiratory rate in those receiving dex-
medetomidine compared to the placebo group 
[34]. Additionally, the PaO₂/FiO₂ ratio was sig-
nificantly higher in the treatment group, possi-
bly indicating improved oxygenation [34]. Other 
common side effects include nausea, vomiting, 
and chills, which can prolong recovery and in-
crease hospitalization time [47].

Ketamine 

Neurotoxicity, addiction, nausea, delirium, 
and myocardial depression are common side 
effects of ketamine, particularly with chronic 
administration [28, 48]. Its adverse effects may 
vary based on patient characteristics and are 
generally categorized as cardiovascular, central 
nervous system-related, or hepatic [28]. In a 
study by Coull et al., 13 healthy young volun-
teers exhibited reduced performance in color 
discrimination and timing perception tasks 
after receiving ketamine at 100 ng/mL plasma 
levels [49]. Another study found that ketamine 
at doses of 0.4 and 0.8 mg/kg caused dose-de-
pendent impairments in memory, attention, 
and executive function, indicating cognitive side 
effects even in healthy individuals [50]. These 
neurocognitive side effects are closely linked to 
plasma concentration and dosage: mild percep-
tual disturbances are typically observed at plas-
ma levels around 200 ng/mL, corresponding to 
subanesthetic doses of approximately 0.3–0.5 
mg/kg IV, whereas higher doses (1–2 mg/
kg IV) can elevate plasma levels to 2,000 ng/
mL or more, resulting in profound dissociation, 
hallucinations, and severe short-term cognitive 
impairment [48]. Additionally, co-administration 
with alcohol or other central nervous system 
depressants may result in severe respiratory 
depression or even death.

Cardiovascular side effects are also a concern. 
A study by Christ et al. involving 25 ventilat-
ed patients with catecholamine-dependent 
heart failure found that ketamine significantly 
reduced heart rate, cardiac index, and stroke 
volume index compared to sufentanil [51]. 
These effects may stem from negative inotropic 
or myocardial depressant properties, though 
the exact mechanism remains unclear. In con-
trast, a placebo-controlled study by Liebe et al. 
found ketamine increased heart rate and blood 
pressure (without inducing hypertension) [52]. 
This apparent discrepancy can be explained 

by the patients’ catecholamine reserves and 
sympathetic tone. Ketamine generally exerts 
indirect sympathomimetic effects by promoting 
catecholamine release and inhibiting reuptake, 
resulting in increased blood pressure and heart 
rate in patients with adequate sympathetic re-
serve. However, in patients with advanced heart 
failure or catecholamine depletion, this indirect 
mechanism is impaired, and ketamine’s direct 
negative inotropic effect on myocardial con-
tractility predominates, resulting in decreased 
cardiac output and hypotension. Interestingly, 
women experienced greater and earlier in-
creases in diastolic blood pressure than men. 
Other studies have shown that S-norketamine, 
the primary metabolite of S-ketamine, appears 
to attenuate its stimulatory effects on cardiac 
function [53].

Hepatotoxicity is another consideration. In a 
clinical case series by  Jakobsen et al., three 
out of six patients with complex regional pain 
syndrome developed elevated liver enzymes 
after three weeks of continuous S-ketamine in-
fusion, with cumulative doses ranging between 
500–700 mg [54]. Enzyme levels, including 
alanine transaminase, alkaline phosphatase, 
aspartate transaminase, and γ-glutamyl trans-
ferase, returned to normal after treatment 
cessation, indicating that liver injury may be re-
versible. The underlying mechanism is not fully 
understood, but possible explanations include 
reduced hepatic oxygen delivery, increased lip-
id peroxidation with free radical formation, and 
immune-mediated hepatitis [28].

Patient-specific considerations 

Building upon the previously discussed mech-
anisms of action, clinical advantages, and 
potential adverse effects, the following section 
examines dexmedetomidine and ketamine in 
the context of common patient situations, aim-
ing to provide practical insights for clinical deci-
sion-making.

Cardiovascular considerations 

Dexmedetomidine and ketamine have distinct 
cardiovascular profiles that significantly influ-
ence anesthetic decision-making, particularly in 
patients with underlying cardiac disease. Dex-
medetomidine acts via central sympatholysis, 
suppressing catecholamine release and reduc-
ing sympathetic tone. This leads to decreased 
heart rate, myocardial contractility, and blood 
pressure, which may manifest clinically as bra-
dycardia, sinus arrest, or hypotension [19, 53]. 
As such, it may be less suitable for patients 
with pre-existing bradycardia or hypotension.
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In contrast, ketamine stimulates sympathetic 
activity by enhancing catecholamine release, 
producing positive inotropic and chronotropic 
effects that increase heart rate, blood pres-
sure, and cardiac output [53]. These properties 
make ketamine advantageous in hemodynam-
ically unstable patients. However, in those with 
depleted catecholamine or norepinephrine 
stores, such as in prolonged heart failure or 
septic shock, this effect may paradoxically re-
sult in myocardial depression, tachycardia, and 
hypotension [53].

In patients with coronary artery disease, ket-
amine’s increased myocardial oxygen demand 
and shortened diastolic perfusion time raise 
concerns about ischemic complications [54]. A 
large trial by Turan et al. in 3,357 cardiac sur-
gery patients showed that Dexmedetomidine 
did not significantly reduce atrial fibrillation or 
delirium [55]. Conversely, a review by Mazzef-
fi et al. highlighted ketamine’s usefulness in 
maintaining hemodynamic stability in patients 
with ventricular dysfunction [56].

Neurological considerations

Dexmedetomidine is widely used in neurosurgi-
cal procedures, such as awake craniotomy, due 
to its sedative, anxiolytic, and mild analgesic 
effects, all while preserving respiratory function 
[57, 58]. Kulikov and Lubnin demonstrated its 
ability to maintain spontaneous ventilation and 
patient cooperation during intracranial surgery. 
In contrast, ketamine has shown superior post-
operative analgesia in certain settings[58]. For 
example, in a randomized trial of laparoscop-
ic cholecystectomy, ketamine outperformed 
dexmedetomidine in pain control, while both 
agents, when combined with total intravenous 
anesthesia, effectively reduced opioid use and 
improved recovery profiles [59].

Beyond surgical sedation, ketamine also ex-
hibits unique psychiatric and neuroprotective 
properties. It has been effective in managing 
agitation, cognitive impairment, and treat-
ment-resistant depression, where dexme-
detomidine shows limited benefit. Ketamine 
has also been applied in the treatment of 
anti-NMDA receptor encephalitis, particularly 
in patients with movement disorders or status 
epilepticus [60, 61]. While paradoxical, these 
benefits are likely attributable to ketamine’s 
complex receptor interactions, meriting further 
investigation.

In patients with stroke or subarachnoid hemor-
rhage, both agents have been explored for their 

neuroprotective potential. Von der Brelie et al. 
reported a lower incidence of delayed cerebral 
ischemia in ketamine-treated patients with SAH 
[62]. Studies suggest that dexmedetomidine 
can reduce brain edema, vasospasm, and neu-
rological deficits, although clinical data remain 
inconclusive [63].

Hepatic considerations 

Both dexmedetomidine and ketamine undergo 
hepatic metabolism, and their pharmacokinet-
ics are notably affected by liver function [64, 
65]. Dexmedetomidine is generally well toler-
ated in patients with hepatic dysfunction, even 
when administered continuously for over 48 
hours. It may provide hepatoprotective benefits 
during procedures involving hepatic vascular 
occlusion and has been used safely in liver 
transplantation to maintain hemodynamic sta-
bility and reduce ischemic injury [66, 67].
However, Dexmedetomidine’s clearance is de-
pendent on hepatic perfusion. In patients with 
obstructive jaundice or severe liver impairment, 
metabolism is delayed, and dose reduction is 
advised to prevent prolonged sedation and de-
layed estuation [68, 69].

Ketamine is generally considered safe for short-
term use in hepatic impairment, but chronic or 
repeated exposure, particularly in recreational 
settings, has been linked to hepatobiliary com-
plications, including cholestasis and sclerosing 
cholangitis [70]. Therefore, careful consider-
ation of dosing and duration is essential in pa-
tients with compromised liver function.

Combination therapy: Dexmedetomidine and 
ketamine 

The combination of dexmedetomidine and ket-
amine has emerged as a promising strategy 
to optimize analgesia and sedation while min-
imizing adverse effects. Their complementary 
pharmacodynamics can potentially balance 
hemodynamic responses. A meta-analysis by Li 
et al. concluded that their co-administration in 
pediatric patients led to more stable heart rate 
and oxygen saturation than either agent alone 
and was associated with improved safety [71].

In clinical practice, this combination has been 
successfully applied in pediatric sedation, TIVA 
protocols, and enhanced recovery pathways. A 
study has shown that the dexmedetomidine–
ketamine combination improves intraoperative 
behavior in uncooperative pediatric dental 
patients compared to dexmedetomidine alone, 
despite lower drug acceptance [72]. The addi-
tion of ketamine to dexmedetomidine provids 
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more stable hemodynamics and deeper seda-
tion during awake fiberoptic intubation [73]. 
This pharmacological synergy may allows for re-
duced dosages, better control of postoperative 
pain, and lower opioid requirements, without 
significantly increasing the risk of cardiovascu-
lar or respiratory complications. Nonetheless, 
further high-quality studies are needed to es-
tablish standardized dosing regimens and de-
fine patient populations most likely to benefit.

Medication considerations in special popula-
tions 

Elderly individuals often exhibit increased 
pharmacodynamic sensitivity and reduced he-
patic and renal clearance, which necessitates 
cautious dosing of both dexmedetomidine 
and ketamine [74]. Dexmedetomidine’s sym-
patholytic effects may exacerbate age-related 
autonomic dysfunction, leading to clinically 
significant bradycardia or hypotension, particu-
larly at loading doses ≥1 μg/kg or maintenance 
infusions above 0.7 μg/kg/h. Additionally, ket-
amine’s dissociative and cognitive side effects 
may heighten the risk of postoperative delirium 
in older adults, especially at doses >1 mg/kg 
[46]. Therefore, lower initial doses and slower 
titration are recommended in geriatric patients, 
alongside vigilant hemodynamic and cognitive 
monitoring.

Beyond its co-administration with ketamine, 
dexmedetomidine alone is increasingly used 
in pediatric sedation for diagnostic imaging, 
procedural anesthesia, and ICU management 
[75]. It provides effective anxiolysis without 
significant respiratory depression [76]; howev-
er, its prolonged half-life may delay recovery in 
short-duration procedures. Ketamine remains 
a widely accepted pediatric sedative due to 
its cardiovascular stability, but it can induce 
hypersalivation, emergence agitation, or hallu-
cinations [77]. Co-administration with anticho-
linergic agents (e.g., glycopyrrolate) or benzo-
diazepines is often employed to mitigate these 
effects. Both agents require individualized dos-
ing based on age, weight, and comorbidities, 
with attention to developmental pharmacoki-
netics.

Limited data are available regarding the safety 
of dexmedetomidine or ketamine in pregnancy. 
Dexmedetomidine readily crosses the placenta 
and has been associated with reduced fetal 
heart rate variability, likely due to central sym-
patholysis [78]. Its use is generally avoided 
unless maternal benefit clearly outweighs fetal 
risk. 

Economic considerations 

From a cost-effectiveness perspective, dexme-
detomidine is generally more expensive than 
ketamine due to its higher acquisition cost 
and the need for continuous infusion. Howev-
er, studies have shown that its opioid-sparing 
effects, reduced incidence of delirium, and 
shortened intensive care unit stay may partially 
offset these costs by reducing the total cost 
of perioperative care [79]. Although ketamine 
is inexpensive and easily accessible, it may 
increase the cost of postoperative monitoring 
due to its psychoactive effects and potential 
for cognitive impairment [80]. Therefore, indi-
vidualized drug selection based on patient co-
morbidities and expected postoperative course 
may achieve the best balance between clinical 
efficacy and medical expenditures.

Conclusion 

The perioperative and critical care use of dex-
medetomidine and ketamine should be tailored 
to individual patient characteristics, particularly 
in the context of cardiac, neurological, and 
hepatic comorbidities. While both agents offer 
minimal respiratory depression and valuable 
non-opioid analgesic effects, their contrast-
ing pharmacodynamic profiles necessitate 
context-specific selection. Co-administration 
may provide synergistic benefits in select pop-
ulations, but further research is warranted to 
establish optimal dosing strategies and define 
patient subgroups most likely to benefit.
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